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Abstract

Red blood cells can withstand the harsh mechanical conditions in the vasculature only
because the bending rigidity of their plasma membrane is complemented by the shear elas-
ticity of the underlying spectrin-actin network. During an infection by the malaria parasite
Plasmodium falciparum, the parasite mines host actin from the junctional complexes and
establishes a system of adhesive knobs, whose main structural component is the knob-
associated histidine rich protein (KAHRP) secreted by the parasite. Here we aim at a mech-
anistic understanding of this dramatic transformation process. We have developed a parti-
cle-based computational model for the cytoskeleton of red blood cells and simulated it with
Brownian dynamics to predict the mechanical changes resulting from actin mining and
KAHRP-clustering. Our simulations include the three-dimensional conformations of the
semi-flexible spectrin chains, the capping of the actin protofilaments and several established
binding sites for KAHRP. For the healthy red blood cell, we find that incorporation of actin
protofilaments leads to two regimes in the shear response. Actin mining decreases the
shear modulus, but knob formation increases it. We show that dynamical changes in
KAHRP binding affinities can explain the experimentally observed relocalization of KAHRP
from ankyrin to actin complexes and demonstrate good qualitative agreement with experi-
ments by measuring pair cross-correlations both in the computer simulations and in super-
resolution imaging experiments.

Author summary

Malaria is one of the deadliest infectious diseases and its symptoms are related to the
blood stage, when the parasite multiplies within red blood cells. In order to avoid clear-
ance by the spleen, the parasite produces specific factors like the adhesion receptor
PfEMP1 and the multifunctional protein KAHRP that lead to the formation of adhesive
knobs on the surface of the red blood cells and thus increase residence time in the vascula-
ture. We have developed a computational model for the parasite-induced remodelling of
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the actin-spectrin network to quantitatively predict the dynamical changes in the mechan-
ical properties of the infected red blood cells and the spatial distribution of the different
protein components of the membrane skeleton. Our simulations show that KAHRP can
relocate to actin junctions due to dynamical changes in binding affinities, in good qualita-
tive agreement with super-resolution imaging experiments. In the future, our simulation
framework can be used to gain further mechanistic insight into the way malaria parasites
attack the red blood cell cytoskeleton.

Introduction

Malaria infections cause around 400.000 fatalities per year [1] and most of these are caused by
the species Plasmodium falciparum. The main symptoms of this disease are related to the
blood stage, when the malaria parasite hides inside a red blood cell (RBC) [2]. There it repli-
cates to produce around 20 offspring that after 48 hours are released into the blood stream
with the rupture of the RBC-envelope. During this development, the parasite removes most of
the haemoglobin and causes a dramatic remodelling of the RBC-envelope [3]. Remodelling of
the cytoskeleton is essential to prevent premature rupture and to establish a system of adhesive
knobs. By cytoadhesion to the vascular endothelium, the residency time in the vasculature is
increased and the parasite avoids clearance by the spleen. Strikingly, this dramatic transforma-
tion process is controlled by the parasite only from a distance, through secretion of proteins
that are targeted to the membrane and there incorporated into the existing surface structures
of the RBC [4]. However, the exact points of attack and the temporal sequence of these remod-
eling events are not yet understood.

The main component of the red blood cell cytoskeleton are spectrin tetramers which form a
quasi-hexagonal network with in average six tetramers converging to the around 35.000 actin
protofilaments, each of which is only 36 nm long [5, 6]. Spectrin tetramers consist of two
head-to-head attached dimers and have a contour length of approximately 200 nm [6-8]. With
around 10 nm, the measured persistence length is much shorter than this contour length [9-
11]. Therefore the spectrin filaments are strongly coiled and generate a thick layer underneath
the membrane [12-15]. Polymer theory predicts an end-to-end distance of 63 nm, which
agrees well with the range of 50 to 100 nm that has been reported experimentally [5, 6]. How-
ever, the exact length distribution of the spectrin tetramers in equilibrium is not known, since
all microscopy techniques require sample preparations that tend to stretch the spectrin chains.

The spectrin-actin cytoskeleton provides shear elasticity to the RBC-envelope and is closely
connected to the plasma membrane, which provides bending rigidity [16]. Together, these two
layers can withstand the harsh conditions that the RBC faces in the vasculature, ranging from
the high shear rates in the heart to the strong confinement in the capillaries. In order for this
composite to be mechanically stable, many connections are required between the two layers.
These are established not only by the actin junctional complexes at the nodes of the hexagonal
spectrin network, but also at the ankyrin complexes at the midpoints of the spectrin tetramers
connecting these junctional complexes [5, 6] (Fig 1A). The two types of complexes are
anchored to the membrane by actin binding to glycophorin C (GPC) and by ankyrin binding
to anion exchanger 1 (AE1), respectively. AE1 is also known as band 3 and with 1.2 million
copies is very abundant in RBCs because it localizes to both types of complexes and can be free
in the membrane [6].

Long being considered to be relatively static structures, only recently it has been found that
junctional complexes are in fact in a state of continuous turnover, as demonstrated
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Fig 1. The membrane skeleton in healthy and infected red blood cells. (A) Left: schematic representation of a cut
through a healthy RBC with a biconcave shape. Right: closeup of the coupling between the actin-spectrin network and
the lipid bilayer. The actin protofilaments of the junctional complexes bind to glycophorin C (GPC) and ankyrin binds
to anion exchanger 1 (AE1, also known as band 3). (B) Left: schematic representation of the late stage of the malaria
infection, when the RBC has changed to a spherical shape and adhesive knobs have formed on its surface. Right:
closeup of the internal structure of the knobs, with a spiral structure at the base, the PEEMP1 adhesion receptors in the
membrane at the top and KAHRP-molecules inbetween. Actin is mined from the junctional complexes and forms long
filaments often connected to the Maurer’s clefts.

https://doi.org/10.1371/journal.pcbi.1009509.9001

experimentally by actin monomer exchange and the discovery that not all actin filaments are
capped [17-19]. Capping is provided by the two capping molecules adducin (for the fast-grow-
ing barbed end) and tropomodulin (for the slow-growing pointed end). In addition, tropomy-
osin stablizes the actin protofilament by binding at its side. The insight that the actin
protofilaments are more dynamic than thought earlier was in fact originally triggered by the
finding that malaria parasites mine actin from the junctional complexes, which is then used to
build a new transport system of long filaments between the parasite and the RBC-surface (Fig
1B) [20, 21]. However, the exact molecular mechanisms underlying actin mining by the para-
site are not known yet.

Changes in the spectrin-actin cytoskeleton have an immediate impact on the mechanics
and quality control of RBCs. RBCs have a typical lifetime of 120 days and senescent but also
malaria-infected RBCs (iRBCs) are removed from the circulation mainly at the interendothe-
lial slits of the spleen. It has been found experimentally that the shear modulus of the mem-
brane skeleton of iRBCs increases by one order of magnitude [22-24]. This stiffening but also
the growing parasite mass inside make it very difficult to pass the slits. In order to avoid the
clearance by the spleen, the malaria parasite has evolved cytoadhesion as a strategy to increase
residence time in the vasculature. The parasite-produced Plasmodium falciparum erythrocyte
membrane protein 1 (PfEMP1) is transported along the long actin filaments that result from
the actin mining and are clustered in thousands of adhesion clusters called knobs (Fig 1B).
These complexes are 100 nm large protrusions which can be imaged with electron microscopy
or atomic force microscopy [25, 26]. Their main component is the knob-associated histidine
rich protein (KAHRP) which is essential for knob formation [27-29]. Moreover it has been
shown that a spiral scaffold of unknown composition underlies the knobs [30, 31]. Towards
the tip of these knobs, on average three PEMPI molecules are clustered [32]. As the knobs are
formed, also the spectrin network becomes more irregular, with a larger average length of
spectrin filaments [33]. Coarse-grained molecular dynamics computer simulations have
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suggested that the stiffening effect however results mainly from knob formation and less from
the changes in the spectrin network [34].

Very recently, we have shown using two-color stimulated emission-depletion (STED)
microscopy and image pair cross-correlation analysis that the KAHRP localization dynam-
cially changes during a malaria infection [35]. During most of the initial ring stage (1-24
hours post invasion), KAHRP co-localizes both with the ankyrin and actin junctional com-
plexes, possibly to create a strong diffusion gradient towards the membrane. At the end of the
ring stage and the beginning of the trophozoite stage (24-36 hours post invasion), it re-local-
izes to the remodelled actin junctional complexes, where most of the knobs seem to form.
However, it is unclear which molecular processes are underlying these dynamical changes.
Potential mechanisms are changes in KAHRP affinity due to phosphorylation, increases in
KAHRP concentration and structural changes in the KAHRP target structures. To explore the
spatial aspects of these dynamical changes on the molecular level and how they could explain
the known mechanical changes on the cellular level, here we have developed coarse-grained
Browninan dynamics simulations that now allow us to quantitatively analyse the dramatic
remodelling process of RBCs that occurs during the infectious cycle of Plasmodium falcipa-
rum. Similar coarse-grained computer simulations have been used before to predict the cellu-
lar shear modulus from a microscopic description of the RBC cytoskeleton for healthy and
infected RBCs [34, 36, 37], but not with the focus on the dynamical changes to actin and
KAHRP as addressed here.

Materials and methods
Particle-based model for the cytoskeleton

The cytoskeletal network is simulated with ReaDDy 2 [38], which is a Brownian Dynamics
simulation framework for interacting particles and the additional capabilities to incorporate
reactions and filament assembly. Particles diffuse according to an overdamped Langevin equa-
tion with predefined potentials depending on nearby particle positions V(¥,(t), X;(t), .. .):

d%() Dy G 3
i = erVVE®F(0.) - V2DEW), (1)

where ¥,(#) is the particle position at time ¢, D; is the particle-specific diffusion constant, kgT is

thermal energy and Z (t) is white noise:
(E0) =0, (EOE W) =8,6(t—71).

Cytoskeletal filaments and monomers are set up with specific interactions as explained hereaf-
ter. The simulation time step was chosen as At = 0.01 ns to account for the strong potentials
within filaments. A typical simulation run lasts for 0.26 ms.

