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Abstract

The axon plasma membrane consists of the membrane skeleton, which comprises ring-like
actin filaments connected to each other by spectrin tetramers, and the lipid bilayer, which is
tethered to the skeleton via, at least, ankyrin. Currently it is unknown whether this unique
axon plasma membrane skeleton (APMS) sets the diffusion rules of lipids and proteins in
the axon. To answer this question, we developed a coarse-grain molecular dynamics model
for the axon that includes the APMS, the phospholipid bilayer, transmembrane proteins
(TMPs), and integral monotopic proteins (IMPs) in both the inner and outer lipid layers. We
first showed that actin rings limit the longitudinal diffusion of TMPs and the IMPs of the inner
leaflet but not of the IMPs of the outer leaflet. To reconcile the experimental observations,
which show restricted diffusion of IMPs of the outer leaflet, with our simulations, we conjec-
tured the existence of actin-anchored proteins that form a fence which restricts the longitudi-
nal diffusion of IMPs of the outer leaflet. We also showed that spectrin filaments could
modify transverse diffusion of TMPs and IMPs of the inner leaflet, depending on the strength
of the association between lipids and spectrin. For instance, in areas where spectrin binds
to the lipid bilayer, spectrin filaments would restrict diffusion of proteins within the skeleton
corrals. In contrast, in areas where spectrin and lipids are not associated, spectrin modifies
the diffusion of TMPs and IMPs of the inner leaflet from normal to confined-hop diffusion.
Overall, we showed that diffusion of axon plasma membrane proteins is deeply anisotropic,
as longitudinal diffusion is of different type than transverse diffusion. Finally, we investigated
how accumulation of TMPs affects diffusion of TMPs and IMPs of both the inner and outer
leaflets by changing the density of TMPs. We showed that the APMS structure acts as a
fence that restricts the diffusion of TMPs and IMPs of the inner leaflet within the membrane
skeleton corrals. Our findings provide insight into how the axon skeleton acts as diffusion
barrier and maintains neuronal polarity.
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Author summary

The axon plasma membrane skeleton consists of repeated periodic actin ring-like struc-
tures along its length connected via spectrin tetramers and anchored to the lipid bilayer at
least via ankyrin. However, it is currently unclear whether this structure controls diffusion
of lipids and proteins in the axon. Here, we developed a coarse-grain molecular dynamics
computational model for the axon plasma membrane that comprises minimal representa-
tions for the APMS and the lipid bilayer. In a departure from current models, we found
that actin rings limit diffusion of proteins only in the inner membrane leaflet. Then, we
showed that actin anchored proteins likely act as “fences” confining diffusion of proteins
in the outer leaflet. Our simulations, unexpectedly, also revealed that spectrin filaments
could impede transverse diffusion in the inner leaflet of the axon and in some conditions
modify diffusion from normal to abnormal. We predicted that diffusion of axon plasma
membrane proteins is anisotropic as longitudinal diffusion is of different type than trans-
verse (azimuthal) diffusion. We conclude that the periodic structure of the axon plays a
critical role in controlling diffusion of proteins and lipids in the axon plasma membrane.

Introduction

A neuron is an electrically excitable and highly polarized cell that primarily functions to
receive, integrate, and transmit information. A neuron is comprised of three main compart-
ments: a soma, dendrites, and an axon [1]. A key aspect of neuronal function is the integration
of arriving synaptic potentials, and generation and propagation of action potentials down a
single axon [2, 3]. Multiple studies have shown that axons are cylindrical structures consisting
of the axon plasma membrane (APM) and cytoplasm [4]. The APM is composed of two main
substructures: the phospholipid bilayer, which contains ion channels and other membrane
proteins, and the membrane skeleton that tethers to the phospholipid bilayer (Fig 1). The
membrane cytoskeleton is also connected to axon microtubules via ankyrin proteins [5].
Recent research revealed that the axon plasma membrane skeleton (APMS) has a unique long-
range periodic structure that is comprised of a series of actin rings distributed along the axon
(Fig 1) [6]. The actin rings connect to each other via extended spectrin filaments [6-8]. The
consensus in the field is that the periodic structure of the APMS contributes to the integrity
and mechanical stability of the axon [5, 9-11].

A unique section of the axon called the axon initial segment (AIS) is usually located 20-

60 um from the soma and is the site of action potential initiation [12, 13]. The AIS also acts as
a filter, separating membrane proteins and lipids between the axon and the somatodendritic
neuronal subcompartments [14-18]. Researchers have proposed that the AIS regulates protein
movement between the somatodendritic and axonal regions via a surface diffusion barrier and
an intracellular traffic filter [14, 19]. This theory was confirmed by a single particle tracking
(SPT) technique that measures the mobility of transmembrane proteins (TMPs) such as axonal
cell-adhesion molecule L1 [18] and vesicle-associated membrane protein VAMP2 [17]. In
addition, a recent study found that the motion of glycosylphosphatidylinositol-anchored green
fluorescent protein (GPI-GFP) molecules in the AIS is confined within repetitive stripes with
boundaries coinciding with the observed actin rings [20].

Currently, it is unknown how the AIS impedes the thermal motion of lipids and membrane
proteins between the axon and soma. Two leading theories explain how the mobility of lipids
and surface proteins is reduced in the AIS. Based on the “fence and picket” model [21], the
reduced mobility is caused by steric hindrance between the membrane skeleton and the
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Fig 1. Computational and schematic model of the APM. (A) Computational model of the APM showing different structural components. (B)
Schematic illustration of the APM based on super-resolution microscopy results of the periodic APMS structure. Ankyrin-associated Na, channels
anchor the phospholipid bilayer to the membrane skeleton.

https://doi.org/10.1371/journal.pcbi.1007003.g001

diffusing proteins, and is further enhanced by accumulation of membrane proteins tethered to
membrane scaffolding molecules, such as ankyrin-G [15, 22, 23]. In a similar case, studies have
shown that the membrane skeleton hinders lateral diffusion of band-3 proteins in the red
blood cell membrane [24, 25]. The more recent “actin fence” model [14, 20] suggests that axon
actin rings act as barriers and confine the motion of integral monotopic proteins (IMPs) on
the outer lipid, within the ~190 nanometer area determined by actin rings.

It is possible that the “fence and picket” model, the “actin fence” model, or a combination
of the two could explain diffusion in axonal membranes. However, current attempts to analyze
experimental data based on the “actin fence” model are limited [14, 20], and no numerical
studies have implemented the “fence and picket” model. More importantly, several aspects of
APM protein diffusion cannot be directly answered by either model. For instance, given that
actin is located intracellularly, it is not clear how the actin rings could interfere with lipids and
IMPs of the outer leaflet of the phospholipid bilayer. In addition, we do not know whether dif-
fusion of TMPs, lipids, and IMPs of the inner leaflet is influenced by the interactions of these
macromolecules with the spectrin tetramers of the APMS. As the structure of the APMS is
orthotropic, with a different geometry along the longitudinal versus the transverse direction,
we might expect that longitudinal diffusion differs from transverse diffusion.

From a fundamental physics perspective, the type of macromolecule diffusion in a cellular
membrane varies as it critically depends on the local membrane composition and the time
scale. In some cases, the diffusion is normal, where the mean squared displacement (MSD) is
proportional to time; in other cases, the diffusion is abnormal with MSD disproportional to
time. Identifying different diffusion types may provide insight into membrane structure and
its interactions with diffusing lipids and proteins. In the case of the APM, if membrane pro-
teins cannot pass through the actin rings, the longitudinal MSD will eventually reach a
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constant value that is determined by the distance between consecutive actin rings, and the dif-
fusion will become confined. When actin or actin-associated proteins interact with diffusing
proteins or lipids via steric repulsion or transient association, steric hindrance or occasional
trapping can occur. In this case, thermal motion can potentially become anomalous subdiffu-
sion with the MSD proportional to #*, with (¢<1). Depending on the time scale, diffusion may
also vary from normal diffusion at small time scales, to transient anomalous diffusion at inter-
mediate time scales, and to normal diffusion with a much lower diffusion coefficient at very
large time scales [25, 26]. At small time scales, lipids and membrane proteins have not inter-
acted yet with the boundary of the APMS corrals and the diffusion is defined as microscopic
diffusion. At intermediate time scales, the interactions between diffusing particles and spectrin
filaments, or between diffusing particles and mobile or tethered-to-the-APMS proteins will
likely determine the type of transverse diffusion.

To discern the role of the periodic AMPS structure in lipid and protein diffusion of TMPs
and IMPs of the outer and inner leaflets of the axon phospholipid bilayer, we developed a
coarse-grain molecular dynamics (CGMD) model for the APM that includes the phospho-
lipid bilayer, APMS, and axonal membrane proteins. Using our model, we (i) determined
the role of actin rings in the diffusive motion of TMPs and IMPs of the inner leaflet within
the areas between adjacent actin rings; (ii) showed that the association between spectrin fil-
aments and lipids affects the circumferential (transverse) diffusion of TMPs and IMPs of
the inner leaflet, but not the diffusion of the lipids and IMPs of the outer leaflet; (iii) deter-
mined that actin rings and spectrin filaments restrict the motion of membrane proteins
along and around the circumference of the axon, respectively; and (iv) showed that the sur-
face diffusion barrier in the AIS is formed as a result of both the accumulation of concen-
trated TMPs and the actin fence. Our findings help clarify how the APMS structure limits
diffusion of proteins and lipids. Furthermore, it may provide critical insight on how the
dysfunction of actin spectrin-associated proteins leads to neurological and neuropsychiatric
disorders [27].

Methods

Computational model of the axon plasma membrane

We developed a particle-based mesoscale model of the APM of the neuronal axon that includes
(1) the phospholipid bilayer as a double layer, including IMPs (in both inner and outer leaflets)
and TMPs, and (2) the APMS. We followed an approach comparable to the one that we used
to model the red blood cell (RBC) plasma membrane, which consists of structural elements
similar to those in the neuronal APM [28-30]. Regarding the plasma membrane skeleton of
the RBC and the axon, both consist of spectrin filaments connected at the actin junction,
although they are arranged in a fundamentally different way. In the RBC membrane, the spec-
trin tetramers extend to an approximately equilibrium length and are connected at actin junc-
tions to form a two-dimensional (2D) canonical hexagonal network that corresponds to an
isotropic homogeneous 2D material [31]. In the neuronal APMS, actin is arranged in circular
rings oriented along the circumference of the axon and connected to each other via spectrin
filaments oriented along the longitudinal direction of the axon (Fig 1). The spectrin filaments
extend to almost their contour length, meaning that they are under entropic tension. Because
of this arrangement, the APMS behaves as an orthotropic material with different mechanical
properties along the axon and perpendicular to the axon. We included here the model of the
APMS for completeness. Its detailed description can be found in Zhang et al [11].

