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ABSTRACT The Ebola virus (EBOV) hijacks normal physiological processes by apoptotic mimicry to be taken up by the cell it
infects. The initial adhesion of the virus to the cell is based on the interaction between T cell immunoglobulin and mucin domain
protein, TIM, on the cell surface and phosphatidylserine (PS) on the viral outer surface. Therefore, it is important to understand
the interaction between EBOV and PS and TIM, with selective blocking of the interaction as a potential therapy. Recent exper-
imental studies have shown that for TIM-dependent EBOV entry, a mucin-like domain with a length of at least 120 amino acids is
required, possibly because of the increase of area of the PS-coated surface sampled. We examine this hypothesis by modeling
the process of TIM-PS adhesion using a coarse-grained molecular model. We find that the strength of individual bound PS-TIM
pairs is essentially independent of TIM length. TIMs with longer mucin-like domains collectively have higher average binding
strengths because of an increase in the probability of binding between EBOV and TIM proteins. Similarly, we find that for larger
persistence length (less flexible), the average binding force decreases, again because of a reduction in the probability of binding.
SIGNIFICANCE This work studies the mechanism of TIM-dependent adhesion of the Ebola virus to a cell. Through
coarse-grained modeling, we show that longer TIM stalks adhere more easily because they can sample a larger area, thus
offering a mechanistic interpretation of an experimental finding. Better mechanistic understanding can lead to therapeutic
ideas for blocking adhesion.
INTRODUCTION

A critical step in the life cycle of a viral particle is its adhe-
sion to and uptake by the cell it infects (1,2). A virus usually
accomplishes this by hijacking normal physiological pro-
cesses such as endocytosis, phagocytosis, and macropinocy-
tosis (3–6). Ebola virus (EBOV), one of the filoviruses, is a
single strand, negative-sense RNA virus that can infect a
wide range of mammalian cells. Ebola virus disease is a se-
vere and often fatal illness that can cause hemorrhagic fever
in humans. This disease was first identified in 1976, with a
fatality rate of 50–70%, and has caused over 15,000 deaths
(7–10). Recent studies show that a set of cellular proteins
and molecular mechanisms are required for the virus to
enter host cells (6). The internalization of EBOV is initiated
by the interaction between viral surface phosphatidylserine
(PS) and host cell receptors (11,12). One type of these re-
ceptors is the T cell immunoglobulin mucin domain
Submitted July 2, 2020, and accepted for publication January 20, 2021.

*Correspondence: anj6@lehigh.edu

Editor: Alan Grossfield.

https://doi.org/10.1016/j.bpj.2021.01.025

� 2021 Biophysical Society.
(TIM) family proteins, TIM-1 and TIM-4 (but not TIM-3).
Specifically, attachment involves interaction between TIM
proteins and phosphatidylserine molecules displayed on
the viral surface (Fig. 1 a; (1,2,13–15)). Once this binding
occurs, the virus is internalized into endosomes mainly via
macropinocytosis. Therefore, blocking the binding of
EBOV to its host cell could be a promising therapy (16).
However, a principal difficulty for designing therapies
against viruses lies in the fact that any attempt to block
the binding of a virus to a cell surface is likely also to dele-
teriously affect normal physiological processes, such as the
TIM-dependent engulfment of dead cell debris by phago-
cytes. A better understanding of how physical parameters
such as stiffness, length, and ligand density influence the re-
ceptor-mediated virus uptake could potentially aid in the
development of better antiviral strategies (11,16).

Human TIM proteins (Fig. 1 b) are a family of type 1
transmembrane receptors widely expressed on cells in the
immune system, including T and B lymphocytes, dendritic
cells, and macrophages (17). The IgV and mucin-like
domain (MLD, the stalk presenting the ligand-binding IgV
domain) comprise the TIM ectodomain and serve essential
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FIGURE 1 (a) Simplified model for initiation of EBOV uptake (4,5,9). (Drawings are schematic and not to scale.) EBOV encounters potential host cells

and attaches to TIM-1 or TIM-4 on the cell surface via phosphatidylserine. (b) Human TIM protein family is shown. The extracellular portion of human TIM

is highly conserved, with an N-terminal IgV domain adjacent to a mucin-like domain (MLD). The IgV domain contains a PS-binding metal-ion-dependent