Filaments are implemented as a connected chain of monomers with harmonic bond poten-
tials between neighbouring beads and angle potentials between three adjacent beads. The pair-
wise potentials are described in detail in S1 File. Through the angle coefficient k,pg. the
persistence length L,, of the filament is determined. For the cytoskeletal network of the RBC
we need two different types of filaments, spectrin filaments of contour length of 205 nm and
polymerizing actin filaments with an equilibrium length of 36 nm. We use k,ngle = 4.28 k]
mol " for the very flexible spectrin filaments (corresponding to a persistence length of 10 nm)
and kypgle = 4280 kJ mol ! for the rod-like actin filaments (corresponding to a persistence
length of 10 pm). All non-neighbouring particles are subject to a hard-core repulsion to model
excluded volume effects. The force constants for the repulsion are given in S1 Table in S1 File.
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Fig 2. Particle-based model for the RBC cytoskeleton. (A) Schematic of the spectrin tetramer structure at the top and
implementation in the simulation at the bottom. Differently coloured beads have different properties that represent the
interactions of the spectrin filaments with actin, ankyrin and KAHRP. (B) Implementation of dynamic actin filaments
in the simulations. The top filament can polymerize at both ends with different rates at the barbed (b) and pointed (p)
ends. For the filament at the bottom the polymerization is blocked, since the capping proteins adducin (a) and
tropomodulin (¢) are attached. (C) The potentials used in the simulations are plotted against particle separation. (D)
The initial configuration of a typical simulation is shown as a projection along the z-direction. The simulation box has
periodic boundaries and a size of 140 x 242.48 x 100 nm ™. G-actin particles are shown in grey. An example simulation
can be seen in the S1 Movie. (E) Equilibrated state of the network.

https://doi.org/10.1371/journal.pcbi.1009509.g002

A spectrin dimer consists of 21 a-spectrin repeats, 17 -spectrin repeats and one actin bind-
ing domain at each end as shown schematically in Fig 2A top [6, 39]. During dimer formation,
the a- and B-chains of spectrin zip up from the actin-binding tail that is held together by strong
electrostatic interactions. Next two dimers associate head-to-head to from a spectrin tetramer,
which is believed to act as a single strand for most of the time, although the two chains might
slide relatively to each other [6]. In the simulation we adopt the standard approach to model
the spectrin tetramer as a worm-like chain (WLC) [37, 40]. Following earlier particle-based
simulations of the spectrin network, we use 39 beads (Fig 2A bottom) [36, 37, 41]. With a bead
radius of 2.63 nm as used earlier, this gives us a contour length of 205 nm. Because here we
only simulate small patches of the skeleton, the membrane is not modeled explicitly, but only
enters in its function to confine the two types of complexes to a similar height. In detail, we
harmonically confine the ankyrin- and actin-binding spectrin beads to a 4 nm thick plane 10
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nm above the bottom of the simulation box which represents the plane of the lipid bilayer.
These dimensions are chosen as to represent the typical size of the transmembrane anchoring
proteins. Ankyrin can bind to repeats 14 and 15 of the -spectrin chain, so in principle there
are two potential ankyrin binding regions on spectrin, namely left and right to the tetrameriza-
tion site. However, only one ankyrin can bind at any time for steric reasons [6], thus in the
simulations we randomly choose one of them for confinement (compare Fig 2A).

Actin filaments are implemented with two distinct ends corresponding to the barbed and
pointed ends and can react with G-actin to elongate or shrink at predefined rates (compare Fig
2B). The filaments are confined to the 4 nm thick plane such that they maintain a low angle
with respect to the bottom of the simulation box as has been observed in RBCs [14]. Within
this plane the filaments are free to diffuse and rotate.

All particles that are confined to the membrane plane are set up with a reduced diffusion
constant of 0.53 um* s™" to represent their slowing down by the binding to transmembrane
proteins like GPC and AE1. The reduced value of the diffusion constant is the one measured
for AE1 diffusing on small scales within the RBC membrane [42]. For calculating the diffusion
constant of the spectrin beads we took the doubled size of a single spectrin bead (see effective
size in Table 1) in order to reflect the thickness due to two filament strands.

All monomers are assumed to be uniformly reactive and to have an isotropic diffusion con-
stant. The diffusion constant was either taken from previous measurements or calculated from
the Stokes-Einstein relation:

kT
‘" 6myR,’

(2)

with 7 being the dynamic viscosity and R; the hydrodynamic radius of particle i. Values are
summarised in Table 1. For the cytoskeletal simulations, three kinds of monomers are intro-
duced in order to interact with actin filaments: G-actin, adducin and tropomodulin. G-actin
can attach to the barbed or pointed ends and then becomes the new end bead. On the contrary,
if one end shrinks, a G-actin monomer is released and the neighbouring particle becomes the
end bead. Adducin and tropomodulin block this polymerization process by attaching to the
barbed and pointed ends, respectively, and stop any further polymerisation until they detach
again (compare Fig 2B). The effect of tropomyosin, which attaches laterally to the actin helix,
is not modeled explicitly, but implicitly by enforcing the typical actin protofilament length (see
below).

In order to model the effect of a malaria infection, we introduce KAHRP particles which
can bind to cytoskeletal components and other KAHRP particles via Lennard-Jones potentials

Table 1. Values for collision radii, reaction radii and diffusion constants.

particle type R innm R;in nm Din %
spectrin bead 2.63 2.63 not used
spectrin effective size 5.26 5.26 40.78
KAHRP 2.8 2.8 76.6
G-actin 3 3 71.5
adducin 4.2 4.2 51.07
tropomodulin 7.25 7.25 29.59

The diffusion constant of G-actin is taken from Lanni et al. [43] and the other values are calculated from the

respective molecular masses of the proteins assuming spherical particles and the Stokes-Einstein relation.

https://doi.org/10.1371/journal.pchi.1009509.t001
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(see S1 File for more details), such that they can cluster in the cytoskeletal network and also
form large aggregates as found in experiments [28]. The exact position of the KAHRP interac-
tion sites is based on the experimentally observed association properties of KAHRP, which
have been found to be the following:

« the spectrin-actin-protein 4.1 junction [28, 44]

o a-spectrin repeat 4 [45] and S-spectrin repeats 10-13 [29, 46, 47] which lie next to the tetra-
merization site (with Kp = 50 + 15 pM [29])

o the band 3 binding domain of ankyrin [47] (with Kp = 1.3 — 1.8 uM [48]).

Importantly, KAHRP-binding to ankyrin seems to occur together with binding to spectrin,
but not at the ankyrin-spectrin binding site [47]. We therefore use the red beads in Fig 2A
both to confine ankyrin to the membrane and to model KAHRP-binding to ankyrin/spectrin.
The other binding sites on spectrin are shown in dark blue in Fig 2A and in the simulation
snapshots presented later. Since the dissociation constant with these spectrin repeats is much
larger than the one with ankyrin, we neglect the binding to the blue beads in the simulations.
We also fix the KAHRP self-association interaction at a large enough value, such that small
clusters can form in the cytosol. Therefore, we are left with two main parameters, the interac-
tion energy between KAHRP and actin (€xaprp-acrin) and the interaction energy between
KAHRP and ankyrin (€xaprp-ankyrin)- These binding energies are the depths of the respective
Lennard-Jones potentials (Fig 2C). When interpreted as the binding free energy AG, one can
relate them to the dissociation constant through thermodynamic considerations [49]:

K
AG =k, Tln -2, (3)
C
with C being a reference concentration and K the dissociation constant.

Actin dynamics

In contrast to KAHRP binding via a Lennard-Jones potential, we model the actin binding
dynamics as explicit reactions, such that filaments can be formed as topologies in ReaDDy 2.
When incorporating reactions into a Brownian Dynamics simulation, a distinction has to be
made between macroscopic and microscopic reaction rates, where the diffusive process of
finding a reaction partner is included in the macroscopic association rate k™. The macroscopic
and microscopic rates are related by [38, 50]

Dl + D2 kr‘;icro
R12 A /Htanh (RIQQ [m

where D, are the diffusion constants of the two reaction partners and Ry, is their separation.

Since the diffusion time scale is much faster than the reaction time scale, in order to obtain
reasonable simulation times we use a factor b that speeds up the elongation rate w, as intro-
duced in [51], and indicate the scaled rates by a hat symbol:

k* = 4n (D, + D,) , (4)

& =bw=bkC+k)=kC+k, (5)

. . b . B

Ko=k'b, C= Cand k™ =bk, (6)
k

where C is the concentration which determines the association and k is the dissociation rate.
In order to observe actin polymerisation within accessible simulation times, the scaling values
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are chosen to be b = 100000, by = 200 and C = 500C unless otherwise stated. The parameters
are chosen according to experimentally determined values if known. These values and the
scaled value after accelerating the polymerization are given in S2 Table in S1 File. All relevant
Kp values are assembled in S3 Table in S1 File. The length regulation of the actin filaments is
implemented through modelling capping proteins and introducing specific length dependent
rules for the monomer dissociation. To prevent the filaments and hence the network from dis-
assembling completely, the dissociation is stopped at two monomers introducing a boundary
for the modelled process.

In order to mimic the attachment of tropomyosin which has the length of six monomers,
the dissociation rates are chosen differently for filaments that are longer than six monomers or
shorter. Specifically, the following rules are applied:

 G-actin dissociation at barbed and pointed ends:

for n > 6 normal rates apply
for n < 6 the rates are halved

« adducin dissociation rate always the same
« tropomodulin dissociation:

for n > 6 the rate in absence of tropomyosin is used
for n < 6 the rate with tropomyosin present is used

« association rates are not length dependent but depend on concentration
« tropomodulin and adducin block polymerization while attached.

We first set up a hexagonal array of spectrin tetramers (Fig 2D). In the z-direction the fila-
ments initially form a sine curve with the red ankyrin attachment sites placed in the plane at
z =10 nm. This is necessary since the tetramer contour length of 205 nm is much longer than
the typical actin-actin separation of 60 to 80 nm. The actin filaments at the junctional points
are randomly oriented within the plane at z = 10 nm and the spectrin filament ends are placed
at one of the six positions along both sides of the actin filament. Monomer positions are cho-
sen randomly in the 3D space above the cytoskeletal layer. The network is then relaxed to its
equilibrium state (Fig 2E). Simulation images were produced with VMD [52].

Pair cross-correlation analysis

We use a two-dimensional pair cross-correlation analysis to quantify the co-localization of
KAHRP with the other components of the network as recently used for super-resolution
microscopy data [35, 53, 54]. First, we generate a distribution profile for each protein by add-
ing a two-dimensional Gaussian distribution on their 2D projected coordinates obtained from
the simulations. The standard deviation of the Gaussian distribution is set to 16 nm (corre-
sponding to 38 nm full-width at half-maximum of the used STED-microscope). Using the dis-
tribution profile, we create an image for each protein with 1 nm pixel size. For two images,
Ir(x, y) (red channel for KAHRP) and I;(x, y) (green channel for another protein), the two-
dimensional pair cross-correlation (PCC) between them is given by

C(T' r+ AT’) — Aimage p:rZJrAr Zz‘,jZm,nIR(xi’yj)IG(‘xm7yn)5(|rij - rmnl - p) (7)
’ nAr(2r + Ar) 2= DI ACE RIS

where Ajyq. is the area of the image and Ar = 6 nm is the width of the radial bins.
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Results
Simulation of spectrin and actin filaments

In order to test our computational setup, we first performed some calibration simulations
related to the polymer character of the spectrin and actin filaments. We first examined the
properties of a single spectrin filament and vary its length and subunit properties (Fig 3A).
Excluded volume effects and an angular potential between three neighboring beads for bend-
ing stiffness are included as specified in the S1 File. We first simulated single spectrin filaments
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Fig 3. Spectrin and actin filaments. (A) Spectrin properties are tested by examining the end-to-end distance
exemplified by the double arrow. (B) The root-mean-square value of the end-to-end distance is calculated for varying
filament length. Simulations with an angle potential and excluded volume (wine) are compared to ones without
angular confinement in red and simulations of ideal chains (i.e. no angle or excluded volume interactions) in orange.
Additionally, we plot the analytic expression for the WLC (wine), the Flory theory (red) and the freely-joined chain
(orange). (C) Capped actin filaments of different lengths. (D) The orientation of actin filaments within a network is
quantified by the in-plane angle (orientation within the membrane) and the out-of-plane angle (angle in z-direction).
These are plotted as a function of shear of the network. (E) The temporal evolution of actin filament average length is
plotted for different initial values of G-actin concentration. The solid line shows the data from simulations containing
capping proteins and the dotted lines show data from simulations without capping proteins. Each line corresponds to
one simulated network with 46 actin filaments. The dashed vertical line indicates the time point for which the
distributions are shown in F. (F) The smoothed probability distributions of the filament lengths at time 25 ys are
shown for all concentrations. At the top the data is shown for simulations without capping proteins and at the bottom
with capping proteins.

https://doi.org/10.1371/journal.pcbi.1009509.g003
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with an angle constant k,pgle = 4.28 k] mol ', calculated the time average of the end-to-end dis-
tance and compared the result to known polymer models in Fig 3B. Each point is an average
over 20 million time steps of size 0.1 ns. The end-to-end distance is defined as the distance
between the two end beads coloured black in Fig 3A. In Fig 3B three different types of fila-
ments are compared, the full spectrin model in wine colour, a polymer without excluded vol-
ume but with an angle potential in red, and a polymer without any interactions except the
harmonic potential connecting neighbours in orange. We see that the spatial extend of the
polymer increases with the number of segments and is well-described by the polymer model
appropriate for each case.