Evidence suggests that the connection between the APMS and the phospholipid bilayer is
similar between the axon and the RBC membrane [6, 32, 33], where the spectrin network is
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tethered to the phospholipid bilayer via the ankyrin-band-3 complex and glycophorin. Specifi-
cally, in RBCs a B-spectrin dimer binds to ankyrin near its C terminus, which is located at
approximately the middle area of the spectrin tetramer. Ankyrin then binds to the transmem-
brane ion channel band-3. In addition, actin junctional complexes bind to the phospholipid
bilayer via glycophorin [34, 35]. In the AIS, the spectrin tetramers are most likely connected to
ankyrin G, as in the RBC, and ankyrin G likely anchors the phospholipid bilayer to the APMS
by binding to voltage-gated sodium (Na,) and potassium (K) channels. Indeed, super-resolu-
tion microscopy experiments have shown that the Na, channels exhibit a periodic ring-like
distribution pattern that alternates with actin rings and co-localizes with ankyrin G [6, 8].
Although anchoring of the phospholipid bilayer to APMS at the middle area of spectrin tetra-
mers via ankyrin G is likely, it is still unclear whether the phospholipid bilayer is also anchored
at the actin rings. One possibility is that a TMP, playing the role of glycophorin in the RBC
membrane, is connected directly or indirectly via an actin-associated protein to actin rings.
We discuss the association between the APMS and the phospholipid bilayer in the axon further
in the following section.

Periodic APMS structure. Studies have shown that actin rings in the APMS form a peri-
odic structure of spectrin tetramers with a periodic distance of 180~190 nm. The tetramers
connect such that the C termini of B-spectrin filaments alternate with actin rings [6, 8]. A spec-
trin tetramer consists of two identical heterodimers, each with 22 homologous triple helical
repeats in the a-spectrin chain and 19 homologous triple helical repeats in the B-spectrin chain
[34, 36]. To represent a spectrin tetramer, we used a chain of 41 particles connected by a spring
potential U%(r) =1/ ZkO(rfrqu)a where the equilibrium distance between two consecutive
particles is 3> = L /40 = 5 nm with L,~200 nm being the contour length of a spectrin tetra-
mer, and k, determined in the following section. In addition, all spectrin particles interacted
via the repulsive Lennard-Jones (L-J) potential (S1 Fig):

+e& 1y <Ry,y= rSS

12 6
4 20 20
U (ry) = S P A 4 (1)
rep\" ij 1) b

— 58
0 rg >Ry =r

The equilibrium distance is r;; = 2 x 2% = 5 nm, which yields a unit length of o = 2.227
nm. The value £, = 0.46¢ gives an equilibrium curvature equal to the spring constant k, in
order to reduce the number of free parameters of the model. We chose k, = 6.5¢/0” to be iden-
tical to the equilibrium curvature of the L-J potential used in the actin-spectrin interaction,
with £ being the energy unit. We chose R, 1; to be the equilibrium distance resj such that the
L-] potential provides only the steric repulsive force between different spectrin particles. We
measured the end-to-end distance of a single spectrin filament from thermal fluctuation of 10°
time steps after equilibration. The distances followed a Gaussian distribution with a mean

value of (r2)"/* = 75.4nm at KzT/e = 0.22, where Ky was the Boltzmann’s constant and T was
the temperature [11]. Assuming that the expression between the persistence length and the

end-to-end distance for flexible filaments (/,<<L,) was given by (rfe>1/ = /21 L, and that

Lo
the contour length of spectrin was approximately 200 nm [36, 37], we computed the persis-
tence length of spectrin filaments to be 14.2 nm, which is close to reported experimental values
of 10 nm [38] and 20 nm [39].

Next, we considered the connection between an end of a spectrin filament and the corre-

sponding actin ring by a breakable L-J potential U}’ () = 4e,[(8a/ r,.j)12 — (8a/ r,.j)6] +&,. We
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chose the actin-spectrin association energy to be £, = 7.3 which is approximately 0.86eV. This
value was larger than the spectrin-actin-protein 4.1 complex association energy in normal
RBCs, which was approximately 0.74eV [40]. We note that by setting the attraction force to
zero beyond the capture distance of 2.5x80, the association between actin and spectrin could
break and reform. We note that the actin-spectrin association energy in normal RBC mem-
brane skeleton cannot maintain the integrity of the APMS when the distance between actin
rings is 185 nm, in which case the spectrin filaments are under entropic tension. This means
that the association energy of the spectrin-actin complex in the axon is most likely larger than
that in normal RBCs. In the present model, the equilibrium distance between actin and spec-

trin is Zé(&r) ~ 20nm, resulting in an actin junction size of approximately 40 nm [41].

The mechanism underlying the formation of the actin rings in the periodic structure of the
APMS is unclear. However, studies have shown that adducin co-localizes with actin rings and
probably functions as a capping protein to stabilize actin filaments [6]. In addition to this plus-
end capping protein, we expect that the minus ends of actin filaments are stabilized by other
cross-linking proteins, such as tropomodulin in RBCs. Because the specific molecular structure
of the actin rings and how the actin filaments are connected to form the ring-like structure in
the axon is unknown, our CGMD model assumes a generic structure of the actin rings [11].
First, we chose an actin particle diameter of 35 nm, similar to the value used for the RBC mem-
brane skeleton that comprises short actin oligomers (33+5nm) [42-46]. We used 39 particles
to form an actin ring with a diameter of approximate 434 nm, which is consistent with experi-

mental results for the unmyelinated neuronal axon [47]. We used a spring potential of U4 =
1/2k,(r — rqu)2 to connect two adjacent actin particles with an equilibrium distance of r;* =
35 nm and spring constant of k4 = 69.35¢/0° based on computational results in conjunction
with an atomic force microscopy stiffness measurement of the axon membrane skeleton [11].
We used a repulsive L-J potential U to simulate the steric interaction between actin particles
with the same equilibrium distance as above. We also employed a finitely extensible nonlinear

A pgx

2
elastic (FENE) bending potential of U, = —1k,A0,  In {1 - (9’90) } to stabilize the circular

shape of the actin rings, where k;, =3,500 KgT is the stiffness that directly regulates the bending
rigidity of actin filaments. This k;, value resulted in a single actin filament bending rigidity of
Kpena = 7.1x1072® Nm?, which is similar to a reported experimental rigidity of 7.3x107%¢ Nm?
[48, 49]. The angle formed by three consecutive actin particles of the same ring was 8, with an
equilibrium angle of 0, = W = 170.77° and a maximum allowed angle of A,,,,, = 0.36,.
We note that the combination of k;, and Af,,,,, determines the stiffness of the structure. In the
case of small deformations, the value of A8,,,, did not affect the behavior of actin rings near
equilibrium. Because of this, we chose to use A0,,,,, = 0.36,, which allowed flexibility to the
bending potential [11].

In addition to the actin and spectrin membrane skeleton, the microtubules and neurofila-
ments also play important roles in maintaining the mechanical structure of the axon. In our

model, we considered that the microtubules interact with actin to keep the ring-ring distance

_4RR\ 2
at 185 nm. We introduced a FENE potential of U,,, = — 1k, Ad, . In [1 - (d g ) } to repre-

Adyax

sent the effect of microtubules on maintaining the distance between two consecutive actin
rings. The equilibrium distance between the centers of the two actin rings is d;' = 185 nm,

the maximum allowed deformation is Ad,,,,, = 0.3d;, and the distance between two consecu-

tive actin rings is d, which was calculated by measuring the mean value of the z-coordinate of
KT

particles that belong to the same ring. Finally, we determined k,,, ~ 239 %% ~ 19, 822 %z at
eq

mt —
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T =300°K based on the longitudinal Young’s modulus of the axon E;~10kPa [50]. Detailed
information about the selection of parameters in this FENE potential can be found in [11].

Axonal membrane model. To model the phospholipid bilayer, we included a representa-
tion of two separate layers of lipids, IMPs of both inner and outer leaflets, and TMPs.
Ankyrin-anchored TMPs, such as Na, channels, are connected to spectrin filaments. As previ-
ously mentioned, although RBC actin junctions are anchored to the phospholipid bilayer by
glycophorin, we still do not know how the actin rings are associated with the phospholipid
bilayer in the neuronal axon. One possibility is that a TMP plays the role of a glycophorin of
the RBC membrane, anchoring the phospholipid bilayer to actin rings. Fig 1A illustrates the
computational model, where the red and gray colors denote a cluster of lipid molecules of
inner and outer leaflets, respectively, with a diameter of 2.5 nm, which is approximately the
thickness of a single phospholipid bilayer [31]. The yellow color particles represent actin-
anchored proteins with a size of 5 nm. We note that when TMPs and IMPs interact with other
membrane particles, the effective size in the membrane domain is 5 nm [51], which is approxi-
mately the thickness of the phospholipid bilayer. However, the IMPs of the inner leaflet (but
not outer leaflet) and TMPs have additional components that extend towards the cytosol (Fig
2). We thus considered the effective size of IMPs of the inner leaflet and TMPs to be 20 nm
and 25 nm, respectively [52, 53], when they interact with the APMS. For example, TMPs such
as Na, channels, which are connected to the spectrin filaments by ankyrin G, are located
approximately at the middle of the spectrin tetramers and are represented as particles with a
25 nm diameter. This is also in agreement with the experimental finding that the effective
radius of the cytoplasmic domain of the ankyrin complex connected to a Na, channel is ~12.5
nm [54]. Other TMPs included in the computational model have no connection to the mem-
brane skeleton.