ligand-binding site. The MLDs of TIM-1 and -4 are highly glycosylated (57 and 41 predicted O-glycosylation sites, respectively), resulting in a bulky, un-

structured, and negatively charged macroglycopeptide region. TIM-2 (data not shown) is found only in mice. (c) A hypothesis to explain the advantage of

longer MLDs for adhesion is given: the longer the MLD, the larger the region explored by the IgV domain because of thermal fluctuations, and in turn, the

larger the region explored, the greater the likelihood of IgV binding to PS. To see this figure in color, go online.
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functions in EBOV uptake. The role of the MLD is poorly
understood. The size of the MLD varies among the different
TIM family members, with TIM-3 having a short MLD (66
amino acids (AAs)) compared with the longer TIM-1 (167
AAs) and TIM-4 (174 AAs). Recent studies show that
MLD length plays a role in TIM-PS binding and that
MLDs of at least 120 AAs are required for sufficient
EBOV uptake (16).

One hypothesis to explain the observed effect of MLD
length on TIM-PS adhesion is that with increased length
comes increased flexibility in the MLD stalk, effectively
increasing the region of the viral surface that can be
explored by IgV and possibly increasing the likelihood of
forming adhesive bonds (Fig. 1 c; (12)). In this work, we
examine this hypothesis by developing a coarse-grained
computational model of a single TIM stalk interacting
with a plane of PS beads. We simulate the process of binding
and separation of the two as a function of three parameters:
MLD length, MLD flexibility, and PS density. In all cases,
we find that the adhesion strength of a single IgV-PS inter-
action, as measured by the force required to separate IgV
2 Biophysical Journal 120, 1–10, March 2, 2021
from PS, is essentially unchanged if preceded by a binding
event. The probability of binding itself depends strongly on
each of the three parameters, with the net effect that an in-
crease in average separation force with increasing MLD
length is essentially entirely due to a larger probability of
binding to a PS bead.
METHODS

We simulated the process of adhesion and separation by first constructing a

coarse-grained model of the TIM-PS system (Fig. 2). Our model captures

the essential physical features required to examine the hypotheses that

the observed effect of MLD length on TIM-PS adhesion is due to the fact

that with increased length comes increased flexibility in the MLD stalk.

The model includes 1) a plane embedded with PS molecules located a spec-

ified distance apart, represented by a single bead each; 2) the terminal IgV

domain of the TIM protein, represented by a large bead; and 3) the stalk-

like MLD represented by a string of connected beads. The model further

includes a bead to represent an atomic force microscopy (AFM) tip.

Multiple potentials were applied to the system, as described below and

summarized in Table 1 (see Supporting materials and methods for further

details). The adhesive interaction between IgV and PS was represented by

a Born-Mayer-Huggins function with a potential depth of 50 kBT (300 K)



FIGURE 2 A coarse-grained model that captures the main physical fea-

tures of TIM-PS interaction. (a) The essential features are shown schemat-

ically (not to scale). They comprise a host membrane in which the TIM

receptor is embedded, which binds to phosphatidylserine on the virus sur-

face via the IgV bead. (b) Coarse-grained representation comprising 1) a

single IgV bead, 2) a string of MLD beads, 3) a single bead representing

an AFM force probe subjected to force F, and 4) an array of PS beads

embedded in a plane representing the viral surface is given. To see this

figure in color, go online.
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and a minimum of potential at 3.5 nm (to match equilibrium distance of sep-

aration without external load (18) and experimental values of pull-off force;

see Supporting materials and methods). The PS spacing was chosen to lie

between 5 and 20 nm to represent its physiological density in the cell mem-

brane (details in Supporting materials and methods). The MLDwas taken to

be an inextensible worm-like chain (19,20) and was therefore represented

by a string of connected beads (DMLD ¼ 1 nm) (21) with stiff spring poten-

tials between adjacent beads and bending potential for each set of three

adjacent beads. The spring constant Ks was set at a high value (100 N/m)

to constrain the interbead distances to be near their natural length L0

(22). The bending constant kq was in a range set by the MLD stalk’s known

persistence length (21) and the minimum of the bending potential was at an

angle q0 of 180
�, i.e., for a collinear configuration of the three beads. This is

consistent with the fact that there is no evidence that the MLD stalk has any

natural curvature, and hence, beads should be collinear at minimal energy.