The full model corresponds to a WLC with a fitted persistence length of 20 nm, which is a
factor of two larger than the theoretical prediction of the WLC-model because this model does
not incorporate excluded volume effects. The red data points from simulations solely including
excluded volume effects can be described by the Flory model for a polymer with self-interac-
tion, but no persistence. The filaments without any interactions mimic the analytically calcu-
lated behaviour of a freely-jointed chain model. These results demonstrate that the polymer
simulations in ReaDDy 2 give exactly the theoretically expected results for our test cases. This
analysis also shows that a full spectrin filament containing 39 beads will have an end-to-end
distance of 87 nm in equilibrium and it will be in a highly coiled state if not extended by force,
thus explaining the typical distance between the actin junctional complexes and the finite
thickness of the spectrin layer. Certainly the WLC-model does not reflect the full molecular
complexitiy of the spectrin chains, as reflected e.g. by the Chinese finger trap model [8], but it
represents well the typical dimensions and statistical properties of the spectrin chains in the
network.

Going from the single spectrin filament to the full network (compare Fig 2E), we next
examined the exact network thickness, which is defined as the distance in z-direction (vertical
direction in the projection in S1(D) Fig) between the lowest and highest cytoskeletal bead. It
can be seen that the spectrin tetramers are extended away from the bottom of the simulation
box which can be thought of as the confining lipid bilayer. The simulated healthy network has
an average thickness of 54.21 nm after equilibration. In S1(E) Fig the distribution of the differ-
ent particles along the z-direction can be seen. The actin filaments are confined to a thin sec-
tion near the bilayer, whereas the spectrin filaments are shown to be confined to a 58 nm thick
plane which is less dense at its edges. The obtained values matches the experimentally deter-
mined thickness of approximately 50 nm of the dense cytoskeletal layer [15]. The experiments
showed an additional 40 nm softer regime which is likely caused by defects in the network that
are not present in the simulation.

In the next step we examined the modelled actin filaments, which appear as straight rods
because of the much larger persistence length (Fig 3C). Therefore, we can examine their orien-
tation within the cytoskeletal network as we apply a shear to the network with a shear rate of
3.10°s™". Initially, the filaments are set up parallel to the bilayer plane but randomly oriented
within this plane. We can quantify this by two angles, the out of plane angle ¢ and the in plane
angle 0 (compare S1(A) Fig). Since we do not take into account the polarity for this analysis,
the angles can vary between 0° and 90°. We now quantify how the angles change when going
from the equilibrated reference state to the final state after shearing in x-direction of full-cyto-
skeleton simulations with a = 88 nm (see Fig 3D). It can be clearly seen how the average fila-
ment angle of all filaments in ten simulations is reduced as a function of shear. This means
that the filament angles are not randomly distributed after the shearing, but they align in the
shear direction. At the same time the angle in z-direction stays close to its small value. This
angle is very close to zero because of the confining potential mimicking the attachment to the
lipid bilayer. Histograms of this data can be seen in S1(B) and S1(C) Fig.
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Depending on the G-actin concentration and the capping rates, the filaments can grow,
shrink or stay at a constant length. The actin dynamics was sped up by a factor b as explained
in the Materials and methods section to reach reasonable modelling time scales. The change of
actin filament lengths was examined by two types of simulations: one set was conducted with-
out any capping proteins present (“no capping” in Fig 3E and 3F) and the other set contained
capping proteins and special rules to mimic tropomyosin attachment in the simulations (“all
capping” in Fig 3E and 3F). The average filament length and the filaments’ smoothed probabil-
ity distributions were examined for different concentrations of free actin monomers (1.36 - 10*
um~ to 6.78 - 10* um ) in Fig 3E and 3F, respectively. This range of values brackets the exper-
imentally measured value of 0.36 uM for G-actin (compare S2 Table in S1 File) [17]. Although
in principle possible at these concentrations, actin treadmilling was not observed in our simu-
lations. We use a hexagonal set-up for the actin filaments as shown in Fig 2D and fix the lattice
constant at a = 88 nm.

In Fig 3E we see how the average filament length grows or shrinks depending on the initial
concentration of G-actin. Capping does not completely suppress actin dynamics, but makes it
much slower, such that the length stays close to the initial length of six monomers for a longer
time. To see this in more detail, the filament length distribution was plotted for both cases at
time point 25 ys in Fig 3F. The distributions for simulations without capping proteins are
clearly much broader than the ones with capping proteins. In both cases the distributions for
higher concentrations are spread out further because macroscopic association rates depend on
concentration.

Shear modulus

Next we set up a network of spectrin filaments which are connected via actin filaments at the
junctional points and include various diffusing monomers as explained in the Materials and
methods section. First, we examined the properties of the simulated cytoskeletal network with-
out any additional malaria-associated alterations in order to validate our novel modelling
approach. For examining the mechanical properties of the system, we set up a series of simula-
tions (snapshots shown in Fig 4A-4C) mimicking a shear experiment with a shear rate of 3 -
10°s™', as it is common in the field [36], and extract the stress response as seen in Fig 4D—-4H
(an example of the shear simulation can be seen in 52 Movie). The curves show the mean of
ten independent stress responses each.

In order to compare our full model including actin filaments, spectrin persistence and
anchoring by band 3 to previous approaches [34, 36, 55], we set up a reduced system with
actin filaments replaced by single particles (compare Fig 4A in contrast to the full model in Fig
4B), spectrin filaments with just excluded volume and free diffusion of the actin particles in
the bilayer plane. The sheared networks have a size of three hexagonal units times four hexago-
nal units and vary in size depending on the lattice constants. We set up regular networks with
actin particles positioned according to a uniform hexagonal network with lattice constant
a = 60-100 nm and compare their stress responses in Fig 4D. The network with a = 100 nm
displays a shear modulus of 10.92 uN m™" at low shear and 21.22 uN m ™" at high shear as
extracted from Fig 4D. We also see that for smaller lattice constant a the strain-hardening
behaviour of the network is reduced drastically in our model. Previous simulations which
modeled actin filaments as one spherical bead also showed a monotonic increase in stress and
yielded a modulus of 10 — 12 uN m™" for small shear at similar shear rates [34, 36, 55]. More-
over this earlier work also predicted shear stiffening for shear values larger than 0.5. In Fig 4G
we show how the stress changes when we introduce the spectrin persistence and the reduced
diffusion of actins. Looking at the curve for a = 100 nm, we see that for small shear the
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Fig 4. Network shear response. (A) Snapshot of the simulation at shear 1.0 in the x-direction. Junctional points are modelled as single actin particles. (B) Same as
in a but now the junctions are modelled as full actin filaments. (C) Examples of actin filaments at different lengths within the network. (D-H) Stress is plotted
against shear extracted from simulations with a shear rate of 3 - 10° s, Each line corresponds to the average of 10 simulations. In D and G single particles are used

as actin junctions whereas in E and H the proper actin filaments are implemented.

In D and E the spectrin filaments are modelled without angle potentials and the

anchoring sites are free to diffuse in the bilayer plane. In G and H the spectrin angle potential constant has a strength of 4.28 k] mol ™" and the anchoring sites
possess a reduced diffusion due to anchoring in the bilayer. (F) The stress response to shearing is plotted for different average filament lengths as indicated in the
legend. Sheared networks are taken from all different concentrations and time points of simulations with capping proteins. The black line is for a perfect network
with exactly N = 6 actin beads per filament and serves as a reference. (I) The final stress from C is now plotted against the average filament length with the colours

indicating the different initial concentrations as shown in the legend.

https://doi.org/10.1371/journal.pchi.1009509.g004

response is similar, but for larger shear rate the shear modulus increases to 23.25 uN m ™", Con-
sidering the simulations with smaller lattice constant, the shear modulus is elevated at low

shear.
In Fig 4E and 4H, the stress

-shear response is shown for simulations containing explicit

actin filaments rather than only actin beads. In Fig 4E the spectrin filaments do not have per-
sistence and actin filaments can diffuse freely in the bilayer plane, similar to conditions in Fig
4D. In Fig 4H the response of the full model with persistence and anchoring is shown. The

main new feature that appears

in these stress responses is a stress jump at very low shear, simi-

lar to the elastic response of dense polymer networks [56]. After this initial response the shear

modulus is given by 20.8 uN m™" and for high shear the value increases to 49.81 uN m™".

1

Hence, the shear modulus is approximately doubled with respect to the previously examined
networks which model the actin filaments as one particle. The stress jump is caused by the
newly introduced actin filaments, where the reduced diffusion of these makes the jump even
higher as seen in Fig 4H compared to Fig 4E. The shearing in these simulations was done at
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shear rate 3 - 10°s™!

this shear rate, the jump gets smaller and eventually vanishes (see S2 Fig). However, for smaller
shear rates the stress magnitude is also reduced in general, as expected.

Because one of the main consequences of a malaria infection is actin mining, next we inves-
tigated networks with different actin filament lengths distributions. In Fig 4C the different pos-
sible outcomes are shown as simulation snapshots. The first panel shows a normal length actin

, matching the value of previous simulations. However, when we reduce

filament, the second one shows completely detached short actin filaments, in the third panel
the spectrin filaments are still attached to the very short actin and in the last panel abnormally
long actin filaments are shown. Each sheared network is categorised in terms of the average
actin filament length and the stress response is plotted in Fig 4F. As the colour of the curves
varies form light to dark green, the average filament length grows. We see that the shear modu-
lus and the initial jump increase with average filament length. To explore this in more detail,
the final stress value at shear one is plotted in Fig 41 against the average filament length and the
colours show the initial concentration of the simulation that the sheared network configura-
tion was taken from. The higher stress value for longer actin filaments can be confirmed here,
where there seem to be two regimes. For average filament lengths of less than seven monomers
the fitted slope of stress against length is considerably smaller than for networks with average
lengths longer than seven monomers. Overall we conclude that actin mining will decrease
iRBC-stiffness.

As there is various evidence that the spectrin cytoskeleton is not perfectly connected [6], we
also run several simulations with different connectivity of the network (Fig 5A). The underly-
ing molecular processes might be very complex, thus we only considered four paradigmatic sit-
uations: complete removal of some spectrins, removal of some spectrins and stretching of
others, removal of actin protofilaments and removal of complete hexagonal units around an
actin protofilament. Simulation snapshots show how the resulting holes look like in the
sheared networks (Fig 5B). In Fig 5C we see that the changes in spectrin affect the stress at
high shear, where the stress is decreased for three spectrins per node and elevated for the long
spectrins. In Fig 5D we see that removal of actin (either the filament only or the whole unit cell
around it) reduces stress at all shear strengths and that overall shear modulus goes done, as
expected from earlier theory [57] and simulations [41, 58]. We also studied the effect of a vari-
able distribution of the distances between the actin junctional complexes by moving the actin
particles away from their lattice sites by random displacements (S3 Fig). In this case we find a
higher shear modulus and a stronger strain hardening behaviour in comparison to Fig 4D.
This agrees with analytical calculations showing that random networks are stiffer [59] and can
be explained by the contribution of the strongly elongated spectrin filaments.