The membrane particles have both translational and rotational degrees of freedom (x;n;),
where x; and n; denote position and orientation of the particle i, respectively. The direction
vector n; is normalized (|n;| = 1). The distance between two particles i and j is given by x;; =

Outside
Outer leaflet Actin anchored protein TMP Nav IMP

. 4

N m RO RNRRRRRNRRARRRAT " TIRRRRRE sasﬁssssmsssss §
m ﬁssm mssm .ssgm ; 888
Inner Ieaﬂet Inside

IMP/

BIV-spectrin

all-spectrin Actin ring

Tropomodulin

Fig 2. Illustration of the APM, which includes the APMS and the phospholipid bilayer. Ankyrin G binds to the 15™ repeat of B-spectrin near
its carboxyl terminus and to Na, in the axon. o-spectrin and B-spectrin filaments are connected at actin junctions. It is unknown how the
phospholipid bilayer is anchored at the actin rings; we indicate a generic actin-associated protein that connects the actin rings to the phospholipid
bilayer. Cluster of lipids in the individual layer are represented by a particle with a diameter of 2.5 nm, which is approximately the thickness of a
single phospholipid bilayer. We chose the size of TMPs and IMPs of both the inner and outer leaflets to be 5 nm when they interact with other
membrane proteins and lipids. However, the IMPs of the inner leaflet and TMPs have additional components that extend towards the cytosol,
whereas the IMPs of the outer leaflet do not have inner extension regions. The effective size of the IMPs of the inner leaflet and the TMPs is
considered to be 20 nm and 25 nm, respectively, when they interact with the APMS.

https://doi.org/10.1371/journal.pchi.1007003.g002
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x;—X; with length r;; = |x;| and unit vector X, = x; /. The pair potential between lipids and
membrane proteins of the same layer is determined as u;j en(Nin;X;) = ug(r;)+A(a,a(n;nj,
x;;))ua(r;), where ug(r;;) and u,(r;)) are the repulsive and attractive potential, respectively,
given by:

8
uR(rij) - kg((Rcut,mem - rij)/(Rcur‘mem - req)) fOl’ rij < Rcur,mem
Umem(rij) = uA (rij) = 72k€((Rcut,mem - rij)/(Rcut,mem - req))’1 fOf rij < Rtut‘mem (2)
uR(rij) = uA(rij) = O for rij Z Rcut,mem

In this expression, we chose R, jem to be 2.60 in order to provide a fluid-like behavior of
the membrane [28, 43] and r,, as the equilibrium distance between two particles in the mem-
brane domain, such as ;7 = 2.5 nm, r;* = 3.75 nm, r,) = 3.75 nm, r;; = 5 nm, r;’ = 5 nm,
and rff = 5 nm, where L represents lipids, G represents actin-anchored proteins, and P repre-
sents TMPs and IMPs. We selected k to be 1.2 for the interaction between lipid particles and
2.8 for the interaction between lipid particles and axonal membrane protein particles such as
glycophorin and Na, channels. A(a,a(n;n;x;)) = 1+a(a(n;n;x;)—1), where a = 1.55 is a linear
amplification factor. The value of a(n,, n;, x;) = (n, X X;) ® (n; X X;;) = n, en, — (n, ® X,) X
(n; @ X;) varies from -1 to 1 and depends on both the distance and relative orientation. For

example, a = —1 corresponds to the case when (n; T| n;) L %;, and a = 1 corresponds to the

i
case when (n, [T n;) L %, (S1 Fig). The strong orientation part of the membrane proteins is
required to prevent the proteins to flip their orientation. Additionally, fixing the orientation
allows for association of lipids with the membrane proteins. This maintains the IMPs and
TMPs attached to their corresponding lipid leaflets. Details regarding the selection of the
parameters in the lipid layer potential can be found in our previous publications [25, 28, 43].

The equations of motion include the translational and rotational components:
N

¥ — _ o) o o— o) V) —_ 7 (n H —
mX, = — S and mii, = — G2+ (5 em; |n, — 7, e 1 )n;, where V = ot

ij,mem?>
i1, is a pseudo-mass with units of energy x time”.

To model the interaction between the two lipid layers to form the phospholipid bilayer, we
followed the approach proposed by Cooke and colleagues [55] and used the potential below.

2 6
MR(rij) = 48((0-/rij)1 - (G/rzj) ) + (1 - k)s rij < Rcut,layer
Ulayer(ri') = uA(rij) = _k‘gCOSz(n(rij - Rcut,layer)/2wc) Rcut.layer S rij S Rcut,layer + W, (3)
0 rij > Rcut,layer + W,

In particular, we used a repulsive L-] potential to reduce penetration between inner and
outer layers. We modeled the attraction between the two lipid layers by using a potential that
depends on cos*() that is more compliant than a corresponding L-J potential. We validated the
selection of parameters k = 0.01, w, = 1.37750 by measuring the interfacial tension and bend-
ing rigidity of the phospholipid bilayer. Details related to these measurements and a list of the
parameters used in the potential can be found in the Supporting Information (S2 and S3 Figs,
S1 Table).

Finally, we modeled the association between the APMS and the phospholipid bilayer. In
RBCs, band-3 proteins are connected to spectrin tetramers via ankyrin. Ankyrin then binds
near the C terminus of one of the 3-spectrin dimers at approximately the middle area of the
spectrin tetramer. In addition, actin junctional complexes bind to the phospholipid bilayer via
glycophorin and, thus, contribute to the anchoring of the phospholipid bilayer to the mem-
brane skeleton [34, 35]. In the AIS, the spectrin tetramers are connected to ankyrin G as in
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RBCs. Then, ankyrin G anchors the APMS to the phospholipid bilayer by binding to Na,
channels. We assigned only one Na, channel for each ankyrin molecule. The resulting Na,
channel density is approximately 150 channels per um?, which lies within the range of 110 to
300 channels per um? measured in the AIS [56]. An ankyrin particle is connected to the 20™

particle of the spectrin filament by a spring potential U (r,) = 1/2k,(r, — 3 ), where the
equilibrium distance is rff = 15 nm. This distance corresponds to the radius of a spectrin
particle (2.5 nm) and the effective radius of the cytoplasmic domain of the ankyrin complex
connected to an Na, channel (~12.5 nm) [54]. We used a similar spring potential of UAG(r,.j) =
1/2k(r,; — r‘ef‘qc)2 to represent the association between actin and actin-anchored proteins,
where ¢ = 20 nm is the equilibrium distance.

Because the binding force between spectrin filaments and the phospholipid bilayer in the
axon is not known, we applied various strength levels in the attractive part of the L-J potential

as follows:
12 6
1.50 1.5¢
Ls dne| | — — | —
Urep(rij) = rij rij

0 ry > 3.750

+ne r; < 3.750

(4)

where 7 represents a parameter that adjusts the attractive energy. We used attraction between
spectrin and lipid particles to investigate the corresponding effect on protein diffusion in the
APM.

The system that we used in our simulation consists of 327,384 particles, corresponding to
an axon with a length of approximately 555 nm. We implemented periodic boundary condi-
tions at the two ends of the axon. We also note that the model of the APMS is periodic along
the circumferential direction of the axon. Because of this, we considered that the circumferen-
tial length of the APMS was infinite when measuring its effect on the transverse diffusion of
particles. We used the Beeman’s algorithm to integrate the equations of motion. The tempera-
ture of the system is controlled by the Nose-Hoover thermostat at KgT/e = 0.22. The model is
implemented in the NVT ensemble with a time scale of t, = \/mo? /e and time step of
dt = 0.01¢,. At the selected temperature, the proposed mesoscale implicit-solvent CGMD mem-
brane model behaves as a 2D fluid where the lipids and axonal membrane proteins diffuse [25,
28, 43]. We first equilibrated the model for 3x10° time steps and measured the diffusion of
axonal membrane proteins during a period of 10° time steps after equilibration. We performed
the simulations on a high-performance computing cluster in the Department of Mechanical
Engineering at the University of Connecticut and on the San Diego Supercomputer Center
supported by the Extreme Science and Engineering Discovery Environment [57].

Below we describe limitations of the current model. First, it represents the lipid bilayer as
two uniform single layer of particles. The coarse-grain lipid particle in each monolayer is
treated as one type of lipid molecule. This was necessary in order to simulate the membrane
thermal fluctuations and fluidity of the membrane at a much larger length and time scale.
However, as the model lacks the specific lipid molecule structure or incorporation of lipid
rafts, we cannot exclude the possibility that the interaction between different lipid molecule
domains with membrane proteins might further regulate the diffusion of IMPs and TMPs in
the membrane. Second, the mechanical structure of the axon is dictated not only by the actin
and spectrin membrane skeleton but also by microtubules and neurofilaments. Here, we simu-
lated the function of microtubules on maintaining the distance between two consecutive actin
rings with a FENE potential without explicitly establishing the microtubules structures.
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However, as we did not simulate the role of mechanical stretch in axonal lipid and protein dif-
fusion, we don’t think that the absence of precise simulation of microtubules or filaments
would change our conclusions.

Results
Diffusion in the axon plasma membrane

In this study, we investigated the effects of the APMS and accumulation of TMPs on lipid and
protein diffusion in the APM. Importantly, we considered the cylindrical shape of the axon
when calculating the diffusion parameters [58]. To calculate the MSD as a function of time
using numerical data, we took advantage of the fact that distances on a cylindrical surface are
preserved during rolling unwrap. We first unwrapped the positions of the particles on the cyl-
inder by rolling it on a 2D plane, and then calculated the MSD in the 2D plane (54 Fig). We
were able to neglect the radial displacements dr of membrane particles caused by thermal fluc-
tuations as they were small compared to the radius r of the axon (< 5% of the axon radius).
Consequently, a particle’s changed coordinates within the cylindrical coordinate system (dr,
rd0,dz) were transferred into a 2D plane surface as (rd6,dz). Moreover, we measured the MSD
(r*d6?+dz*) on the cylindrical surface on the plane with coordinates du = rdf and dv = dz. In
several instances, we decoupled the thermal motion into longitudinal diffusion (1D diffusion
along the axon) and transverse diffusion (1D diffusion along the axon’s circumference) as
shown in S4 Fig. We reconstructed the overall 2D diffusive motion by combining the MSDs of
the longitudinal and transverse components of diffusion.