Because we simulate the system using Brownian dynamics, the choice of

bead mass is irrelevant (23); it needed to be specified only because it is a
required input parameter for LAMMPS (large-scale atomic/molecular

massively parallel simulator). A background long-range repulsion from

the PS plane against all the beads was used to represent repulsion from gly-

coproteins on the viral surface between PS beads that prevented any of the

MLD beads from penetrating the virus membrane. One additional bead with

a large diameter (D¼ 50 nm>>DIgV¼ 3.5 nm, where the diameter of IgV

was estimated from its crystal structure (18)) was placed above the PS plane

to ensure that the IgV bead did not cross the membrane. We additionally

included repulsion between MLD-MLD and MLD-IgV beads to establish

self-avoidance. A single simulation began with the TIM beads being pushed

toward the PS plane and ended with them being pulled away. This was

achieved by attaching the lowest MLD bead to a large bead (e.g., represent-

ing an AFM tip (DAFM ¼ 40 nm, comparable with an AFM tip) (24)),

mimicking a single-molecule AFM experiment (25–28). A time-dependent

force was applied to this AFM bead to drive the process of approach and

retraction of TIM from the PS plane. All beads had a mass associated

with them, as required by the LAMMPS molecular modeling program.

However, because we conducted Brownian dynamics simulations, in which

bead inertia is neglected, our results did not depend on the choice of these

values. This is explained further in the Supporting materials and methods.

Using the model just described, we simulated the time-dependent process

in which the TIM receptor is driven by the AFM bead toward the PS surface

and then retracted (as might occur in a single-molecule AFM experiment)

(25). The adhesive potential depth was adjusted to 50 kBT to bring the

computed pull-off forces within an experimentally relevant range at the

loading rate used in the simulation. The model was implemented and simu-

lated through LAMMPS (29,30), and the results were analyzed using scripts

written in MATLAB (The MathWorks, Natick, MA) and Visual Molecular

Dynamics (31).

A time-dependent force over a range of loading rates was applied to

establish a range of pull-off forces. Then, for the majority of simulations

in which parameters were varied, we used a loading rate of 0.5 mN/s for

170 ns and then �0.5 mN/S for 830 ns. The former positive loading rate

represents pushing the TIM molecule toward the PS plane, and the latter

represents pulling the molecule away.

Fig. 3 shows six snapshots from a typical simulation. Fig. 3 a (t ¼ 0 ns)

represents the initial state in which the MLD beads are arranged in a straight

line and the ramp force has just begun to be applied to the large yellow

(AFM) bead. At t ¼ 100 ns, the force applied to the AFM bead has pushed

up the lower end of the MLD chain. At t¼ 150 ns, the MLD chain has been

pushed against the PS-embedded surface. In this case (but not in all), the

IgV bead binds to one of the PS beads on the viral surface. At t ¼
450 ns, the AFM bead is now subjected to a pulling force. The MLD has

started to be pulled with the IgV bead still bound to the PS bead. At t ¼
600 ns, with continually increasing pulling force, the MLD length starts

to be stretched but the IgV bead is still bound to a PS bead. At t ¼
800 ns, the unbinding process has completed, and the IgV-MLD chain is

pulled away from the PS plane. We provide two videos, one representing

the cases in which the IgV bead does and a second one for cases in which

it does not bind to a PS bead during this process (Videos S1 and S2).

Before conducting production simulations, we needed 1) to establish a

loading rate that resulted in appropriate values for the pull-off force, 2) to

confirm that the pulling rate was sufficiently slow so the pull-off force

was governed by the kinetics of hopping over the energetic barrier and

not by the drag force, and 3) to establish a criterion by which we determined

whether the IgV bead did or did not bind to a PS bead before being pulled

away. In Fig. 4, we plot the distance of several beads from the PS plane as a

function of pulling time. The number in the legend represents the bead num-

ber such that ‘‘1’’ corresponds to the IgV bead and ‘‘50’’ is the bottomMLD

bead attached to the AFM bead. We found that at this chosen rate, the dis-

tance versus time plot for bead 1 remained relatively unchanged until

�500 ns of pulling, which corresponded to the IgV bead being bound to

a PS bead for some time before dissociating from it. In contrast, the bottom

MLD bead was pulled down immediately when the pulling force is applied,

but it also had an intermediate plateau, during which period the molecule
Biophysical Journal 120, 1–10, March 2, 2021 3