Cytoskeletal remodelling by KAHRP

Using our detailed model of the RBC cytoskeleton, we now are in a position to simulate the
effect of KAHRP-binding during a malaria-infection. We introduce particles to the cytoskele-
tal system that possess the known binding properties of KAHRP, specifically the binding to
other KAHRP particles, subunits of the spectrin filaments, ankyrin and actin protofilaments
(explained in the Materials and methods). Because simulations with many interactions are
very time consuming, a small membrane patch (140 x 242.48 nm?) with periodic boundary
conditions and eight actin filaments is set up. The KAHRP particles initially exhibit a uniform
random distribution and the lattice constant of the lattice is chosen to be a = 88 nm. Since
KAHRP assembly is much faster than the actin dynamics, the effects of actin polymerizaiton
on KAHRP assembly are negligible and hence we do not speed up the actin dynamics as in the
last section.
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Fig 5. Effects of network connectivity on shear response. (A) Schematic representation for the network set-up. The yellow bars represent actin
filaments and red circles indicate where an actin filament is missing. The black lines show the initialization positions of spectrin filaments. (B)
Final configurations of the simulated networks at a shear of 1. The colors of the particles are the same as shown in Fig 2. (C) The stress-shear
response is shown for networks with different connectivity. The black line corresponds to the perfect hexagonal network with six spectrins per
node and the yellow line shows the response of a network with three spectrins per node. Additionally, some networks were simulated where
four/six wholes where bridged with six/nine long spectrin filaments. (D) Here the effect of missing actins and spectrin filaments is analysed.
Either only the actin nodes were taken away (-4/6 actins) or the whole hexagonal element including the spectrins (-4/6 hexagons). Again, this is
compared to the perfect hexagonal lattice response in black.

https://doi.org/10.1371/journal.pcbi.1009509.9005

In our simulations we varied the relative interaction strength of KAHRP with its different
binding partners, the interaction strength itself, the actin filament length and the KAHRP con-
centration (simulation snapshots in Fig 6A and corresponding videos in S3-S6 Movies). In
each case, we quantified the resulting KAHRP cluster. A cluster is defined as all particles
whose centres are separated less than the diameter of a KAHRP particle plus a tolerance of 1.5
nm to the next KAHRP particle and examples are marked with circles in Fig 6A. We distin-
guish between free floating clusters, clusters attached to the actin junctions (red rectangles and
one zoom-in) and clusters at the ankyrin junctions (black rectangles and one zoom-in). A clus-
ter counts as attached if one of the cluster particles has a gap of less than 1.5 nm to one of the
KAHRP-associating cytoskeletal components.
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Fig 6. Effect of KAHRP clusters in actin-spectrin network. (A) Snapshots of equilibrated networks for the
interaction energies indicated above each image. KAHRP particles are shown in grey and some KAHRP clusters are
indicated by rectangles and shown as zoom-ins. G-actin particles are not shown here. (B) Fraction of clusters that are
located at actin filaments in contrast to other cytoskeletal subunits. The value is calculated for different interaction
energies with actin and ankyrin. (C) Shear response of KAHRP containing networks for different KAHRP positioning.
(D) A simple spring model was set up to understand the shear-reasponse of the KAHRP-containing cytoskeletal
networks. (E) The effective spring constant is plotted according to our spring model.

https://doi.org/10.1371/journal.pcbi.1009509.g006

Our first finding is that when the interaction strength e is too small compared to the ther-
mal energy, most KAHRP particles will stay separated and detached from the cytoskeleton. In
simulations with all interaction energies equal, we found that there is a sharp transition
between mostly no clusters present below € = 2 kT and similarly sized large clusters for e > 2
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kgT (compare S4 Fig). These results essentially demonstrate that the energy of clustering com-
petes with the entropy of diffusion in our dynamical simulation.

Next we varied the interaction energy between KAHRP and actin (éxaprp—actin) and the
energy between KAHRP and ankyrin (€xaprp—ankyrin)> €ach between 1.0 and 4.8 kgT. At the
same time we fix the interaction energy with KAHRP itself and the spectrin beads at exarrp
_KAHRP = €KAHRP-spectrin = 1.0 kgT. For each parameter set we can then extract the properties of
KAHRP clusters. Specifically we can calculate the fraction of all KAHRP clusters that are posi-
tioned at actin filaments (Fig 6B). The data corresponds to the final configuration of a 200 ps
simulation. We confirmed that this is the equilibrium configuration by examining the poten-
tial energy of the system (not shown here). It can also be seen by looking at the time evolution
of the fractions and sizes (shown in the S4 Fig). Snapshots for selected parameters, correspond-
ing to the four diagram corners in Fig 6B are shown in Fig 6A. We see that the interaction with
actin needs to be larger than the interaction with ankyrin to reach a high fraction of actin asso-
ciated clusters (top left corner in Fig 6B). If the interaction is equally strong but large enough,
we see a mixed distribution of clusters. Note that no clusters develop if both parameters very
small. The size of the clusters can be varied by changing KAHRP concentration (S5 Fig).

To examine the effect of the emerging KAHRP clusters on the mechanical properties of the
network, we took the final configurations from different parameter choices discussed in the
last paragraph and applied a shear to the network. To do so, the periodic boundary conditions
were removed and the network repeated nine times to obtain a larger patch and hence better
statistics. Shearing was done at a rate of 3 - 10° s™". Specifically, we sheared networks with the
four extreme cases of KAHRP cluster formation corresponding to the snapshots in Fig 6A: no
clusters (€xaprp-actin = 1.0kgT and €xagrp—ankyrin = 1.0kpT), mostly ankyrin associated clusters
(exarrp—actin = 1.0kgT and €xaprp—ankyrin = 4.8kT), mostly actin associated clusters (€xanrp
—actin = 4.8kpT and €xaprp-ankyrin = 1.0kgT) and clusters at both junctions (éxarrp-actin =
4.8kpT and exaprp-ankyrin = 4.8kpT). The different stress responses are plotted in Fig 6C and
one clearly sees that for clusters at both junctions only the slope is increased and hence the
shear modulus, whereas the initial step is higher for the formation of clusters only at one junc-
tion type, with the step being the largest for actin-associated clusters. Besides the step the shear
modulus is higher for the ankyrin associated clusters.

Previously we saw that longer actin filaments lead to an increased initial step. Therefore, the
clustering of KAHRP at one junction type, which leads to relatively large junction points in the
network, results in a higher initial step. This effect is larger for actin associated clusters, since
the actin forms a larger junction from the start. It seems like networks with clusters at both
junction types do not show this effect. This could be explained by the fact that the simulations
are run at constant KAHRP concentrations and thus the resulting clusters are smaller because
they are distributed over different binding sites. Although the initial jump is smaller, the slope
at larger shear is larger. In order to understand this aspect better, we used a simple spring
model as shown in Fig 6D which uses different springs for actin/ankyrin junctions and spec-
trin filaments. The spectrin springs are arranged in parallel to mimic the attachment of several
spectrins to one actin junction. The resulting effective spring constant of the simple model was
calculated for different actin and ankyrin spring constants and plotted in Fig 6E with the spec-
trin spring constant fixed at 5 in non-dimensionalised units. From this plot we see that we
expect the largest spring constant and hence shear modulus for a stiffening of both junctions
at the same time, as seen in the simulations of Fig 6C. When keeping kakyrin fixed at a low val-
ues, which corresponds to clusters at only the actin junctions, we expect nearly no increase in
shear modulus as seen in Fig 6E on the left side for a change along the y-axis. In our shear
experiments the slope stayed very low as expected here. Finally, for the case of ankyrin associ-
ated clusters, we see that the effective spring constant does change when going along the x-axis
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of Fig 6E. Note that we start the plot at an actin spring constant of 10 in order to take into
account that the actin junction is the stiffest element of the network without KAHRP present.
This explains the observed higher shear modulus for ankyrin associated clusters in contrast to
actin associated clusters.

Pair cross-correlation analysis

Finally we used pair cross-correlation (PCC) analysis to connect our simulation results with
the experimental results from our very recent two-color super-resolution microscopy study of
dynamic KAHRP localization within the iRBC cytoskeleton [35]. Fig 7A shows a sample image
of fluorescently labeled KAHRP and ankyrin in an exposed RBC membrane skeleton and Fig
7B and 7C show the resulting PCCs, which can be interpreted as the probability of finding two
signals at a given radial distance. For co-localizing signals, the highest PCC is observed at a
zero distance and for large separations between signals, the highest PCC shifts to a finite dis-
tance. Fig 7B shows that the PCC profile between KAHRP and ankyrin shifts from a maximum
value at zero up to 16 hours to a flat profile at 20 hours and eventually to a maximum value at a
finite distance (= 110 nm) at 28-36 hours post malaria infection. In contrast, the PCC between
KAHRP and the N-terminus of S-spectrin shows the maximum value at zero throughout, as
shown in Fig 7C. This suggests that during the malaria infection, KAHRP relocates and moves
away from the ankyrin complexes and towards the actin complexes.

To compute PCCs from our simulations, we generated a spatial distribution profile for each
protein as described in the Materials and methods. Fig 7D shows the generated images for
KAHRP in red and ankyrin in green colour. We first note that these images should not be
compared directly to the experimental images in Fig 7A, because the scale is much smaller and
the regularity is much higher due to the assumed hexagonal lattice in the computer simula-
tions. Nevertheless we can calculate PCCs from them which can be compared to the experi-
mental data. In Fig 7E and 7F we show the calculated PCCs for KAHRP with ankyrin and for
KAHRP with the N-terminus of spectrin located at actin junction, respectively, for different
values of the binding energy between KAHRP and actin as indicated by the color bars. The
PCC of KAHRP with ankyrin decreases with the increase in its binding energy with actin, and
the maximum PCC shifts from zero distance to a finite distance. This distance corresponds to
the separation between actin and ankyrin junctions (= 55 nm) in our simulated RBC-net-
works. However, the experimental PCC (shown in Fig 7B) shows a larger separation distance
between the two junctions. This suggests that the RBC networks in the experiments are highly
stretched. In contrast to the PCC with ankyrin, the highest PCC of KAHRP with the N-termi-
nus of spectrin remains at a zero distance. Further, for strong KAHRP-actin binding, we
observe a second peak at larger distances due to the KAHRP’s correlation with N-terminus of
spectrin present at the next nearest neighbour site of the RBC network.

Next, we varied binding energy between KAHRP and actin and KAHRP and ankyrin to sys-
tematically identify the regions in the parameter space where such behavior exists. In Fig 7G,
we plot the PCC at zero distance for different binding energy values and mark the cases with
finite distance peak with white dots. For short actin filaments, KAHRP-ankyrin PCC shows a
maximum at zero distance in large regions of the parameter space, except in areas with very
high KAHRP-actin binding. In contrast, the KAHRP and N-terminus of spectrin PCC shows
the maximum at a finite distance for high KAHRP-ankyrin and low KAHRP-actin binding
energy. This is because KAHRP preferentially binds to the ankyrin junction, thus not at the
actin junction where the N-terminus of spectrin is located. At an increased actin length (Fig
7H for 36 nm and Fig 71 for 48 nm), we observe increased regions in the parameter space
where the KAHRP-ankyrin PCC shows a maximum at a finite distance for high KAHRP-actin
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Fig 7. Comparison of experimental and simulated pair cross-correlations. (A) STED images of an exposed RBC membrane at the trophozoite stage (28-36
hours post malaria infection). Red and green fluorescence signals correspond to KAHRP and ankyrin sites on the RBC membrane. (B) Pair cross-correlation
(PCC) between KAHRP and ankyrin computed using the two-color images obtained at different hours post malaria infection. (C) PCC between KAHRP and N-
terminus of S-spectrin. Images and PCC values in (A,B) are taken from [35]. (D) KAHRP (red) and ankyrin (green) fluorescence signal is constructed from
location points obtained from simulations (overlaid white points). (E) PCC between KAHRP and ankyrin is computed from two-color images generated from
simulations for different binding energy between KAHRP and actin as indicated by the color bar. (F) Same as (E) for the KAHRP and N-terminus of spectrin PCC.
(G) The map shows PCC values at zero distance for KAHRP-actin pairs (top panel) and KAHRP-ankyrin pairs (bottom panel) at different binding rates between
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KAHRP and ankyrin/actin sites for average actin filament length 24 nm. The white dots mark the cases where a peak is observed at a finite distance. (H) and (I)
Same as (G) for average actin filament length 36 nm and 48 nm respectively.

https://doi.org/10.1371/journal.pcbi.1009509.9g007

and low KAHRP-ankyrin binding energy. These results suggest that the temporal change in
KAHRP-ankyrin PCC during the malaria infection can be explained both by differences in the
binding affinity between KAHRP and actin or by changes in actin filament length. We also
investigate the effect of KAHRP concentration on the pair cross-correlation values. The
increase in KAHRP concentration decreases the region where the PCC maximum at a finite
distance is observed (S6 Fig).