Actin rings as fences

We first established the time scale for the diffusion simulations. We measured diffusion of lip-
ids and compared our simulations to the experimental results of Nakada and colleagues [16].
We found that the time dependence of MSD was similar for lipids in both the inner and outer
leaflets (Fig 3A). This suggests that the diffusion of lipids in our model was not significantly
affected by the APMS. Furthermore, as the dependence of MSD with respect to time was lin-
ear, the lipids underwent normal diffusion. We calculated the diffusion coefficient to be
1.14x10%¢*/t,, where o = 2.227 nm and is the time scale. By matching the diffusion coefficient
of lipids Dyig = 1.14x107%¢%/t, with the experimentally measured diffusion coefficient of

~0.3 pmz/ s [16], we determined that ¢, = 1.82x10™’s. We note that the membrane viscosity can

(B)
x10°

Lipids Outer IMPs

— Longitudinal

10

D=1.14x10"

MSD (o)

4 6 8 10, . % 2 2 6 8 10 _
Timestep X Timestep x10

Fig 3. MSDs of lipids and IMPs of the outer leaflet. (A). 2D MSDs of lipids of inner and outer leaflets. (B). MSDs of outer leaflet IMPs in
longitudinal and transversal directions. The overall MSD is the summation of longitudinal and transversal MSDs and represents surface diffusion.

https://doi.org/10.1371/journal.pcbi.1007003.9003
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be found by the Stokes-Einstein equation 17 = KgT/67Dj;piqtp, where rp is the radius of the
coarse grain lipid particle. Using the determined time scale, we found that the corresponding
membrane viscosity is 0.6N-s/m”, which approximates the reported experimental data [59].
We further validated this result by calculating the diffusion coefficient of the IMPs of the outer
leaflet. By fitting the MSD for the IMPs of the outer leaflet with a linear function of time (Fig
3B), we determined that the diffusion coefficient was D,,., = 3.84x10>¢c*/t, = 0.11 pmz/ s. This
result is similar to the experimentally measured diffusion coefficient value for GPI-GFP in the
AIS, before the establishment of diffusion strips, and in the distal axon, which lacks diffusion
strips [20]. After establishing a time scale that is consistent with experimental results, we deter-
mined the conditions in which actin rings could act as “fences” for diffusing outer leaflet,
inner leaflet, and transmembrane proteins.

Diffusion of IMPs in the outer leaflet. Albrecht and colleagues showed that diffusion of
IMPs of the outer leaflet is confined to rings that co-localize with the actin rings of the AIS,
which possibly act as “fences” [20]. This begs the question: how is the motion of IMPs in the
outer leaflet restricted by the sub-membrane cytoskeleton and, in particular, by the actin
rings? We derived trajectories for the outer leaflet IMPs in an effort to understand this para-
doxical observation.

Our initial results did not show any obvious actin boundaries for the IMPs of the outer leaf-
let, whereas the MSDs of the longitudinal and transverse components of diffusion were both
linear functions of time (Fig 3B and S5 Fig). We next considered several other explanations as
to how actin might hinder the outer leaflet diffusion. One possibility was that an increased
association between actin particles and diffusing IMPs of the outer leaflet—independent of
actin-associated proteins—could cause boundary formation and restrict IMP diffusion. We
hypothesized that the association between actin and IMPs was restricted to only one protein
per actin particle. We showed that actin particles can transiently associate with diffusing pro-
tein particles, but this association did not lead to the formation of well-defined boundaries for
diffusing IMPs (S6 Fig).

Finally, we tested an alternative explanation: that actin rings were not hampering the mobil-
ity of IMPs, but rather this hindrance was caused by proteins that form actin junction com-
plexes, more specifically, proteins that associate the actin rings with the phospholipid bilayer.
In this model, actin-associated proteins are obstacles for diffusing IMPs, impeding their mobil-
ity [14]. To test this possibility, we performed simulations with actin-anchored proteins of dif-
ferent sizes (5 nm, 15 nm, and 25 nm). Fig 4 shows the trajectories of the smallest particles (5
nm). We did not find any obvious boundaries that restricted the motion of IMPs in the outer
leaflet. However, as the size of the particles representing actin-anchoring proteins grew to 15
nm, we recorded a decrease in the frequency of actin ring crossing. We observed clear actin
boundaries and thus confined diffusion along the longitudinal directions when the diameter of
the actin-anchoring proteins was 25 nm. As expected, the longitudinal motion of the outer
leaflet IMPs also changed from free to confined diffusion when the particle diameter was set at
25 nm. Therefore, our simulations show that actin-associated proteins are necessary for
restricting the diffusive motion of the outer leaflet IMPs.

Diffusion of IMPs in the inner leaflet. After establishing the conditions for which actin
rings could restrict diffusion of IMPs in the outer leaflet between two adjacent rings, we deter-
mined the role of actin rings on the diffusion of inner-leaflet TMPs and IMPs along the axon’s
longitudinal direction. To our knowledge, no available experimental results to which we could
compare our numerical result exists. Thus, this simulation provides a framework for future
experiments. We expect the actin rings to interfere with longitudinal diffusion. By contrast,
the spectrin network that connects the actin rings might interfere with transverse diffusion.
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Fig 4. MSDs and trajectories of the outer leaflet IMPs with actin-anchored proteins (AAPs) of different sizes. (A). Longitudinal MSDs of
IMPs in the outer leaflet with three sizes of AAPs. Panels (B), (C), and (D) show the trajectories of 5 nm, 15 nm, and 25 nm AAPs,
respectively.

https://doi.org/10.1371/journal.pcbi.1007003.g004

We therefore only discuss longitudinal diffusion in this section. We discuss transverse diffu-
sion in the next section.

With regards to longitudinal diffusion, we found that the inner leaflet TMPs’ and IMPs’
motions could be described as confined diffusion (Fig 5) due to the restriction imposed by the
actin rings [26, 60-62]. The MSD of a completely confined diffusion is given by the expression
MSD(t) = L?/6(1 — e '2Pnen'/*) where L is the characteristic length and D, ,;c, is the micro-
scopic diffusion coefficient [60]. By fitting the numerical results to the aforementioned expres-

sion, we found that, in the case of TMPs, the characteristic length was L~48.5¢ = 108 nm and
Longitudinal

the microscopic diffusion coefficient was D,y = 1.53 x 10 6% /t, = 0.04 um? /s (S2
Table and S7 Fig). By including the steric distance of 30nm between a TMP and the actin particle
to both sides of an axon’s cylindrical stripe, we obtained a stripe width of 168 nm, which is close
to the 185 nm distance between the two actin rings employed in our model. This result justifies
that L can be considered a measure of the average maximum distance covered by a TMP along
the axon. For IMPs of the inner leaflet, we found that the characteristic length is L~520 = 115.8

nm and the microscopic diffusion coefficient is Do = 3.31 x 10 %6 /t, = 0.09 um?/s.
As expected, this diffusion coefficient value was similar to the value obtained for IMPs of the
outer leaflet. The diffusion coefficients differed between TMPs and IMPs due to their different
radii, which caused TMPs to interact with particles from both lipid layers and IMPs to interact

with particles from only one lipid layer.
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Fig 5. MSDs and trajectories of IMPs in the inner leaflet and TMPs. (A). Longitudinal MSD of IMPs in the inner leaflet. (B). Trajectories
of IMPs in the inner leaflet. (C). Longitudinal MSD of TMPs. (D). Trajectories of TMPs.

https://doi.org/10.1371/journal.pcbi.1007003.g005

In summary, we found that actin rings could limit longitudinal diffusion of inner but not of
outer leaflet lipids and proteins. Additional actin-associated proteins that anchor the phospho-
lipid bilayer to actin rings are necessary to limit the diffusion of outer leaflet lipids and
proteins.

Role of spectrin filaments as permeable “fences”

Next, we investigated the role of spectrin filaments on the diffusion of axonal membrane pro-
teins. Ample evidence indicates that spectrin filaments are oriented along the axon, and the N
terminus of BIV spectrin is connected to the actin rings. We previously showed that the spec-
trin filaments are under entropic tension and the periodic actin/spectrin arrangement provides
the axon with mechanical resistance and flexibility [11]. As discussed in the previous section,
actin rings wrap along the axon’s circumferential direction and restrict the motion of TMPs
and IMPs of the inner leaflet in the longitudinal direction. Here, we examined whether the
spectrin filaments exert a similar effect on the transverse diffusion of axonal IMPs of inner and
outer leaflets.

Transverse diffusion of IMPs of the outer leaflet for different spectrin-phospholipid
bilayer associations. For these simulations, we assumed only a steric repulsion between spec-
trin filaments and the phospholipid bilayer (n = 0 in Eq 4). The MSDs of the outer leaflet IMPs
showed a linear dependence on time (S8 Fig). The corresponding transverse diffusion
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coefficients Dy = 1.15 x 10~%g” /t, and D[J"* = 3.82 x 10’ /t, were similar to the

outer
longitudinal diffusion coefficient (Fig 3). This means that the IMPs of the outer leaflet undergo
normal diffusion in both the longitudinal and transverse directions, and the corresponding
diffusion is not affected by the sub-membrane spectrin filaments. This result is not surprising
because the IMPs of the outer leaflet do not directly interact with the spectrin filaments.

Transverse diffusion of TMPs and IMPs of the inner leaflet for different spectrin-phos-
pholipid bilayer associations. The diffusion of TMPs and IMPs of the inner leaflet are likely
abnormal given that TMPs and IMPs directly interact with the APMS. This type of diffusion
depends on the interactions between spectrin filaments and diffusing particles. If the lipid
layer and the spectrin particles have a strong attraction, the spectrin filaments remain very
close or even attached to the cytoplasmic lipid layer and act as impenetrable reflecting barriers.
In this case, we expect that the transverse diffusion would be confined to the cortex corals
formed by the consecutive spectrin filaments and the corresponding portions of the actin rings
(Fig 1). If the lipids and spectrin particles are only weakly attracted to one another, we expect
the oscillating spectrin filaments to form transient barriers with the oscillating phospholipid
bilayer, which could then allow diffusing particles to occasionally escape from one compart-
ment to the other. This motion is called hop diffusion. The steric hindrance effect we observed
between spectrin filaments and TMPs and IMPs depends on the characteristic time scales of
membrane oscillations, spectrin oscillations, and diffusion. The characteristic conformation
time for spectrin filaments is approximately 100 ps [28, 63]; by contrast, the characteristic
period of plasma membrane oscillations is approximately 500 ps [64, 65]. The free-diffusion
coefficient for TMPs and IMPs in phospholipid bilayers is 5.3x10 cm?s ™" [66]. Based on this
result, we calculated that a membrane protein takes approximately 200 us to travel approxi-
mately 10 nm, which is the distance the protein must cover to clear a spectrin barrier. Given
that the aforementioned characteristic time scales are of the same order of magnitude, TMPs
and IMPs could cross the barriers formed by the spectrin filaments if there is no association
between spectrin and the phospholipid bilayer.