TABLE 1 Parameters for potentials and forces in the coarse-grained model

Beads

Bead type Diameter (nm)

PS 2

MLD 1

IgV 3.5

Large bead 50

AFM bead 40

Harmonic bond Espring ¼ ks(r � r0)
2

Between ks (N/m) r0 (nm)

MLD-MLD 100 1

IgV-MLD 100 3.5

MLD-AFM 100 40

Harmonic angle Eq ¼ kq(q � q0)
2

Between kq (J/
�2) q0 (

�)

IgV-MLD-MLD 5.1455e�21 180

MLD-MLD-MLD 2.0582e�22 180

PS density

Distance between adjacent PS 5–20 nm

IgV-PS adhesive potential
E ¼ Aexp

�
s�r
r

�
� C

r6 þ D
r8

A (J) s (m) r (m) C (J � m6) D (J � m8)

4.116e�20 3.600e�9 2.200e�10 4.693e�70 0

Background long-range repulsion
F ¼ �F0 exp

�
� Z

Z0

�

F0 (nN) Z0 (nm)

1 1

Large bead repulsion
E ¼ Aexp

�
s�r
r

�
� C

r6 þ D
r8

Between A (m) s (m) r (m) C (J � m6) D (J � m8)

IgV-large bead 4.116e�20 53.500e�8 2.200e�10 0 0

IgV-AFM 4.116e�20 43.500e�10 2.200e�10 0 0

IgV-MLD 4.116e�20 4.100e�9 2.200e�10 0 0

MLD-MLD 4.116e�20 1.000e�9 2.200e�10 0 0

AFM-MLD 4.116e�20 40.500e�8 2.200e�10 0 0

See text and Supporting materials and methods for justification and explanation.

Cui et al.

Please cite this article in press as: Cui et al., Length of mucin-like domains enhances cell-Ebola virus adhesion by increasing binding probability, Biophysical
Journal (2021), https://doi.org/10.1016/j.bpj.2021.01.025
was stretched but remained bound. This showed that the pulling rate was

slow enough for the MLD chain to have sufficient time to sample configu-

rations in the bound state before being pulled off.

Next, we needed to develop a method to calculate the pull-off force and

to set up a criterion to distinguish between cases in which unbinding was

preceded by an IgV-PS binding event from those in which it was not.

The pull-off force was taken to correspond to the time point at which the

position of the IgV bead relative to the PS plane became sufficiently large.

Specifically, we defined separation as when the IgV-PS-plane distance ex-

ceeded twice the equilibrium value of 3.5 nm. Choosing this number be-

tween 6 and 10 nm resulted in no qualitative differences and only small

quantitative differences in our results. If t* was the time at which this

occurred, the corresponding pull-off force was calculated as

f � ¼ rf � t�; (1)

where f* is the pull-off force, rf is the constant loading rate, and t* is the

time from the beginning of pulling to the time when unbinding occurred.

Whether the IgV bead was able to find a PS binding partner before being

pulled away was easily observed by viewing a video of the simulation. (See

Videos S1 and S2.) To determine from the pull-off force whether it
4 Biophysical Journal 120, 1–10, March 2, 2021
corresponded to the removal of a PS-bound or PS-unbound IgV bead, we

show in Fig. 5 the distribution of the pull-off force.

It is evident that the distribution is strongly bimodal. The pull-off forces

in all the cases in which IgV was not bound to a PS bead before unbinding

were below 30 pN. In all the cases in which the two were bound before un-

binding, the pull-off forces were greater than 120 pN. Therefore, we could

safely identify all the latter cases as those with pull-off force >80 pN and

the former cases as those with pull-off force <80 pN.

Finally, we conducted a series of simulations at different pulling rates us-

ing a single IgV bead to investigate the rate dependence of pull-off force

and to choose a loading rate for the rest of our study. We used the 120

AA MLD as a test example. These simulations began with the IgV-MLD

situated under a PS bead at a distance of 3.5 nm. The pushing phase was

kept at the loading rate of 0.5 mN/S for 200 ns, but we varied the pulling

rate from �0.5 to �10.0 mN/s, repeating each case five times. The average

pull-off force is plotted against the logarithm of the pulling rate in Fig. 6.