Discussion

In order to theoretically analyse the dramatic transformation of the RBC cytoskeleton during a
malaria infection, here we have developed a particle-based simulation framework that incorpo-
rates both the structure and dynamics of actin filaments and the different known binding sites
of KAHRP, which is the most important parasite-derived factor for this transformation. Our
coarse-grained Brownian dynamics simulations allow for sufficiently long and large simula-
tions to measure the effective cellular shear modulus as a function of the key molecular pro-
cesses. The shear modulus in turn is the central quantity to predict how iRBCs will move in the
blood flow and through the interendothelial slits of the spleen. Our work is scale-bridging in
the sense that it connects the spatial coordination of essential molecular processes, that are
increasingly investigated with super-resolution microscopy [18, 31, 35], with cellular proper-
ties like the shear modulus, which has been measured before with different experimental tech-
niques [23, 24]. Although a complete simulation of the cytoskeletal dynamics during a malaria
infection is currently not possible due to missing experimental information, our simulation
study helps to better understand some of the molecular mechanisms that underlie this process.

Our first main result is the observation that including explicit actin filaments into the simu-
lations leads to two regimes during shearing, namely a fast and stiff response corresponding to
their reorientation and a slow and less stiff response corresponding to the reorganization of the
spectrin network. This latter response shows strain stiffening, as expected, and agrees quantita-
tively with results from similar coarse-grained computer simulations in which the actin proto-
filaments have been modelled as particles [34, 36, 37]. These results also agree well with values
for the shear modulus extracted from experiments with optical tweezers [23] or diffraction
phase microscopy [24]. Regarding the identification of a fast and stiff initial response, we note
that it seems challenging to demonstrate this effect in experiments, because it would require
very high time resolution and good preparation of the initial state. Yet we believe that this is an
interesting new effect that might play a role in the physiological context. In the future, a more
detailed investigation should also include the possibilities of actin protofilaments flipping out
of the plane of the membrane [60, 61] and of unfolding of spectrin repeats [62, 63]. Both of
these processes could yield extra length that would smear out the effect of the rapid ordering of
the actin protofilaments. We finally note that whole cell simulations with molecular details are
required to decide how this effect is averaged over the complete area of the RBC [37].

Our simulations not only modeled for the first time the actin component as explicit fila-
ments, they also included their dynamical nature, allowing for them to shrink or grow. We
found that by introducing length-dependent capping rates with dissociation constants match-
ing experimental observations, filaments could be held stable over a longer time period than
without capping proteins present. In order to improve the model in this respect, the rules for
tropomyosin attachment should be refined. By testing different G-actin concentrations, fila-
ment networks of various average filament lengths were produced and their response to shear
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could be determined. We found that shorter filaments lead to a reduced stress because the net-
work looses connection points, suggesting that the actin mining by the parasite should reduce
the shear modulus if no other processes were present.

The most important remodelling process triggered by the parasite is the clustering of the
protein KAHRP, which has known binding sites to different components of the membrane
skeleton. By introducing new particles into the computer simulations that possess the proper-
ties of KAHRP molecules, the KAHRP cluster formation could be analysed in detail, yielding a
different cluster positioning within the cytoskeleton depending on the relation between the
interaction strengths of KAHRP with its binding partners. In general, we found that KAHRP
clustering, which eventually corresponds to knob formation, leads to an increase of the shear
modulus, in agreement with earlier computer simulations that focused on the mature knobs
[34]. By varying the different interaction strengths (which could also be interpreted as different
values of Kp), we could predict the effect on the shear modulus for different scenarios of
KAHRP clustering. In principle, the recently observed KAHRP relocalization from ankyrin to
actin complexes could result from different effects, including changes in binding affinity due
to phosphorylation, increase in concentration and structural changes to the target sites (in par-
ticular the remodelled actin junctional complexes). Our simulations showed that the first
mechanism is the most likely candidate, because its effect resembles the experimentally
observed dynamics. Our conclusion is in agreement with experimental observations that dur-
ing the intra-erythrocytic cycle the phosphorylation and/or acetylation pattern of KAHRP are
changing [64, 65]. While the effect of KAHRP concentration seemed to be small in the simula-
tions, dynamic changes of actin filament length did play some role, as they could increase the
number of binding sites at the knobs.

In order to compare simulations and experiments, we used a pair cross-correlation (PCC)
analysis. We found that indeed the experimentally observed time course can be recapitulated
by increases in the binding affinity between KAHRP and actin. Because our computer simula-
tions work on a better resolved scale and assume a regular lattice, the corresponding PCCs
show more structure than the experimentally measured ones, similar to earlier work on
healthy RBCs [18], but the qualitative agreement is good enough to conclude that dynamical
changes in KAHRP binding affinities are the most likely mechanism for the observed spatial
changes.

Increases in the shear modulus are essential for RBC quality control in the spleen, because
stiff RBCs cannnot squeeze anymore through the interendothelial slits and then are removed
by macrophages. This mechanism does not only apply to old RBCs, but also to iRBCs, and is
thought to be the main reason why iRBCs have evolved cytoadhesion to prevent clearance by
the spleen [2]. Interestingly, this process also seems to be important for RBC-maturation,
because reticulocytes become softer before going into the circulation [41]. Here we have
shown that actin mining by the parasite, which it uses to build new transport pathways to the
membrane (Fig 1B) [20], in fact decreases shear modulus by leading to shorter protofilaments
(Fig 41) and holes in the network (Fig 5D). At the same time, however, this makes space for
longer spectrin connections and the formation of KAHRP-based clusters and eventually the
knobs, which both increase shear modulus (Figs 5C and 6C, respectively). This agrees with ear-
lier results that knob formation is the main driver for stiffening [34], but gives more quantita-
tive information on the exact role of actin and KAHRP during this process. Overall the picture
emerges of a multifaceted process that requires regulation. In particular, our results suggest
that parasite-controlled affinity changes are required to explain the observed relocalization of
KAHRP. We speculate that these are effected by posttranslational modification, in particular
by tyrosine phosphorylations of KAHRP. Together with the molecularly still unclear perturba-
tion of actin capping, this might be the most important molecular change required for the
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observed time course of the RBC cytoskeletal dynamics during a malaria infection and should
be a focus of future research in this field.

Because we simulate a small patch of the RBC skeleton with large molecular detail, we do
not address the role of membrane fluctuations. In the future, this might be addressed e.g.
within the multiscale framework OpenRBC [37, 66]. To address this issue in ReaDDy 2 [38], a
particle-based membrane model had to be implemented there. Recently it was shown with
continuum approaches that a similar conclusion is to be expected, namely that knob formation
will dominate over network degradation [67]. Membrane fluctuations in RBCs do result not
only from thermal activation, but also from active processes consuming ATP [57, 68-70].
Active fluctuations of the membrane might arise because ATP-binding to actin junctional
complexes leads to spectrin dissociation, possibly mediated by the transmembrane protein
GPC or protein-4.1 that enhances the actin-spectrin binding. In the case of iRBCs, it has been
shown that ATP is released via parasite-induced new permeation pathways in the red blood
cell membrane [71], but that the parasite maintains the ATP-equilibrium by exporting ATP
into the erythrocyte cytosol [72]. This suggests that the changes in cell mechanics of iRBCs
mainly result from parasite-induced cytoskeletal remodelling as discussed here. However,
future experimental investigations should check this expectation by studying the effect of
ATP-depletion on the cytoskeletal time course during a malaria infections.

In summary, our newly developed computer simulations provide an exploratory tool to
investigate the different points of attacks that the malaria parasite might use to remodel the
membrane skeleton of iRBCs to achieve favorable flow and adhesion behaviours in the vascu-
lature. Here we focused on spatial processes on the molecular scale that directly translate into
the mechanical properties relevant for cell movement in hydrodynamic flow. Our finding that
changes in actin stabilization and KAHRP affinity might be the central features of interest sug-
gests that also other more biochemical processes might play a role, including oxidative stress.
Before these important processes can be included here, more experimental evidence is
required to guide such a modelling approach. We finally note that future work should also
become more three-dimensional. Although our simulations are three-dimensional in regard
to the spectrin network and reproduce well the known thickness of this layer, they did not con-
sider three-dimensional changes for the actin protofilaments [60], the formation of the long
actin filaments connected to the Maurer’s clefts [20] or the spiral scaffold underlying the
knobs [30, 31, 35]. As a long-time perspective, it would be very desirable to develop also a spa-
tial model for these more three-dimensional processes.

Supporting information

S1 File. Details on the modelling procedure and tables. S1 Table. Parameters for the repul-
sion potentials. The value for spectrin is chosen to match previous simulations in Ref. [36]. $2
Table. Summary of actin dynamics rates. Rates and concentrations relevant for the actin
dynamics are collected here. The real value is given with its reference where applicable and the
value scaled in order to produce observable actin dynamics within an accessable time period.
The scaling factor b was set to 10°. $3 Table. Experimental values for Kp,. Dissociation con-
stants are listed, that have been found by various groups for different protein (fragment) pairs.
The three parts of the table show interactions of host cytoskeletal proteins, interactions with
KAHRP and interactions with the cytoplasmic domain of PfEMP1 from top to bottom.

(Z1P)

S1 Fig. Network configuration. (A) Definition of actin filament angles in space. Both angles
can vary between 0 and 90° as the filament polarity does not matter. (B) Distribution of the
out of plane angle ¢ at the initial and final time point of the simulation. The data from 10
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independent runs of a network with 46 actin filaments each is used. (C) Same as in b but for
the orientation within the plane of the bilayer quantified with angle 6. (D) Side view of a simu-
lation snapshot with a confining potential for the actin filaments near the bottom of the simu-
lation box. Actin filaments are shown in yellow and spectrin filaments in cyan and blue.
Diffusing monomers are important for the actin polymerisation. (E) Distribution of different
particle types given as distance from the bottom simulation boundary mimicking the lipid
bilayer. Actin filaments and spectrin filaments are considered separately.

(TIF)

S2 Fig. Shear rate effects. Effect of different shear rates on the stress in the modelled network
is shown for different lattice constants. (A) The shear rate was set to 1.5 - 10> s™*. (B) The shear
rate was set to 5.0 - 10* s71. (C) The shear rate was set to 1.7 - 10* s7*.

(TIF)

S3 Fig. Effects of random displacement on shear response. For these shear simulations the
position of the actin particles was randomly displaced from their hexagonal lattice site. The
extracted stress is shown here for different lattice constants.

(TIF)

S4 Fig. Formation of actin-associated clusters. (A-C) The fraction of clusters near actin fila-
ments is plotted over time and distinct conditions as explained hereafter. (D-F) Average size
of cytoskeleton attached clusters is plotted for the same conditions. In (A) and (D) the relative
strength between the KAHRP-actin and the KAHRP-spectrin interaction is varied. In (B) and
(E) the interaction strength is varied and in (D) and (F) the KAHRP concentration. For each
of the three columns the other two parameters are kept fixed at the value indicated by the red
horizontal line. Each data point corresponds to the average of three simulations.