When we examined the diffusion of TMPs and IMPs of the inner leaflet, the MSDs showed
anonlinear dependence on time when the spectrin filaments and lipid particles did not associ-
ate (blue lines in Fig 6). We can explain the sub-diffusion behavior through two types of diffu-
sion: (i) anomalous diffusion and (ii) confined diffusion at short time scales superimposed on
linear, slow, normal diffusion at longer time scales.

Theoretically, anomalous sub-diffusion is generated by an infinite hierarchy of binding
sites and barriers that hinder diffusion, and its MSD is proportional to ~t*, where a<1 [67, 68].
In cells, binding sites and barriers have a finite hierarchy and, consequently, the diffusion
could be transient anomalous sub-diffusion for relatively short times and normal diffusion for
longer times. Our model of the APMS, however, has an infinite number of spectrin filaments,
as we used periodic boundary conditions. Therefore, we would not exclude the possibility of
anomalous transverse diffusion across all time scales except for the very small time scale related
to ballistic motion.

If the model of confined transverse diffusion is used at relatively short times and normal
slow transverse diffusion is used at long times, then the MSD can be described by the expres-
sion MSD(t) = L?/6(1 — e "2Pminet/1*) 4 2D ¢ [60]. In particular, we expect two diffusion
coefficients: one that is valid at time scales that are significantly smaller than the characteristic
crossing time (D), and one that is valid at much larger time scales (D,;,4,0)- In RBCs, the
experimental results revealed that band-3 proteins undergo hop diffusion. It was hypothesized
that this is due to the cytoskeleton remodeling and binding forces between spectrin and lipids
promote band-3 hop diffusion [26, 66]. Our simulations for the normal and defective RBC
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Fig 6. MSDs of the inner leaflet IMPs and TMPs along the axon’s circumferential direction. (A). Transverse MSD of the inner leaflet IMPs
at different spectrin-lipid associations. (B). Transverse MSD of TMPs at different spectrin-lipid associations.
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membrane showed that band-3 diffusion type is controlled by the connectivity of the mem-
brane skeleton and the association between the phospholipid bilayer and membrane skeleton
[25].

In order to clarify which model best explains our numerical results, we employed the
expressions for both anomalous diffusion MSD(t) = Ct* and confined-hop diffusion

MSD(t) = L?/6(1 — e 2Pwieet/L”) 4 2Dt to fit the MSDs of TMPs and IMPs of the inner
leaflet along the axon’s circumferential direction. The value of the residual’s squared norm
served as our criterion for best fit (S9 Fig). The results show that confined-hop diffusion with
long-time normal diffusion is a better approximation than anomalous diffusion of TMPs and
Transverse

IMPs of the inner leaflet. By employing the confined-diffusion model, we obtained D =

micro,inner

3.38 x 107%¢%/t, = 0.09 um?/s and D7 = 1.26 x 10 *0?/t, = 0.03 um? /s, which

micro, TMP

Longitudinal Longitudinal
micro,inner and Dmicm,TMP >

resemble the values of D respectively as shown in S3 Table. We calcu-
lated the macroscopic diffusion coefficients of TMPs and IMPs of the inner leaflet along

the axon’s circumferential direction to be DI ' = 8 97 x 10 °¢?/t, and DIrsverse =

macro, TMP macro,inner
1.86 x 10 '6?/t,, respectively. We note that these values are 10 to 20 times smaller than the
corresponding microscopic diffusion coefficients.

Next, we investigated transverse diffusion for different levels of attraction between spectrin
and lipids. This is particularly important because BIV spectrin has a pleckstrin domain that
allows spectrin to interact with the phospholipid bilayer. First, we found that the transverse dif-
fusion of the IMPs of the outer leaflet was not affected by the spectrin filaments even when
spectrin and lipid particles were strongly associated (n = 0.02 or 0.05 in Eq 4). Specifically, we
observed an approximately linear dependence of MSDs with respect to time (S8 Fig) that pro-
duced a diffusion coefficient of Dy;pig,y - 0.02 = 1.09x10™%d*/t,, Diipian = 0.05 = 1.07x10%¢%/t, for
lipids and Doyter = 0.02 = 3.77%10720%/ts, Doutern = 0.05 = 3.65x107%0*/t, for IMPs of the outer
leaflet. These values closely resembled the diffusion coefficients (Dj;pign - 0 = 1.14x10%%/t,,
Doutern — 0 = 3.84x107°0*/t,) for free lipids and free IMPs of the outer leaflet, respectively, that
move in a flat phospholipid bilayer without spectrin barriers.

By contrast, the MSDs of TMPs and IMPs of the inner leaflet were characterized by con-
fined diffusion behavior (black and red lines; Fig 6). By fitting the numerical data to the expres-
sion for the MSD displacement in confined diffusion, we extracted their corresponding
microscopic diffusion coefficients DI — 2 94 x 1002 /t, = 0.08 um? /s, DIranmsverse —

micro,inner micro,TMP ~—

1.34 x 10%6?/t, = 0.03 pm?/s at n = 0.02, DT@vere = 3,04 x 10 °¢?/t, = 0.08 um? /s, and

micro,inner
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Dlree, — 1.44 x 107%6? /t, = 0.04 um® /s at n = 0.05. The microscopic diffusion coefficient

values in the transverse direction resembled the values observed for the confined longitudinal
diffusion and the normal diffusion of the corresponding proteins. For the inner leaflet IMPs,
the characteristic length was L~5.91¢0= 13.16 nm at n = 0.02 and L~5.090= 11.34 nm at

n = 0.05. In addition, we calculated the characteristic length of TMPs to be L~4.150= 9.24 nm
atn = 0.02 and L~3.22¢0=7.17 nm at n = 0.05. By adding the corresponding steric distance to a
spectrin particle, we obtained a distance that was close to the periodic circumferential distance
between the spectrin filaments, which was approximately 35 nm.

We conclude that repulsive interaction between the axonal membrane proteins and the
spectrin filaments results in confined diffusion of TMPs and IMPs of the inner leaflet when
spectrin filaments and lipids are strongly associated. When there is no attraction between the
spectrin and lipid particles, the oscillations of lipid layer and spectrin filaments hinder the
motion of axonal membrane proteins but do not completely prohibit crossing of the spectrin
barriers. Thus, TMPs and IMPs of the inner leaflet can hop over the spectrin corrals, which
leads to normal diffusion at a larger time scale. However, this process is characterized by a
smaller macroscopic diffusion coefficient compared to the microscopic one. Therefore, MSDs
at larger time scales account for the inter-compartmental hop diffusion between spectrin fila-
ments in the circumferential direction.

Effect of accumulation of TMPs on the diffusion of lipids and membrane
proteins in the APM of the AIS

In neurons that have matured past ten days in vitro (DIV), the AIS acts as a diffusion barrier
and completely halts diffusion while the structure of the APMS remains essentially the same.
By contrast, among neurons that are no older than a week (< DIV 6), proteins within the AIS
are diffusive. It is possible that the lack of diffusion in the AIS at the later developmental time
points is due to accumulation of ankyrin-binding TMPs in the AIS, such as Na and potassium
channels [69, 70]. We have demonstrated that the APMS hinders, but does not completely
stop, the thermal motion of axonal membrane proteins. This result is similar to an earlier
experimental finding in cochlea outer hair cells that showed cytoskeletal structures alone con-
straint but do not completely prevent lateral mobility of membrane proteins [71]. We therefore
hypothesized that accumulation of TMPs in the AIS plays an important role in ceasing diffu-
sion of APM proteins.

We considered different accumulation levels of TMPs that were anchored to the APMS
with a limited motion range as is typically the case with ion channels such as voltage-gated
sodium (Na,) and potassium (K,) channels (i.e KCNQ2). We attached the TMPs particles at
random points of the middle surface of the lipid bilayer via a spring with stiffness ko = 6.5&/0”.
This resulted to an average radius of gyration R,~4.83 nm of the anchored TMPs in the APM
comparable to their diameter. We then created different environments by increasing the initial
surface accumulation of TMPs from three particles per rectangular corral (p = 3 pprc) to 20,
45, 60, and 90 (S10 Fig). These surface densities of TMPs corresponds to surface area coverages
0f 0.87%, 5.83%, 13.11%, 17.48%, and 26.22%, respectively. We first measured the MSDs of
IMPs of the outer leaflet at the axon’s longitudinal and transverse directions at different TMP
densities, with no attraction between spectrin filaments and lipid particles (n = 0 in Eq 4). We
observed that increased accumulation of TMPs did not noticeably and for the observed time
scale alter the diffusion type of IMPs of the outer leaflet, which remained normal (Fig 7A and
7B). However, it caused a reduction in both the longitudinal and transverse diffusion coeffi-
cients and the total corresponding diffusion coefficients from D,y zer.3 ppre = 3.84x10¢*/t, for
p = 3 PPre t0 Doyrer,20 ppre = 2.36x107°0%/1, for p = 20 ppre, Doyseras ppre = 7.43x10~ 0%/, for p =
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Fig 7. One-dimensional MSDs of IMPs at different accumulation levels of anchored TMP. (A). Longitudinal and (B). Transverse MSDs of
IMPs of the outer leaflet at 3, 20, 45, 60 and 90 pprc. (C). Longitudinal and (D). Transverse MSDs of IMPs of the inner leaflet at 3, 20, 45, 60 and
90 pprc. The percentages of surface area coverage are 0.87%, 5.83%, 13.11%, 17.48%, and 26.22%, respectively.

https://doi.org/10.1371/journal.pcbi.1007003.9007

45 pprc, Douter,60 ppre = 1.41x10~*¢?/t, for p = 60 pprc, and D,yyer.00 ppre = 2.24x107°c*/t, for p =
90 pprc, as shown in S4 Table. From the result it is clear that at p = 90 pprc (~26% surface cov-
erage) the diffusive motion of IMPs of the outer leaflet almost ceased since the corresponding
diffusion coefficient Dyyzer,00 ppre for 90 ppre is more than 500 times smaller than the diffusion
coefficient Dy;;q = 1.14 x 107%0°/t, of particles that represent lipids. It is noted however that
this reduction in diffusivity cannot cause the formation of stripes. Similarly with the IMPs of
the outer leaflet, diffusion of particles representing lipids remained normal but the diffusion
coefficient reduced as the accumulation of TMPs increased and at p = 90 pprc diffusion practi-
cally ceased (S11 Fig and S4 Table).