These results are consistent with the Bell-Evans model with constant

loading rate, which predicts that (25)

f � ¼ kBT

g
ln

�
g

k0kBT

�
þ kBT

g
ln
�
rf
�
; (2)



FIGURE 3 Snapshots from different stages of a typical simulation. (a) The initial state in which the MLD beads are arranged in a straight line and the ramp

force has just begun to be applied is shown. (b) The force applied to the AFM bead has pushed the end of the MLD chain, and conformations of the MLD

begin to randomize. (c) The MLD chain is pushed against the PS-embedded surface. (d) The MLD has started to be pulled with the IgV bead still bound to a

PS bead. (e) The MLD chain begins to be stretched while the IgV bead is still bound to a PS bead. (f) The unbinding process is completed, and the IgV-MLD

chain is pulled away from the PS plane. Arrows indicate the direction of force applied to the AFM bead. To see this figure in color, go online.
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where kB is Boltzmann’s constant, T is the absolute temperature, k0 is the

dissociation rate constant without a pulling force, and g is the position of

the transition state. As predicted by this model, the unbinding force f* is

linear in the logarithm of the loading rate. Moreover, at the lowest loading

rate, the pull-off forces were within the range obtained by single-molecule

experiments.

The important parameters relevant to the hypothesis we explored in this

work that can be varied in our coarse-grained model are the MLD length,

MLD persistence length, and PS density. We first explored the effect of

the MLD length on the pull-off force, holding the PS density and persis-

tence length constant, by varying the MLD length from 5 to a maximum

of 250 AAs. In addition to varying the MLD properties, we also randomly

sampled the X-Y location of the lowest MLD bead. We conducted 50 sim-

ulations for each MLD length. To study the effect of MLD persistence

length, we fixed the PS density and MLD length (120 AAs) but varied

the MLD persistence length from 0.01 to 100 nm. Similarly, the effect of

PS density was explored by varying the distance between adjacent PS beads

with 40 simulations for each PS density. Each case was repeated 35 times.
RESULTS AND DISCUSSION

Effect of MLD length

Fig. 7 shows the results of simulations in which the MLD
length was varied. We calculated the average pull-off force
in two ways: 1) average over all the simulations, including
IgV-PS bound and unbound cases, and 2) average over
only those cases in which pull-off was preceded by success-
ful binding of IgV to PS. We also present the probability of
IgV-PS binding for each MLD length.

The binding probability increased systematically and
significantly with increasing MLD length. This agrees
with and supports the hypothesis that a longer MLD length
allows sampling of a larger area on the viral surface, result-
ing in a greater probability of binding. The effect of this on
the average pull-off force was striking. The pull-off force,
averaged over all simulations, followed the trend set by
the probability of IgV-PS binding. In contrast, the pull-off
force averaged over only those cases in which IgV-PS bind-
ing preceded pull-off showed that the strength of binding,
once IgV did bind to PS, was essentially independent of
MLD length. Similarly, the average pull-off force for cases
in which the IgV did not bind to PS was also constant at a
lower value. This is far from obvious because with
increasing length, the MLD stalk does sample and attach
to PS beads over an increasing area. However, during pull-
ing, the surface adsorbed portion of the MLD chain slides so
that just before attachment, the IgV bead is generally
directly above the pulling bead. Thus, the process begins
with stochastic uncertainty about whether IgV binds to
PS. If it does not bind, IgV is pulled off at a very low force.
Biophysical Journal 120, 1–10, March 2, 2021 5



FIGURE 4 (a) Demonstration that unbinding is governed by hopping over the energetic barrier rather than drag force: The bottom MLD bead (#50) starts

to move once pulling force is applied, whereas the top MLD bead (#2) and IgV (#1) move little until the pulling force reaches a sufficiently large value, which

indicates that IgV is captured by the energetic barrier. (b) Schematic of unbinding system corresponded to data in (a) is given (not to scale). To see this figure

in color, go online.
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If it does bind, it takes a much larger pull-off force,
and in the process, IgV loses its memory of where it first
attached. Thus, we can say succinctly that average
Fpull-off ¼ Fpull-off* � Prob(IgV � PS binding). The first
term on the right-hand side, Fpull-off*, is a property of the
binding pair, unaffected by MLD length.
Effect of MLD persistence length