(TIF)

S5 Fig. Effects of KAHRP concentration on cluster size. The map shows the average size of
different KAHRP clusters, i.e., free, actin-associated, and ankyrin-associated for different bind-
ing energy between KAHRP and ankyrin/actin junctions and for different concentrations of
KAHRP.

(TTF)

S6 Fig. Effect of KAHRP concentration on pair cross-correlation. The map shows PCC at
zero distance for KAHRP-actin pairs (top panel) and KAHRP-ankyrin pairs (bottom panel)
for different KAHRP concentrations shown in S4 Fig.

(TIF)

S1 Movie. Simulation of the healthy RBC cytoskeleton.
(AVI)

S$2 Movie. Movie of RBC cytoskeleton shear simulation.
(MP4)

$3 Movie. Simulation of the RBC cytoskeleton for low KAHRP-actin and KAHRP-ankyrin
binding energy.
(AVI)

S$4 Movie. Simulation of the RBC cytoskeleton for high KAHRP-actin and low KAHRP-
ankyrin binding energy.
(AVI)
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S5 Movie. Simulation of the RBC cytoskeleton for low KAHRP-actin and high KAHRP-
ankyrin binding energy.
(AVI)

$6 Movie. Simulation of the RBC cytoskeleton for high KAHRP-actin and KAHRP-

ankyrin binding energy.
(AVI)

Author Contributions

Conceptualization: Julia Jager, Pintu Patra, Michael Lanzer, Ulrich S. Schwarz.
Data curation: Pintu Patra, Cecilia P. Sanchez.

Formal analysis: Julia Jdger, Pintu Patra.

Funding acquisition: Michael Lanzer, Ulrich S. Schwarz.
Investigation: Julia Jdger, Pintu Patra, Cecilia P. Sanchez.
Methodology: Julia Jager, Pintu Patra, Cecilia P. Sanchez.
Project administration: Michael Lanzer, Ulrich S. Schwarz.
Resources: Michael Lanzer, Ulrich S. Schwarz.

Software: Julia Jdger, Pintu Patra.

Supervision: Michael Lanzer, Ulrich S. Schwarz.
Validation: Julia Jager, Pintu Patra, Cecilia P. Sanchez.
Visualization: Julia Jdger, Pintu Patra.

Writing - original draft: Julia Jéger, Ulrich S. Schwarz.

Writing - review & editing: Julia Jager, Pintu Patra, Michael Lanzer, Ulrich S. Schwarz.

References

1. World malaria report 2020 by the World Health Organization; 2020. Available from: https://www.who.int/
publications/i/item/9789240015791.

2. Cowman AF, Healer J, Marapana D, Marsh K. Malaria: Biology and Disease. Cell. 2016; 167(3):610—
624. https://doi.org/10.1016/j.cell.2016.07.055 PMID: 27768886

3. Warncke JD, Beck HP. Host Cytoskeleton Remodeling throughout the Blood Stages of Plasmodium fal-
ciparum. Microbiology and Molecular Biology Reviews. 2019; 83(4):e00013-19. https://doi.org/10.
1128/MMBR.00013-19 PMID: 31484690

4. Maier AG, Cooke BM, Cowman AF, Tilley L. Malaria parasite proteins that remodel the host erythrocyte.
Nature Reviews Microbiology. 2009; 7(5):341-354. https://doi.org/10.1038/nrmicro2110 PMID:
19369950

5. Mohandas N, Gallagher PG. Red cell membrane: past, present, and future. Blood. 2008; 112
(10):3939-3948. https://doi.org/10.1182/blood-2008-07-161166 PMID: 18988878

6. Lux SE. Anatomy of the red cell membrane skeleton: unanswered questions. Blood. 2015; 127:187—
199. https://doi.org/10.1182/blood-2014-12-512772 PMID: 26537302

7. Machnicka B, Czogalla A, Hryniewicz-Jankowska A, Bogustawska DM, Grochowalska R, Heger E,
et al. Spectrins: a structural platform for stabilization and activation of membrane channels, receptors
and transporters. Biochimica Et Biophysica Acta. 2014; 1838(2):620—-634. https://doi.org/10.1016/j.
bbamem.2013.05.002 PMID: 23673272

8. Brown JW, Bullitt E, Sriswasdi S, Harper S, Speicher DW, McKnight CJ. The Physiological Molecular
Shape of Spectrin: A Compact Supercoil Resembling a Chinese Finger Trap. PLOS Computational Biol-
ogy. 2015; 11(6):e1004302. https://doi.org/10.1371/journal.pcbi. 1004302 PMID: 26067675

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009509  April 8, 2022 23/27


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009509.s012
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1009509.s013
https://www.who.int/publications/i/item/9789240015791
https://www.who.int/publications/i/item/9789240015791
https://doi.org/10.1016/j.cell.2016.07.055
http://www.ncbi.nlm.nih.gov/pubmed/27768886
https://doi.org/10.1128/MMBR.00013-19
https://doi.org/10.1128/MMBR.00013-19
http://www.ncbi.nlm.nih.gov/pubmed/31484690
https://doi.org/10.1038/nrmicro2110
http://www.ncbi.nlm.nih.gov/pubmed/19369950
https://doi.org/10.1182/blood-2008-07-161166
http://www.ncbi.nlm.nih.gov/pubmed/18988878
https://doi.org/10.1182/blood-2014-12-512772
http://www.ncbi.nlm.nih.gov/pubmed/26537302
https://doi.org/10.1016/j.bbamem.2013.05.002
https://doi.org/10.1016/j.bbamem.2013.05.002
http://www.ncbi.nlm.nih.gov/pubmed/23673272
https://doi.org/10.1371/journal.pcbi.1004302
http://www.ncbi.nlm.nih.gov/pubmed/26067675
https://doi.org/10.1371/journal.pcbi.1009509

PLOS COMPUTATIONAL BIOLOGY Remodelling of the red blood cell cytoskeleton during malaria infections

9. Stokke BT, Mikkelsen A, Elgsaeter A. Human erythrocyte spectrin dimer intrinsic viscosity: temperature
dependence and implications for the molecular basis of the erythrocyte membrane free energy. Biochi-
mica Et Biophysica Acta. 1985; 816(1):102—110. https://doi.org/10.1016/0005-2736(85)90398-0 PMID:
4005229

10. Svoboda K, Schmidt CF, Branton D, Block SM. Conformation and elasticity of the isolated red blood cell
membrane skeleton. Biophysical Journal. 1992; 63(3):784—793. https://doi.org/10.1016/S0006-3495
(92)81644-2 PMID: 1420914

11. Rief M, Pascual J, Saraste M, Gaub HE. Single molecule force spectroscopy of spectrin repeats: low
unfolding forces in helix bundles11Edited by Baumeister W. Journal of Molecular Biology. 1999; 286
(2):553-561. https://doi.org/10.1006/jmbi.1998.2466 PMID: 9973570

12. Stokke BT, Mikkelsen A, Elgsaeter A. Spectrin, human erythrocyte shapes, and mechanochemical
properties. Biophysical Journal. 1986; 49(1):319-327. https://doi.org/10.1016/S0006-3495(86)83644-X
PMID: 3955175

13. Boal DH. Computer simulation of a model network for the erythrocyte cytoskeleton. Biophysical Journal.
1994; 67(2):521-529. https://doi.org/10.1016/S0006-3495(94)80511-9 PMID: 7948670

14. Picart C, Dalhaimer P, Discher DE. Actin Protofilament Orientation in Deformation of the Erythrocyte
Membrane Skeleton. Biophysical Journal. 2000; 79(6):2987—-3000. https://doi.org/10.1016/S0006-3495
(00)76535-0 PMID: 11106606

15. Heinrich V, Ritchie K, Mohandas N, Evans E. Elastic thickness compressibilty of the red cell membrane.
Biophysical Journal. 2001; 81(3):1452—1463. https://doi.org/10.1016/S0006-3495(01)75800-6 PMID:
11509359

16. LHW G, Wortis M, Mukhopadhyay R. Stomatocyte-discocyte-echinocyte sequence of the human red
blood cell: Evidence for the bilayer-couple hypothesis from membrane mechanics. PNAS. 2002; 99
(26):16766—16769. hitps://doi.org/10.1073/pnas.202617299

17.  Gokhin DS, Nowak RB, Khoory JA, Piedra Adl, Ghiran IC, Fowler VM. Dynamic actin filaments control
the mechanical behavior of the human red blood cell membrane. Molecular Biology of the Cell. 2015; 26
(9):1699—1710. https://doi.org/10.1091/mbc.E14-12-1583 PMID: 25717184

18. Panl, YanR, LiW, Xu K. Super-Resolution Microscopy Reveals the Native Ultrastructure of the Eryth-
rocyte Cytoskeleton. Cell Reports. 2018; 22(5):1151-1158. https://doi.org/10.1016/j.celrep.2017.12.
107 PMID: 29386104

19. Nowak RB, Alimohamadi H, Pestonjamasp K, Rangamani P, Fowler VM. Nanoscale organization of
Actin Filaments in the Red Blood Cell Membrane Skeleton. bioRxiv. 2021; p. 2021.03.07.434292.

20. Cyrklaff M, Sanchez CP, Kilian N, Bisseye C, Simpore J, Frischknecht F, et al. Hemoglobins S and C
interfere with actin remodeling in Plasmodium falciparum-infected erythrocytes. Science. 2011; 334
(6060):1283—-1286. https://doi.org/10.1126/science. 1213775 PMID: 22075726

21. Gokhin DS, Fowler VM. Feisty filaments: actin dynamics in the red blood cell membrane skeleton. Cur-
rent opinion in hematology. 2016; 23(3):206—214. https://doi.org/10.1097/MOH.0000000000000227
PMID: 27055045

22. Cranston HA, Boylan CW, Carroll GL, Sutera SP, Gluzman |Y, Krogstad DJ. Plasmodium falciparum
maturation abolishes physiologic red cell deformability. Science. 1984; 223(4634):400—403. https://doi.
org/10.1126/science.6362007 PMID: 6362007

23. Suresh S, Spatz J, Mills JP, Micoulet A, Dao M, Lim CT, et al. Connections between single-cell biome-
chanics and human disease states: gastrointestinal cancer and malaria. Acta Biomaterialia. 2005; 1
(1):15-30. https://doi.org/10.1016/j.actbio.2004.09.001 PMID: 16701777

24. ParkY, Diez-Silva M, Popescu G, Lykotrafitis G, Choi W, Feld MS, et al. Refractive index maps and
membrane dynamics of human red blood cells parasitized by Plasmodium falciparum. Proceedings of
the National Academy of Sciences. 2008; 105(37):13730—13735. https://doi.org/10.1073/pnas.
0806100105 PMID: 18772382

25. Gruenberg J, Allred DR, Sherman IW. Scanning electron microscope-analysis of the protrusions

(knobs) present on the surface of Plasmodium falciparum-infected erythrocytes. The Journal of cell biol-
ogy. 1983; 97(3):795-802. https://doi.org/10.1083/jcb.97.3.795 PMID: 6350320

26. QuadtKA, Barfod L, Andersen D, Bruun J, Gyan B, Hassenkam T, et al. The density of knobs on Plas-
modium falciparum-infected erythrocytes depends on developmental age and varies among isolates.
PLoS One. 2012; 7(9):e45658. https://doi.org/10.1371/journal.pone.0045658 PMID: 23029166

27. Crabb BS, Cooke BM, Reeder JC, Waller RF, Caruana SR, Davern KM, et al. Targeted gene disruption
shows that knobs enable malaria-infected red cells to cytoadhere under physiological shear stress.
Cell. 1997; 89(2):287—296. https://doi.org/10.1016/S0092-8674(00)80207-X PMID: 9108483