Next, we measured the MSDs of IMPs of the inner leaflet at the axon’s longitudinal and
transverse directions at different TMP densities, with no attraction between spectrin filaments
and lipid particles (n = 0 in Eq 4). As discussed previously, IMPs of the inner leaflet underwent
confined longitudinal diffusion. This is apparent in Fig 7C for p = 3 pprc and p = 20 pprc,
where MSDs almost reached their maximum value for the observed number of time steps. For
p =45 ppre, p = 60 pprc, and p = 90 ppre, although the longitudinal diffusion was eventually
confined, the required number of time steps for the MSDs to reach their maximum value
went beyond the observed time period. For example, if we used the characteristic length
L =115.8nm, computed in the case of p = 3 pprc for IMPs of the inner leaflet, we found that
when p = 45 pprc, approximately 8x10” more time steps were required to reach the maximum
MSD value. This meant that at p = 45 pprc (13.11% area coverage), the motion of IMPs of the
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inner leaflet was significantly hindered and the number of time steps in our simulation was
not large enough to see the effect of corrals.

The effect of the accumulation of TMPs was clearly reflected on the value of the microscopic
diffusion coefficient, which corresponds to the slope of the linear portion of the MSD graph at
small time scale. By fitting the corresponding MSDs with the expression of confined-hop diffu-
sion, we found that as the density p increased from 3 to 20, 45, 60, and 90 pprc, the microscopic

diffusion coefficient for the IMPs of the inner leaflet decreased from D" — 3 26 x

inner,3 pprc
1076 /t, to Djps™ = 2.04 x 10°6%/t, to Dy = 1.65 x 10*6*/t, and D g e =
9.87 x 10°a%/t, to D,-L:,:%‘gi;;lm = 2.63 x 10 °a?/t, respectively (Fig 7C and S5 Table). In trans-
verse diffusion, accumulation of TMPs once again failed to change the nature of diffusion and
merely reduced the micro-diffusion coefficient. As discussed above, transverse diffusion can be
described as confined hop diffusion. For the values p = 3, 20, 45, 60, and 90 pprc the micro-dif-

fusion coefficients for the IMPs of the inner leaflet decreased from D@ — 3 28 x

inner,3 pprc

10*30_2/1,5 to DTmnsverse — 213 X 10*30.2/& to DTmnsverse — 143 X 10*40_2/1.;) and DTransverse

inner,20 pprc inner 45 pprc inner,60 pprc ~

8.76 x 10 °¢?/t, to DIrmvere =2 66 x 10 °0*/t, (Fig 7D and S5 Table).

inner,90 pprc

For completeness, we also investigated how accumulation of TMPs, which are not anchored
to the APMS but that can thermally diffuse, affects the diffusive motion of IMPs of the inner
and outer leaflet. We previously considered the effect of APMS, when the density of TMPs
between the actin rings was set to p = 3 pprc, which was a very low density compared to the
density of membrane proteins in the axons of mature neurons (no accumulation of TMPs; S10
Fig) [69, 70]. To study the effect of the accumulation of TMPs, we again created different envi-
ronments by increasing the initial surface density of TMPs from p = 3 to 20, 45, 60, and
90 pprc. We found that the TMPs behave similarly to IMPs of the inner leaflet. The longitudi-
nal diffusion was confined and the transverse diffusion was confined hop-diffusion. We also
found that the diffusion types of IMPs of the outer and inner leaflets were similar with the
cases when TMPs were fixed (Fig 7, S12 and S13 Figs). The results are discussed in detail in
Supporting Information (SI Text).

Discussion

Our results clearly illustrate that the periodic APMS is capable of hindering the diffusion of
TMPs and IMPs of the inner leaflet, but the “fence” effect of the AMPS is not sufficient to
completely cease diffusion. We also showed that diffusion of lipids and IMPs of the outer leaf-
let is not directly affected by the APMS. Accumulated TMPs can immobilize the diffusion of
all axonal membrane proteins and lipids. This is a poignant result because the periodic struc-
ture of the APMS exists in both the AIS and the distal axon, but the diffusion barrier is only
observed in the AIS. We propose that accumulation of TMPs in the AIS is the primary mecha-
nism through which axonal membrane proteins and lipids are immobilized. However, the
effects of the APMS and accumulation of TMPs on APM protein diffusion are not mutually
exclusive and an intact AIS structure is necessary for the existence of the diffusion barrier.
Indeed, Song and colleagues experimentally demonstrated that loss of ankyrin G and the
resulting disruption of the APMS leads to a vanishing of the diffusion barrier in the AIS [17].
In addition, the diffusion barrier is impaired when actin is disrupted [16, 18].

We propose the following process for the formation of the diffusion barrier in the AIS.
First, during early neuronal development, when the periodic actin/spectrin cytoskeleton
emerges before the accumulation of ankyrin G, the membrane proteins in the AIS diffuse
freely until encountering the corral’s boundaries. These actin and spectrin “fences” restrict the
motion of membrane proteins within the corrals but do not immobilize membrane proteins.
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Second, during the stabilization of periodic cytoskeleton, ankyrin G proteins start accumulat-
ing in the AIS, and ankyrin G-anchored proteins (e.g., Na, channels, K, channels, NF 186, and
NrCAM) are recruited. Thus, the motion of those membrane proteins are confined or immo-
bilized by anchoring to ankyrin G. Finally, the accumulation of ankyrin G-anchored proteins
and other TMPs in the AIS of a mature neuron act as “pickets”, forming a membrane environ-
ment that immobilizes all membrane proteins and lipids.

Another important conclusion of this work is that diffusion of axon plasma membrane pro-
teins is deeply anisotropic, as longitudinal diffusion is of different type than transverse diffu-
sion. Our model predicts that longitudinal diffusion of all diffusing axon plasma proteins
(IMPs of the inner and outer layer, and TMPs) is confined diffusion because actin rings act as
impenetrable “fences”. This is in agreement with results shown in Albrecht et al. [20] where
the motion of IMPs of the outer layer is confined within periodic stripes with boundaries over-
lapping with actin rings. The case of transverse diffusion however is different because spectrin
tetramers do not interact with IMPs of the outer layer and form a permeable barrier for IMPs
of the inner layer and for TMPs. As a result, the transverse diffusion of IMPs of the outer layer
is normal whereas the transverse diffusion of IMPS of the inner layer and TMPs can be
described as anomalous or hop diffusion. Thus, we predict that the longitudinal diffusion of
the IMPs of the outer and inner layer and of TMPs is confined whereas the transverse diffusion
is characterized as normal for IMPs of the outer layer and as anomalous or hop diffusion for
IMPs of the inner layer and for TMPs. Our computational model can be possibly applied not
only for diffusion of axon plasma membrane proteins but also for diffusion of proteins of the
outer hair cell lateral wall where a similar actin-spectrin network constraints their mobility
and probably induces an anisotropic diffusion [71].

We also note that diffusion anisotropicity in the case of the axon plasma membrane results
directly from the anisotropicity of the structure of the APMS and its tethering to the lipid bilayer.
This is different than anisotropic diffusion caused by extension or shearing of the plasma mem-
brane as is the case of band-3 protein diffusion in the RBC plasma membrane described in Auth
et al. [24]. In this case, the membrane skeleton, which is formed by triangular equilateral corals
is isotropic at equilibrium [25, 28]. However, in the deformed RBC membrane the triangular
corrals are extended along the principal direction of the deformations allowing larger diffusion
in this direction. In addition, deformation causes changes in membrane thermal oscillations and
in the association between spectrin tetramers and lipid bilayer resulting in further changes in
band-3 directional mobility [24]. Future studies should explore whether deformation of the
axon plasma membrane affects diffusion of membrane proteins as a result of changes in the
geometry and biophysical behavior of the APMS and its association to the lipid bilayer.

In conclusion, in mature neurons the APM of the AIS functions as a diffusion barrier that
ceases the movement of proteins between the soma and axon and contributes to the mainte-
nance of neuronal polarity. Here, we introduce a CGMD model for the APM that includes rep-
resentations of the APMS, the phospholipid bilayer, TMPs, and IMPs in both the inner and
outer lipid layers to investigate the diffusion of lipids and membrane proteins in the APM. We
first showed that at low surface density of TMPs, lipid diffusion is not affected by the APMS or
by membrane proteins. This finding parallels experimental results observed in early neuronal
development. Next, we observed that actin rings limit the longitudinal diffusion of TMPs and
the IMPs of the inner leaflet but not of the IMPs of the outer leaflet. To reconcile the experi-
mental observations with our simulations, we conjectured the existence of actin-anchored pro-
teins that form a fence to restrict the longitudinal diffusion of IMPs of the outer leaflet. We
also showed that spectrin filaments can modify transverse diffusion of TMPs and IMPs of the
inner leaflet, depending on the strength of the association between lipids and spectrin. In the
AIS, where spectrin and lipids could associate due to the presence of pleckstrin domain in
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spectrin IV, spectrin filaments completely restrict diffusion of proteins within the skeleton cor-
rals and are thus likely to contribute to the immobilization of proteins during the later stage of
neural development. In the distal axon, where spectrin and lipids do not associate, spectrin
affects diffusion of membrane proteins in a more subtle way via a steric effect. Specifically,
spectrin modifies the diffusion of TMPs and IMPs of the inner leaflet from normal to con-
fined-hop diffusion. Finally, we simulated the effect that accumulation of TMPs has on the dif-
fusion of TMPs and IMPs of both the inner and outer leaflets by changing the density of
TMPs. We showed that the APMS structure (i.e., actin rings and spectrin filaments) acts as a
fence that restricts the diffusion of TMPs and IMPs of the inner leaflet within the membrane
skeleton corrals. However, these fences are not sufficient to completely cease diffusion of
membrane proteins. Accumulation of TMPs in the AIS is the primary source of membrane
protein immobilization. In particular, a ~30-fold increase in TMP density corresponding to
only ~25% of surface coverage blocks diffusion of lipids and membrane proteins due to accu-
mulation of TMPs. Overall, we showed that diffusion of axon plasma membrane proteins is
anisotropic as longitudinal diffusion is of different type than transverse (azimuthal) diffusion.
Our findings provide insight into how protein and lipid diffusion is controlled in the AIS to
allow neurons to effectively send and receive electrical signals.