Fig. 8 shows the results for the effect of MLD persistence
length on the binding probability and pull-off force. We
found that the binding probability decreased systematically
with longer MLD persistence length. Evidently, similar to
the effect of MLD length, a shorter persistence length means
that the more flexible MLD stalk allows IgV to sample a
larger area. Precisely as in the case of MLD length, the
average pull-off force for cases in which IgV-PS binding
precedes unbinding was essentially independent of persis-
tence length. Again, this suggests that the flexible MLD
chain fosters binding by facilitating IgV access to a larger
region.
Effect of PS density

Fig. 9 shows the effect of PS density on binding probabil-
ity and pull-off forces. We found that the binding probabil-
ity decreased with decreasing PS density because of a
larger area that the IgV needed to sample to find a PS
binding partner. Consistent with the effects of MLD and
persistence lengths, the pull-off force averaged over cases
in which unbinding was preceded by IgV-PS binding was
6 Biophysical Journal 120, 1–10, March 2, 2021
independent of PS density. Thus, the effect of the decrease
in PS density operates by increasing the area that IgV
needs to sample.
CONCLUSIONS

In this study, we built a coarse-grained model for the TIM-
PS interaction that enable initial EBOVadhesion to cell sur-
faces. We used the model to examine a hypothesis that ex-
plains the experimental finding that MLD stalks longer
than a certain length are required for successful TIM-PS
binding. The hypothesis we examined posits that longer
MLD stalks bind more effectively because they can sample
a larger area on the viral surface. That is, even when the
binding between a TIM-PS pair is specific, its strength in-
creases with the area that is accessible because of MLD fluc-
tuations when combined with the probability of binding,
which increases with area. To examine this hypothesis, we
constructed a model in which the MLD was represented
by a connected string of beads, terminated at one end by a
larger bead representing IgV. We conducted coarse-grained
Brownian dynamics simulations of pushing a single TIM re-
ceptor against a plane embedded with PS beads, followed by
retraction to pull off the TIM away from the PS-embedded
surface. We studied the effect of MLD length, persistence
length of the MLD, and PS density. It should be noted, how-
ever, that TIM-1, TIM-3, and TIM-4 and their allelic vari-
ants differ somewhat in structure and PS binding affinity
(32). In this work, to focus on the effect of TIM length,
we have ignored these differences; i.e., we held the IgV-
PS interaction strength at a fixed value. The specific



FIGURE 6 Average pull-off forces for different loading rates are plotted

against the corresponding loading rates. The plot shows that the pull-off

force is approximately linear in the logarithm of the loading rate. Error

bars show standard deviation. To see this figure in color, go online.

FIGURE 5 Criterion to determine whether unbinding was preceded by an

IgV-PS binding event. Pull-off forces clearly fell into two distinct and sepa-

rate classes. When unbinding was preceded by an IgV-PS binding event,

pull-off forces were always >120 pN. Conversely, when unbinding was

not preceded by IgV-PS binding, pull-off forces were always <30 pN.

Therefore, a threshold value of pull-off force between 30 and 120 pN could

safely be used to classify each simulation according to whether or not un-

binding was preceded by an IgV-PS binding event. To see this figure in co-

lor, go online.
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dependence of the interaction can be included in more
detailed models.

We found that increase in MLD length, decrease in
MLD persistence length, and increase in PS density all in-
crease the probability of IgV-PS binding. However, the
pull-off force, once IgV-PS are bound to each other, re-
mains unchanged. The results are consistent with the
experimental finding that longer MLD is needed for suc-
cessful TIM-PS binding. It also supports the hypothesis
that increasing length of MLD is needed to provide flexi-
bility for the TIM stalk to effectively seek binding partners.
Smaller persistence lengths and higher PS density have a
similar effect on the binding probability. These last two
theoretical predictions remain to be tested experimentally.
Selective changes in the MLD structure or glycosylation
patterns could be used to vary persistence length. Sup-
ported bilayers with controlled PS density could be used
to verify the effect of PS density. We studied the effects
of MLD length, persistence length, and PS density holding
the IgV-PS interaction constant. In fact, IgV of different
TIM proteins are similar, but not identical (16), so in the
physiological setting, it is possible that this additional fac-
tor plays a role in determining the effect of changing TIM
length.