28. Oh SS, Voigt S, Fisher D, Scott JY, LeRoy PJ, Derick LH, et al. Plasmodium falciparum erythrocyte
membrane protein 1 is anchored to the actin-spectrin junction and knob-associated histidine-rich protein

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009509  April 8, 2022 24/27


https://doi.org/10.1016/0005-2736(85)90398-0
http://www.ncbi.nlm.nih.gov/pubmed/4005229
https://doi.org/10.1016/S0006-3495(92)81644-2
https://doi.org/10.1016/S0006-3495(92)81644-2
http://www.ncbi.nlm.nih.gov/pubmed/1420914
https://doi.org/10.1006/jmbi.1998.2466
http://www.ncbi.nlm.nih.gov/pubmed/9973570
https://doi.org/10.1016/S0006-3495(86)83644-X
http://www.ncbi.nlm.nih.gov/pubmed/3955175
https://doi.org/10.1016/S0006-3495(94)80511-9
http://www.ncbi.nlm.nih.gov/pubmed/7948670
https://doi.org/10.1016/S0006-3495(00)76535-0
https://doi.org/10.1016/S0006-3495(00)76535-0
http://www.ncbi.nlm.nih.gov/pubmed/11106606
https://doi.org/10.1016/S0006-3495(01)75800-6
http://www.ncbi.nlm.nih.gov/pubmed/11509359
https://doi.org/10.1073/pnas.202617299
https://doi.org/10.1091/mbc.E14-12-1583
http://www.ncbi.nlm.nih.gov/pubmed/25717184
https://doi.org/10.1016/j.celrep.2017.12.107
https://doi.org/10.1016/j.celrep.2017.12.107
http://www.ncbi.nlm.nih.gov/pubmed/29386104
https://doi.org/10.1126/science.1213775
http://www.ncbi.nlm.nih.gov/pubmed/22075726
https://doi.org/10.1097/MOH.0000000000000227
http://www.ncbi.nlm.nih.gov/pubmed/27055045
https://doi.org/10.1126/science.6362007
https://doi.org/10.1126/science.6362007
http://www.ncbi.nlm.nih.gov/pubmed/6362007
https://doi.org/10.1016/j.actbio.2004.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16701777
https://doi.org/10.1073/pnas.0806100105
https://doi.org/10.1073/pnas.0806100105
http://www.ncbi.nlm.nih.gov/pubmed/18772382
https://doi.org/10.1083/jcb.97.3.795
http://www.ncbi.nlm.nih.gov/pubmed/6350320
https://doi.org/10.1371/journal.pone.0045658
http://www.ncbi.nlm.nih.gov/pubmed/23029166
https://doi.org/10.1016/S0092-8674(00)80207-X
http://www.ncbi.nlm.nih.gov/pubmed/9108483
https://doi.org/10.1371/journal.pcbi.1009509

PLOS COMPUTATIONAL BIOLOGY Remodelling of the red blood cell cytoskeleton during malaria infections

in the erythrocyte skeleton. Molecular and biochemical parasitology. 2000; 108(2):237—247. https://doi.
org/10.1016/S0166-6851(00)00227-9 PMID: 10838226

29. Cutts EE, Laasch N, Reiter DM, Trenker R, Slater LM, Stansfeld PJ, et al. Structural analysis of P. fal-
ciparum KAHRP and PfEMP1 complexes with host erythrocyte spectrin suggests a model for cytoad-
herent knob protrusions. PLOS Pathogens. 2017; 13(8):e1006552. https://doi.org/10.1371/journal.
ppat.1006552 PMID: 28806784

30. Watermeyer JM, Hale VL, Hackett F, Clare DK, Cutts EE, Vakonakis I, et al. A spiral scaffold underlies
cytoadherent knobs in Plasmodium falciparum—infected erythrocytes. Blood. 2016; 127(3):343-351.
https://doi.org/10.1182/blood-2015-10-674002 PMID: 26637786

31. Looker O, Blanch AJ, Liu B, Nunez-Iglesias J, McMillan PJ, Tilley L, et al. The knob protein KAHRP
assembles into a ring-shaped structure that underpins virulence complex assembly. PLoS pathogens.
2019; 15(5):e1007761. https://doi.org/10.1371/journal.ppat. 1007761 PMID: 31071194

32. Sanchez CP, Karathanasis C, Sanchez R, Cyrklaff M, Jaeger J, Buchholz B, et al. Single-molecule
imaging and quantification of the immune-variant adhesin VAR2CSA on knobs of Plasmodium falcipa-
rum -infected erythrocytes. Communications Biology. 2019; 2(1):1-9. https://doi.org/10.1038/s42003-
019-0429-z PMID: 31098405

33. ShiH, LiuZz,LiA,YindJ, Chong AG, Tan KS, et al. Life cycle-dependent cytoskeletal modifications in
Plasmodium falciparum infected erythrocytes. PLoS One. 2013; 8(4):e61170. https://doi.org/10.1371/
journal.pone.0061170 PMID: 23585879

34. Zhang, Huang C, Kim S, Golkaram M, Dixon MW, Tilley L, et al. Multiple stiffening effects of nano-
scale knobs on human red blood cells infected with Plasmodium falciparum malaria parasite. Proceed-
ings of the National Academy of Sciences. 2015; 112(19):6068—6073. https://doi.org/10.1073/pnas.
1505584112 PMID: 25918423

35. Sanchez CP, Patra P, Chang SYS, Karathanasis C, Hanebutte L, Kilian N, et al. KAHRP dynamically
relocalizes to remodeled actin junctions and associates with knob spirals in P. falciparum-infected eryth-
rocytes. Molecular Microbiology. 2021; 117:274-292. https://doi.org/10.1111/mmi.14811 PMID:
34514656

36. LiJ, Lykotrafitis G, Dao M, Suresh S. Cytoskeletal dynamics of human erythrocyte. Proceedings of the
National Academy of Sciences. 2007; 104(12):4937—4942. https://doi.org/10.1073/pnas.0700257104
PMID: 17360346

37. ChangHY, LiX, Li H, Karniadakis GE. MD/DPD multiscale framework for predicting morphology and
stresses of red blood cells in health and disease. PLoS Computational Biology. 2016; 12(10):e1005173.
https://doi.org/10.1371/journal.pcbi.1005173 PMID: 27792725

38. Hoffmann M, Fréhner C, Noé F. ReaDDy 2: Fast and flexible software framework for interacting-particle
reaction dynamics. PLOS Computational Biology. 2019; 15(2):e1006830. https://doi.org/10.1371/
journal.pcbi.1006830 PMID: 30818351

39. ZhangR, Zhang C, Zhao Q, Li D. Spectrin: Structure, function and disease. Science China Life Sci-
ences. 2013; 56(12):1076—1085. https://doi.org/10.1007/s11427-013-4575-0 PMID: 24302288

40. Fedosov DA, Caswell B, Karniadakis GE. A Multiscale Red Blood Cell Model with Accurate Mechanics,
Rheology, and Dynamics. Biophysical Journal. 2010; 98(10):2215-2225. https://doi.org/10.1016/j.bpj.
2010.02.002 PMID: 20483330

41. LiH, LiuZL, LuL, Buffet P, Karniadakis GE. How the spleen reshapes and retains young and old red
blood cells: A computational investigation. PLOS Computational Biology. 2021; 17(11):e1009516.
https://doi.org/10.1371/journal.pcbi.1009516 PMID: 34723962

42. Tomishige M, Sako Y, Kusumi A. Regulation mechanism of the lateral diffusion of band 3 in erythrocyte
membranes by the membrane skeleton. The Journal of cell biology. 1998; 142(4):989—-1000. https://doi.
org/10.1083/jcb.142.4.989 PMID: 9722611

43. LanniF, Ware BR. Detection and characterization of actin monomers, oligomers, and filaments in solu-
tion by measurement of fluorescence photobleaching recovery. Biophysical Journal. 1984; 46(1):97—
110. https://doi.org/10.1016/S0006-3495(84)84002-3 PMID: 6743762

44. Kilejian A, Rashid MA, Aikawa M, Aji T, Yang YF. Selective association of a fragment of the knob protein
with spectrin, actin and the red cell membrane. Molecular and Biochemical Parasitology. 1991; 44
(2):175—181. https://doi.org/10.1016/0166-6851(91)90003-0O PMID: 2052019

45. Pei X, An X, Guo X, Tarnawski M, Coppel R, Mohandas N. Structural and functional studies of interac-
tion between Plasmodium falciparum knob-associated histidine-rich protein (KAHRP) and erythrocyte
spectrin. Journal of Biological Chemistry. 2005;. https://doi.org/10.1074/jbc.M505298200 PMID:
16006556

46. Rug M, Prescott SW, Fernandez KM, Cooke BM, Cowman AF. The role of KAHRP domains in knob for-
mation and cytoadherence of P falciparum-infected human erythrocytes. Blood. 2006; 108(1):370-378.
https://doi.org/10.1182/blood-2005-11-4624 PMID: 16507777

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009509  April 8, 2022 25/27


https://doi.org/10.1016/S0166-6851(00)00227-9
https://doi.org/10.1016/S0166-6851(00)00227-9
http://www.ncbi.nlm.nih.gov/pubmed/10838226
https://doi.org/10.1371/journal.ppat.1006552
https://doi.org/10.1371/journal.ppat.1006552
http://www.ncbi.nlm.nih.gov/pubmed/28806784
https://doi.org/10.1182/blood-2015-10-674002
http://www.ncbi.nlm.nih.gov/pubmed/26637786
https://doi.org/10.1371/journal.ppat.1007761
http://www.ncbi.nlm.nih.gov/pubmed/31071194
https://doi.org/10.1038/s42003-019-0429-z
https://doi.org/10.1038/s42003-019-0429-z
http://www.ncbi.nlm.nih.gov/pubmed/31098405
https://doi.org/10.1371/journal.pone.0061170
https://doi.org/10.1371/journal.pone.0061170
http://www.ncbi.nlm.nih.gov/pubmed/23585879
https://doi.org/10.1073/pnas.1505584112
https://doi.org/10.1073/pnas.1505584112
http://www.ncbi.nlm.nih.gov/pubmed/25918423
https://doi.org/10.1111/mmi.14811
http://www.ncbi.nlm.nih.gov/pubmed/34514656
https://doi.org/10.1073/pnas.0700257104
http://www.ncbi.nlm.nih.gov/pubmed/17360346
https://doi.org/10.1371/journal.pcbi.1005173
http://www.ncbi.nlm.nih.gov/pubmed/27792725
https://doi.org/10.1371/journal.pcbi.1006830
https://doi.org/10.1371/journal.pcbi.1006830
http://www.ncbi.nlm.nih.gov/pubmed/30818351
https://doi.org/10.1007/s11427-013-4575-0
http://www.ncbi.nlm.nih.gov/pubmed/24302288
https://doi.org/10.1016/j.bpj.2010.02.002
https://doi.org/10.1016/j.bpj.2010.02.002
http://www.ncbi.nlm.nih.gov/pubmed/20483330
https://doi.org/10.1371/journal.pcbi.1009516
http://www.ncbi.nlm.nih.gov/pubmed/34723962
https://doi.org/10.1083/jcb.142.4.989
https://doi.org/10.1083/jcb.142.4.989
http://www.ncbi.nlm.nih.gov/pubmed/9722611
https://doi.org/10.1016/S0006-3495(84)84002-3
http://www.ncbi.nlm.nih.gov/pubmed/6743762
https://doi.org/10.1016/0166-6851(91)90003-O
http://www.ncbi.nlm.nih.gov/pubmed/2052019
https://doi.org/10.1074/jbc.M505298200
http://www.ncbi.nlm.nih.gov/pubmed/16006556
https://doi.org/10.1182/blood-2005-11-4624
http://www.ncbi.nlm.nih.gov/pubmed/16507777
https://doi.org/10.1371/journal.pcbi.1009509