Supporting information

S1 Text. Interfacial tension, bending rigidity of lipid bilayer, and effect of accumulation of
mobile TMPs on the diffusion of membrane proteins and lipids in the APM of the AIS.
(DOCX)

S1 Fig. Potentials used in the simulations. (A) Representation of the sizes of actin, spectrin,
and TMP. (B) Translational and rotational coordinates of a particle. (C) Potentials used in the
APMS. S represents spectrin, K represents a Na, channel anchored to ankyrin G, A represents
actin, and G represents an actin-anchored protein. (D) Membrane potential between two lipid
particles with different relative orientations n;. (see main text for more details).

(TTF)

S2 Fig. Interfacial tension of the phospholipid bilayer with respect to values of the parame-
ter k employed in Eq 3 that describes the interaction between particles belonging to the
two different leaflets.

(TIF)

S3 Fig. Vertical displacement fluctuation spectrum of membrane model as a function of
the dimensionless quantity qo/7m, where q is the wave number and ¢ is the length scale.
(TIF)

$4 Fig. Unwrapping of the cylindrical coordinates to the corresponding Cartesian coordi-
nates. (A) A cylindrical surface is unwrapped to a flat plane. (B) Point P with cylindrical coor-
dinates with respect to point O are (r,0,z) on a circle is unwrapped to point P’ on the plane
with coordinates (x = 76,y = 0,2).

(TIF)

S5 Fig. Trajectories of two IMPs of the outer leaflet projected to a plane in the case where
there are no actin-anchored proteins. Note the lack of a stripe formation.
(TIF)

S6 Fig. Effect of association to actin on the diffusion of IMPs of the outer leaflet. (A)
Computational model in the case of association between actin and IMPs of the outer leaflet,
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where one IMP particle (green) is restricted by only one actin-associated proteins (yellow).
Each association pair is marked as black dash box. (B) Overall MSDs of the outer leaflet IMPs
with and without the association.

(TIF)

S7 Fig. MSDs along the longitudinal direction as functions of time for (A) IMPs of the inner
leaflet and (B) TMPs. Red dashed line fits the data to confined hop diffusion, whereas the black
dash line fits the data to anomalous diffusion. Confined diffusion is a better fit for the data.
(TIF)

S8 Fig. MSDs of lipids and IMPs of the outer leaflet at longitudinal and transverse direc-
tions at various spectrin-lipid associations as functions of time. (A) Dyyig, - o =
1.14x10"%0°/t, Dyjpia.02 = 1.09x1020%/t; Dyipig0.05 = 1.07x107%6%/t,. (B) Douteryn = 0 =
3.84x10°0*/t; Doyter0.02 = 3.77%10720%/t, D yter0.05 = 3.65x1020*/t,.

(TIF)

S9 Fig. MSDs of IMPs of the inner leaflet and TMPs at the transverse direction at n = 0.
The black dashed line is the anomalous diffusion fitting with A*t°. The red dashed line is the
curve fitting of the confined hop diffusion. (A) Squared norm of the residual of the transversal
MSD of IMPs in the inner leaflet 2.25x10” (anomalous diffusion) and 5.37x10° (confined dif-
fusion). (B) Squared norm of the residual of the transversal MSD of TMPs 4.59%x10° (anoma-
lous diffusion) and 2.87x10° (confined diffusion).

(TIF)

$10 Fig. Ilustration of the density of TMPs (A) pprc = 3 (0.88% of the surface area) and
(B) pprc = 25 (7.28% of the surface area).
(TIF)

S11 Fig. MSDs of lipids (A) and IMPs (B) of the outer layer as functions of time when
TMPs are anchored to the APMS. The blue line represents the case of pprc = 3 (0.88% of the
surface area). The green line represents the case of pprc = 20 (5.83% of the surface area). The
black line represents the case of pprc = 45 (13.11% of the surface area). The magenta line repre-
sents the case of pprc = 60 (17.48% of the surface area). The red line represents the case

of pprc = 90 (26.22% of the surface area).

(TTF)

$12 Fig. One-dimensional MSDs of TMPs and IMPs of the inner leaflets at different TMP
densities. (A) Longitudinal and (B) Transverse MSDs of IMPs of the inner leaflet at 3, 20, 45,
60 and 90 pprc. (C) Longitudinal and (D) Transverse MSDs of TMPs at 3, 20, 45, 60 and

90 ppre.

(TIF)

S13 Fig. MSDs of lipids (A) and IMPs (B) of the outer layer as functions of time when
TMPs are not anchored to the APMS. The blue line represents the case of pprc = 3 (0.88% of
the surface area). The green line represents the case of pprc = 20 (5.83% of the surface area).
The black line represents the case of pprc = 45 (13.11% of the surface area). The magenta line
represents the case of pprc = 60 (17.48% of the surface area). The red line represents the case
of pprc = 90 (26.22% of the surface area).

(TIF)

S1 Table. Potentials and corresponding parameters used to model the axon plasma mem-
brane.
(PDF)
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$2 Table. Longitudinal diffusion coefficients of membrane proteins and lipids.
(PDF)

§3 Table. Transverse diffusion coefficients of membrane proteins and lipids.
(PDF)

$4 Table. Diffusion coefficients of lipids and IMPs of the outer layer for different accumu-
lation densities of immobile TMPs.
(PDF)

S5 Table. Longitudinal and transverse diffusion coefficients of IMPs of the inner layer for
different accumulation densities of immobile TMPs.
(PDF)

Acknowledgments

This work used the computing resource on the San Diego Supercomputer Center (SDSC) sup-
ported by the Extreme Science and Engineering Discovery Environment (XSEDE).

Author Contributions

Conceptualization: Anastasios V. Tzingounis, George Lykotrafitis.

Data curation: Yihao Zhang, George Lykotrafitis.

Formal analysis: Yihao Zhang, Anastasios V. Tzingounis, George Lykotrafitis.
Funding acquisition: Anastasios V. Tzingounis, George Lykotrafitis.
Investigation: Yihao Zhang.

Methodology: George Lykotrafitis.

Project administration: Anastasios V. Tzingounis, George Lykotrafitis.
Resources: Anastasios V. Tzingounis, George Lykotrafitis.

Software: Yihao Zhang, George Lykotrafitis.

Supervision: Anastasios V. Tzingounis, George Lykotrafitis.

Validation: Yihao Zhang, George Lykotrafitis.

Visualization: Yihao Zhang, George Lykotrafitis.

Writing - original draft: Yihao Zhang, Anastasios V. Tzingounis, George Lykotrafitis.

Writing - review & editing: Yihao Zhang, Anastasios V. Tzingounis, George Lykotrafitis.

References

1. Takano T, Xu C, Funahashi Y, Namba T, Kaibuchi K. Neuronal polarization. Development. 2015; 142
(12):2088-93. Epub 2015/06/18. 142/12/2088 [pii] https://doi.org/10.1242/dev.114454 PMID:
26081570.

2. Bear MF, Connors BW, Paradiso MA. Neuroscience: exploring the brain. 3rd ed. Philadelphia, PA: Lip-
pincott Williams & Wilkins; 2007. xxxviii, 857 p. p. https://doi.org/10.1093/brain/awm203

3. Blaustein MP, Kao JPY, Matteson DR. Cellular physiology and neurophysiology. 2nd ed. Philadelphia,
PA: Elsevier/Mosby; 2012. xx, 337 p. p.

4. Craig AM, Banker G. Neuronal polarity. Annu Rev Neurosci. 1994; 17:267-310. Epub 1994/01/01.
https://doi.org/10.1146/annurev.ne.17.030194.001411 PMID: 8210176.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007003 May 2, 2019 22/26


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007003.s016
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007003.s017
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007003.s018
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1007003.s019
https://doi.org/10.1242/dev.114454
http://www.ncbi.nlm.nih.gov/pubmed/26081570
https://doi.org/10.1093/brain/awm203
https://doi.org/10.1146/annurev.ne.17.030194.001411
http://www.ncbi.nlm.nih.gov/pubmed/8210176
https://doi.org/10.1371/journal.pcbi.1007003

GPLOS |saisermom

The axonal plasma membrane periodic structure restricts diffusion of proteins

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Leterrier C. The Axon Initial Segment: An Updated Viewpoint. J Neurosci. 2018; 38(9):2135-45. Epub
2018/01/31. JNEUROSCI.1922-17.2018 [pii] https://doi.org/10.1523/JNEUROSCI.1922-17.2018
PMID: 29378864.

Xu K, Zhong G, Zhuang X. Actin, spectrin, and associated proteins form a periodic cytoskeletal structure
in axons. Science. 2013; 339(6118):452—6. Epub 2012/12/15. science.1232251 [pii] https://doi.org/10.
1126/science.1232251 PMID: 23239625.

D’Este E, Kamin D, Gottfert F, El-Hady A, Hell SW. STED nanoscopy reveals the ubiquity of subcortical
cytoskeleton periodicity in living neurons. Cell Rep. 2015; 10(8):1246-51. Epub 2015/03/04. S2211-
1247(15)00134-5 [pii] https://doi.org/10.1016/j.celrep.2015.02.007 PMID: 25732815.

Leterrier C, Potier J, Caillol G, Debarnot C, Rueda Boroni F, Dargent B. Nanoscale Architecture of the
Axon Initial Segment Reveals an Organized and Robust Scaffold. Cell Rep. 2015; 13(12):2781-93.
Epub 2015/12/30. $2211-1247(15)01382-0 [pii] https://doi.org/10.1016/j.celrep.2015.11.051 PMID:
26711344,

Krieg M, Dunn AR, Goodman MB. Mechanical control of the sense of touch by B-spectrin. Nat Cell Biol.
2014; 16(3):224-33. https://doi.org/10.1038/ncb2915 http://www.nature.com/ncb/journal/v16/n3/abs/
ncb2915.html#supplementary-information. PMID: 24561618

Krieg M, Stuhmer J, Cueva JG, Fetter R, Spilker K, Cremers D, et al. Genetic defects in beta-spectrin
and tau sensitize C. elegans axons to movement-induced damage via torque-tension coupling. Elife.
2017;6. Epub 2017/01/19. https://doi.org/10.7554/eLife.20172 PMID: 28098556; PubMed Central
PMCID: PMC5298879.

Zhang Y, Abiraman K, Li H, Pierce DM, Tzingounis AV, Lykotrafitis G. Modeling of the axon membrane
skeleton structure and implications for its mechanical properties. PLoS Comput Biol. 2017; 13(2):
€1005407. Epub 2017/02/28. https://doi.org/10.1371/journal.pcbi.1005407 PCOMPBIOL-D-16-01390
[pii]. PMID: 28241082.