Our work has several limitations. Firstly, our choice of
q0 ¼ 180� is made in lack of experimental data. Similarly,
and again in the absence of experiments to guide us, we
set IgV-MLD interaction to be repulsive to model steric hin-
drance, ignoring possible attraction between the two. But
this attraction, even if weaker than IgV-PS interaction, could
decrease the probability of IgV binding to PS. We believe
that our model could be improved by basing these parame-
ters on more detailed all-atom molecular dynamics
simulations.

In addition, we considered an isolated TIM-MLD stalk.
In actuality, TIM is embedded in a brush of other sugar-
like molecules. These affect the flexibility of the MLD
stalk, which, to a certain extent, could be captured by
modulating the persistence length of the MLD. However,
these molecules likely also provide steric and electrostatic
repulsion against the PS-embedded surface. This is not ac-
counted for in our model and will be examined in future
work. Our system is closer to single-molecule AFM exper-
iments, which have been shown to be consistent with ex-
periments. Also, we did not include the glycoprotein
(GP) on the Ebola viral membrane because firstly, it has
Biophysical Journal 120, 1–10, March 2, 2021 7



FIGURE 7 The average pull-off force for all cases (blue circles) increased with longer MLD. In contrast, the average pull-off force (blue squares) for only

those cases in which IgV-PS were bound before being pulled apart had roughly a fixed value. Similarly, the average pull-off force (blue triangles) for cases in

which IgV did not bind to PS had roughly a lower but also fixed value. This indicates that the increase in pull-off force for longer MLDs was essentially

entirely due to a higher probability of IgV-PS binding (red rhombuses). This supports the hypothesis that increasing MLD length helps to sample and

find PS binding partners for IgV. Error bars show standard deviation. To see this figure in color, go online.
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been found that the EBOV internalization by TIM-1 is
solely PS dependent and does not require the presence of
the viral surface glycoprotein (1). Therefore, the main
role of the Ebola GP is steric hindrance that is implicitly
represented by the energetic barriers created in our model
to prevent IgV and MLD beads from crossing the viral
membrane surface. Our neglect of the GP is further sup-
ported by experimental results that PS-TIM AFM pull-off
results on the virus-like particle with and without GP are
indistinguishable (25). Possibly, it is difficult for the
AFM tip to find a GP because the spacing between Ebola
GP is quite large (�200 nm) (33) compared with the
AFM tip (20–30 nm). To study the effect of MLD length,
we have chosen to fix the IgV domain just as was studied
through experiment (12). In applying these results under
physiological conditions, one must additionally account
for the fact that IgV domains in different TIM proteins
are not quite the same (16). Another known receptor for
EBOV is Niemann-Pick C1 (NPC1), a late-endosomal
membrane protein with little or no expression on the
plasma membrane. NPC1 interacts with Ebola GP and me-
diates the Ebola viral-endosomal membrane fusion. It re-
mains to be clarified whether PS-TIM interaction can
function in concert with GP-NPC1 interaction to mediate
Ebola endosomal entry (34).

As a coarse-grained model, our work is a drastic simpli-
fication because the actual structure of every biological
8 Biophysical Journal 120, 1–10, March 2, 2021
component in our system is far more sophisticated than a
collection of beads. Nevertheless, we believe that with judi-
cious choice of coarse-graining model parameters, the
essential physical phenomena can be posed and addressed.
We believe that our modeling approach contains several el-
ements that can be adapted potentially to study other vi-
ruses. By elucidating the mechanisms of adhesion, we
hope to spark ideas for therapeutic targets.
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FIGURE 9 Binding probability and average pull-off force for different PS densities. The plot shows that a higher PS density significantly increased the

IgV-PS binding probability, whereas the average pull-off force for cases in which IgV-PS binding occurred remained roughly constant. Error bars show stan-

dard deviation. To see this figure in color, go online.

FIGURE 8 The pull-off force averaged over all simulations (blue circles) decreased with increasing MLD persistence length. However, the pull-off force

averaged over only the simulations in which the IgV bound to PS (blue squares) remained roughly unchanged, which indicates that the decrease in the former

for a higher persistence length was due to a reduction in the binding probability (red rhombuses). That is, a flexible MLD stalk (small persistence length)

favors PS-IgV binding. Error bars show standard deviation. To see this figure in color, go online.
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