PLOS COMPUTATIONAL BIOLOGY Remodelling of the red blood cell cytoskeleton during malaria infections

47. WengH, Guo X, Papoin J, Wang J, Coppel R, Mohandas N, et al. Interaction of Plasmodium falciparum
knob-associated histidine-rich protein (KAHRP) with erythrocyte ankyrin R is required for its attachment
to the erythrocyte membrane. Biochimica et biophysica acta. 2014; 1838(1 0 0):185—-192. https://doi.
org/10.1016/j.bbamem.2013.09.014 PMID: 24090929

48. Magowan C, Nunomura W, Waller KL, Yeung J, Liang J, Van Dort H, et al. Plasmodium falciparum histi-
dine-rich protein 1 associates with the band 3 binding domain of ankyrin in the infected red cell mem-
brane. Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease. 2000; 1502(3):461-470.
https://doi.org/10.1016/S0925-4439(00)00069-7 PMID: 11068188

49. HallR, Dixon T, Dickson A. On Calculating Free Energy Differences Using Ensembles of Transition Paths.
Frontiers in Molecular Biosciences. 2020; 7. https://doi.org/10.3389/fmolb.2020.00106 PMID: 32582764

50. Frohner C, Noé F. Reversible Interacting-Particle Reaction Dynamics. The Journal of Physical Chemis-
try B. 2018; 122(49):11240-11250. https://doi.org/10.1021/acs.jpch.8b06981 PMID: 30125111

51. GuoK, Shillcock J, Lipowsky R. Self-assembly of actin monomers into long filaments: Brownian dynam-
ics simulations. The Journal of Chemical Physics. 2009; 131(1):015102. https://doi.org/10.1063/1.
3159003 PMID: 19586123

52. Humphrey W, Dalke A, Schulten K. VMD—YVisual Molecular Dynamics. Journal of Molecular Graphics.
1996; 14:33-38. https://doi.org/10.1016/0263-7855(96)00018-5 PMID: 8744570

53. SchnitzbauerJ, Wang Y, Zhao S, Bakalar M, Nuwal T, Chen B, et al. Correlation analysis framework for
localization-based superresolution microscopy. Proceedings of the National Academy of Sciences.
2018; 115(13):3219-3224. https://doi.org/10.1073/pnas. 1711314115 PMID: 29531072

54. Sengupta P, Jovanovic-Talisman T, Skoko D, Renz M, Veatch SL, Lippincott-Schwartz J. Probing pro-
tein heterogeneity in the plasma membrane using PALM and pair correlation analysis. Nature methods.
2011; 8(11):969-975. https://doi.org/10.1038/nmeth.1704 PMID: 21926998

55. LiH, Lykotrafitis G. Erythrocyte membrane model with explicit description of the lipid bilayer and the
spectrin network. Biophysical journal. 2014; 107(3):642—653. https://doi.org/10.1016/j.bp}.2014.06.031
PMID: 25099803

56. MinK, Silberstein M, Aluru NR. Crosslinking PMMA: Molecular dynamics investigation of the shear
response. Journal of Polymer Science Part B: Polymer Physics. 2014; 52(6):444—449. https://doi.org/
10.1002/polb.23437

57. Gov NS, Safran SA. Red blood cell membrane fluctuations and shape controlled by ATP-induced cyto-
skeletal defects. Biophysical journal. 2005; 88(3):1859—1874. https://doi.org/10.1529/biophysj.104.
045328 PMID: 15613626

58. LiH,YangJ, ChuTT, Naidu R, Lu L, Chandramohanadas R, et al. Cytoskeleton Remodeling Induces
Membrane Stiffness and Stability Changes of Maturing Reticulocytes. Biophysical Journal. 2018; 114
(8):2014—2023. https://doi.org/10.1016/}.bpj.2018.03.004 PMID: 29694877

59. FengZ, Waugh RE, Peng Z. Constitutive Model of Erythrocyte Membranes with Distributions of Spec-
trin Orientations and Lengths. Biophysical Journal. 2020; 119(11):2190-2204. https://doi.org/10.1016/j.
bpj.2020.10.025 PMID: 33130121

60. ZhuQ, VeraC, Asaro RJ, Sche P, Sung LA. A hybrid model for erythrocyte membrane: a single unit of
protein network coupled with lipid bilayer. Biophysical journal. 2007; 93(2):386—400. https://doi.org/10.
1529/biophysj.106.094383 PMID: 17449663

61. AsaroRJ, Zhu Q. Vital erythrocyte phenomena: what can theory, modeling, and simulation offer? Bio-
mechanics and Modeling in Mechanobiology. 2020; 19(5):1361—-1388. https://doi.org/10.1007/s10237-
020-01302-x PMID: 32040651

62. Lee JCM, Discher DE. Deformation-Enhanced Fluctuations in the Red Cell Skeleton with Theoretical
Relations to Elasticity, Connectivity, and Spectrin Unfolding. Biophysical Journal. 2001; 81(6):3178—
3192. https://doi.org/10.1016/S0006-3495(01)75954-1 PMID: 11720984

63. PengZ, Asaro RJ, Zhu Q. Multiscale simulation of erythrocyte membranes. Physical Review E. 2010;
81(3):031904. https://doi.org/10.1103/PhysRevE.81.031904 PMID: 20365767

64. Pease BN, Huttlin EL, Jedrychowski MP, Talevich E, Harmon J, Dillman T, et al. Global analysis of pro-
tein expression and phosphorylation of three stages of Plasmodium falciparum intraerythrocytic devel-
opment. Journal of Proteome Research. 2013; 12(9):4028-4045. https://doi.org/10.1021/pr400394g
PMID: 23914800

65. Cobbold SA, Santos JM, Ochoa A, Perlman DH, Llinas M. Proteome-wide analysis reveals widespread
lysine acetylation of major protein complexes in the malaria parasite. Scientific Reports. 2016; 6
(1):19722. https://doi.org/10.1038/srep19722 PMID: 26813983

66. TangYH, LulL, LiH, Evangelinos C, Grinberg L, Sachdeva V, et al. OpenRBC: A Fast Simulator of Red
Blood Cells at Protein Resolution. Biophysical Journal. 2017; 112(10):2030-2037. https://doi.org/10.
1016/j.bpj.2017.04.020 PMID: 28538143

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009509  April 8, 2022 26/27


https://doi.org/10.1016/j.bbamem.2013.09.014
https://doi.org/10.1016/j.bbamem.2013.09.014
http://www.ncbi.nlm.nih.gov/pubmed/24090929
https://doi.org/10.1016/S0925-4439(00)00069-7
http://www.ncbi.nlm.nih.gov/pubmed/11068188
https://doi.org/10.3389/fmolb.2020.00106
http://www.ncbi.nlm.nih.gov/pubmed/32582764
https://doi.org/10.1021/acs.jpcb.8b06981
http://www.ncbi.nlm.nih.gov/pubmed/30125111
https://doi.org/10.1063/1.3159003
https://doi.org/10.1063/1.3159003
http://www.ncbi.nlm.nih.gov/pubmed/19586123
https://doi.org/10.1016/0263-7855(96)00018-5
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1073/pnas.1711314115
http://www.ncbi.nlm.nih.gov/pubmed/29531072
https://doi.org/10.1038/nmeth.1704
http://www.ncbi.nlm.nih.gov/pubmed/21926998
https://doi.org/10.1016/j.bpj.2014.06.031
http://www.ncbi.nlm.nih.gov/pubmed/25099803
https://doi.org/10.1002/polb.23437
https://doi.org/10.1002/polb.23437
https://doi.org/10.1529/biophysj.104.045328
https://doi.org/10.1529/biophysj.104.045328
http://www.ncbi.nlm.nih.gov/pubmed/15613626
https://doi.org/10.1016/j.bpj.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29694877
https://doi.org/10.1016/j.bpj.2020.10.025
https://doi.org/10.1016/j.bpj.2020.10.025
http://www.ncbi.nlm.nih.gov/pubmed/33130121
https://doi.org/10.1529/biophysj.106.094383
https://doi.org/10.1529/biophysj.106.094383
http://www.ncbi.nlm.nih.gov/pubmed/17449663
https://doi.org/10.1007/s10237-020-01302-x
https://doi.org/10.1007/s10237-020-01302-x
http://www.ncbi.nlm.nih.gov/pubmed/32040651
https://doi.org/10.1016/S0006-3495(01)75954-1
http://www.ncbi.nlm.nih.gov/pubmed/11720984
https://doi.org/10.1103/PhysRevE.81.031904
http://www.ncbi.nlm.nih.gov/pubmed/20365767
https://doi.org/10.1021/pr400394g
http://www.ncbi.nlm.nih.gov/pubmed/23914800
https://doi.org/10.1038/srep19722
http://www.ncbi.nlm.nih.gov/pubmed/26813983
https://doi.org/10.1016/j.bpj.2017.04.020
https://doi.org/10.1016/j.bpj.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/28538143
https://doi.org/10.1371/journal.pcbi.1009509

PLOS COMPUTATIONAL BIOLOGY

Remodelling of the red blood cell cytoskeleton during malaria infections

67.

68.

69.

70.

71.

72.

Froehlich B, Jaeger J, Lansche C, Sanchez CP, Cyrklaff M, Buchholz B, et al. Hemoglobin S and C
affect biomechanical membrane properties of P. falciparum -infected erythrocytes. Communications
Biology. 2019; 2(1):1—11.

Tuvia S, Almagor A, Bitler A, Levin S, Korenstein R, Yedgar S. Cell membrane fluctuations are regu-
lated by medium macroviscosity: Evidence for a metabolic driving force. Proceedings of the National
Academy of Sciences. 1997; 94(10):5045-5049. https://doi.org/10.1073/pnas.94.10.5045 PMID:
9144187

Park Y, Best CA, Auth T, Gov NS, Safran SA, Popescu G, et al. Metabolic remodeling of the human red
blood cell membrane. PNAS. 2010; 107(4):1289-1294. https://doi.org/10.1073/pnas.0910785107
PMID: 20080583

Turlier H, Fedosov DA, Audoly B, Auth T, Gov NS, Sykes C, et al. Equilibrium physics breakdown
reveals the active nature of red blood cell flickering. Nature Physics. 2016;. https://doi.org/10.1038/
nphys3621

Akkaya C, Shumilina E, Bobballa D, Brand VB, Mahmud H, Lang F, et al. The Plasmodium falciparum-
induced anion channel of human erythrocytes is an ATP-release pathway. Pfligers Archiv—European
Journal of Physiology. 2009; 457(5):1035—-1047. https://doi.org/10.1007/s00424-008-0572-8 PMID:
18696103

Choi W, YiJ, Kim YW. Fluctuations of red blood cell membranes: The role of the cytoskeleton. Physical
Review E. 2015; 92(1):012717. https://doi.org/10.1103/PhysRevE.92.012717 PMID: 26274212

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1009509  April 8, 2022 27/27


https://doi.org/10.1073/pnas.94.10.5045
http://www.ncbi.nlm.nih.gov/pubmed/9144187
https://doi.org/10.1073/pnas.0910785107
http://www.ncbi.nlm.nih.gov/pubmed/20080583
https://doi.org/10.1038/nphys3621
https://doi.org/10.1038/nphys3621
https://doi.org/10.1007/s00424-008-0572-8
http://www.ncbi.nlm.nih.gov/pubmed/18696103
https://doi.org/10.1103/PhysRevE.92.012717
http://www.ncbi.nlm.nih.gov/pubmed/26274212
https://doi.org/10.1371/journal.pcbi.1009509