Leterrier C, Dargent B. No Pasaran! Role of the axon initial segment in the regulation of protein transport
and the maintenance of axonal identity. Semin Cell Dev Biol. 2014; 27:44-51. Epub 2013/11/19.
S$1084-9521(13)00120-1 [pii] https://doi.org/10.1016/j.semcdb.2013.11.001 PMID: 24239676.

Rasband MN. The axon initial segment and the maintenance of neuronal polarity. Nature Reviews Neu-
roscience. 2010; 11(8):552—62. https://doi.org/10.1038/nrn2852 PMID: 20631711

Huang YM, Rasband MN. Organization of the axon initial segment: Actin like a fence. J Cell Biol. 2016;
215(1):9-11. Epub 2016/10/05. jcb.201609084 [pii] https://doi.org/10.1083/jcb.201609084 PMID:
27697921; PubMed Central PMCID: PMC5057289.

Kobayashi T, Storrie B, Simons K, Dotti CG. A functional barrier to movement of lipids in polarized neu-
rons. Nature. 1992; 359(6396):647-50. Epub 1992/10/15. https://doi.org/10.1038/3596472a0 PMID:
1406997.

Nakada C, Ritchie K, Oba Y, Nakamura M, Hotta Y, lino R, et al. Accumulation of anchored proteins
forms membrane diffusion barriers during neuronal polarization. Nat Cell Biol. 2003; 5(7):626—32. Epub
2003/06/24. https://doi.org/10.1038/ncb 1009 ncb1009 [pii]. PMID: 12819789.

Song AH, Wang D, Chen G, Li Y, Luo J, Duan S, et al. A selective filter for cytoplasmic transport at the
axon initial segment. Cell. 2009; 136(6):1148-60. Epub 2009/03/10. S0092-8674(09)00024-5 [pii]
https://doi.org/10.1016/j.cell.2009.01.016 PMID: 19268344.

Winckler B, Forscher P, Mellman I. A diffusion barrier maintains distribution of membrane proteins in
polarized neurons. Nature. 1999; 397(6721):698-701. Epub 1999/03/06. https://doi.org/10.1038/17806
PMID: 10067893.

Nirschl JJ, Ghiretti AE, Holzbaur ELF. The impact of cytoskeletal organization on the local regulation of
neuronal transport. Nat Rev Neurosci. 2017; 18(10):585-97. Epub 2017/09/01. nrn.2017.100 [pii]
https://doi.org/10.1038/nrn.2017.100 PMID: 28855741.

Albrecht D, Winterflood CM, Sadeghi M, Tschager T, Noe F, Ewers H. Nanoscopic compartmentaliza-
tion of membrane protein motion at the axon initial segment. J Cell Biol. 2016; 215(1):37—46. Epub
2016/10/05. jcb.201603108 [pii] https://doi.org/10.1083/jcb.201603108 PMID: 27697928; PubMed Cen-
tral PMCID: PMC5057285.

Fujiwara T, Ritchie K, Murakoshi H, Jacobson K, Kusumi A. Phospholipids undergo hop diffusion in
compartmentalized cell membrane. J Cell Biol. 2002; 157(6):1071-81. Epub 2002/06/12. https://doi.
org/10.1083/jcb.200202050 jcb.200202050 [pii]. PMID: 12058021; PubMed Central PMCID:
PMC2174039.

Brachet A, Leterrier C, Irondelle M, Fache M-P, Racine V, Sibarita J-B, et al. Ankyrin G restricts ion
channel diffusion at the axonal initial segment before the establishment of the diffusion barrier. The
Journal of Cell Biology. 2010; 191(2):383-95. https://doi.org/10.1083/jcb.201003042 PMID: 20956383

Kusumi A, Nakada C, Ritchie K, Murase K, Suzuki K, Murakoshi H, et al. Paradigm shift of the plasma
membrane concept from the two-dimensional continuum fluid to the partitioned fluid: high-speed single-

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007003 May 2, 2019 23/26


https://doi.org/10.1523/JNEUROSCI.1922-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/29378864
https://doi.org/10.1126/science.1232251
https://doi.org/10.1126/science.1232251
http://www.ncbi.nlm.nih.gov/pubmed/23239625
https://doi.org/10.1016/j.celrep.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25732815
https://doi.org/10.1016/j.celrep.2015.11.051
http://www.ncbi.nlm.nih.gov/pubmed/26711344
https://doi.org/10.1038/ncb2915
http://www.nature.com/ncb/journal/v16/n3/abs/ncb2915.html#supplementary-information
http://www.nature.com/ncb/journal/v16/n3/abs/ncb2915.html#supplementary-information
http://www.ncbi.nlm.nih.gov/pubmed/24561618
https://doi.org/10.7554/eLife.20172
http://www.ncbi.nlm.nih.gov/pubmed/28098556
https://doi.org/10.1371/journal.pcbi.1005407
http://www.ncbi.nlm.nih.gov/pubmed/28241082
https://doi.org/10.1016/j.semcdb.2013.11.001
http://www.ncbi.nlm.nih.gov/pubmed/24239676
https://doi.org/10.1038/nrn2852
http://www.ncbi.nlm.nih.gov/pubmed/20631711
https://doi.org/10.1083/jcb.201609084
http://www.ncbi.nlm.nih.gov/pubmed/27697921
https://doi.org/10.1038/359647a0
http://www.ncbi.nlm.nih.gov/pubmed/1406997
https://doi.org/10.1038/ncb1009
http://www.ncbi.nlm.nih.gov/pubmed/12819789
https://doi.org/10.1016/j.cell.2009.01.016
http://www.ncbi.nlm.nih.gov/pubmed/19268344
https://doi.org/10.1038/17806
http://www.ncbi.nlm.nih.gov/pubmed/10067893
https://doi.org/10.1038/nrn.2017.100
http://www.ncbi.nlm.nih.gov/pubmed/28855741
https://doi.org/10.1083/jcb.201603108
http://www.ncbi.nlm.nih.gov/pubmed/27697928
https://doi.org/10.1083/jcb.200202050
https://doi.org/10.1083/jcb.200202050
http://www.ncbi.nlm.nih.gov/pubmed/12058021
https://doi.org/10.1083/jcb.201003042
http://www.ncbi.nlm.nih.gov/pubmed/20956383
https://doi.org/10.1371/journal.pcbi.1007003

GPLOS |saisermom

The axonal plasma membrane periodic structure restricts diffusion of proteins

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

molecule tracking of membrane molecules. Annu Rev Biophys Biomol Struct. 2005; 34:351-78. Epub
2005/05/05. https://doi.org/10.1146/annurev.biophys.34.040204.144637 PMID: 15869394.

Auth T, Gov NS. Diffusion in a fluid membrane with a flexible cortical cytoskeleton. Biophys J. 2009; 96
(3):818-30. Epub 2009/02/03. S0006-3495(08)00112-4 [pii] https://doi.org/10.1016/j.bp}.2008.10.038
PMID: 191861283; PubMed Central PMCID: PMC2716577.

LiH, Zhang Y, Ha V, Lykotrafitis G. Modeling of band-3 protein diffusion in the normal and defective red
blood cell membrane. Soft Matter. 2016; 12(15):3643-53. Epub 2016/03/16. https://doi.org/10.1039/
c4sm02201g PMID: 26977476.

Saxton MJ. A biological interpretation of transient anomalous subdiffusion. |. Qualitative model. Biophys
J.2007; 92(4):1178-91. Epub 2006/12/05. S0006-3495(07)70929-3 [pii] https://doi.org/10.1529/
biophysj.106.092619 PMID: 17142285; PubMed Central PMCID: PMC1783867.

Wang CC, Ortiz-Gonzalez XR, Yum SW, Gill SM, White A, Kelter E, et al. betalV Spectrinopathies
Cause Profound Intellectual Disability, Congenital Hypotonia, and Motor Axonal Neuropathy. Am J Hum
Genet. 2018; 102(6):1158-68. Epub 2018/06/05. S0002-9297(18)30159-9 [pii] https://doi.org/10.1016/
j.ajhg.2018.04.012 PMID: 29861105; PubMed Central PMCID: PMC5992132.

Li H, Lykotrafitis G. Erythrocyte membrane model with explicit description of the lipid bilayer and the
spectrin network. Biophys J. 2014; 107(3):642-53. Epub 2014/08/08. S0006-3495(14)00674-2 [pii]
https://doi.org/10.1016/j.bpj.2014.06.031 PMID: 25099803; PubMed Central PMCID: PMC4129483.

Li X, Li H, Chang HY, Lykotrafitis G, Em Karniadakis G. Computational Biomechanics of Human Red
Blood Cells in Hematological Disorders. J Biomech Eng. 2017; 139(2). Epub 2016/11/05. 2580906 [pii]
https://doi.org/10.1115/1.4035120 PMID: 27814430; PubMed Central PMCID: PMC5395917.

Pivkin IV, Karniadakis GE. Accurate coarse-grained modeling of red blood cells. Phys Rev Lett. 2008;
101(11):118105. Epub 2008/10/15. https://doi.org/10.1103/PhysRevLett.101.118105 PMID: 18851338.

Boal DH. Mechanics of the cell. Cambridge, UK; New York: Cambridge University Press; 2002. xiv,
406 p. p.

Jones SL, Korobova F, Svitkina T. Axon initial segment cytoskeleton comprises a multiprotein submem-
branous coat containing sparse actin filaments. J Cell Biol. 2014; 205(1):67-81. Epub 2014/04/09.
jcb.201401045 [pii] https://doi.org/10.1083/jcb.201401045 PMID: 24711503; PubMed Central PMCID:
PMC3987141.

Bennett V, Healy J. Membrane domains based on ankyrin and spectrin associated with cell-cell interac-
tions. Cold Spring Harb Perspect Biol. 2009; 1(6):a003012. Epub 2010/05/12. cshperspect.a003012
[pii] https://doi.org/10.1101/cshperspect.a003012 PMID: 20457566; PubMed Central PMCID:
PMC2882121.

Bennett V, Baines AJ. Spectrin and ankyrin-based pathways: metazoan inventions for integrating cells
into tissues. Physiol Rev. 2001; 81(3):1353—92. Epub 2001/06/28. https://doi.org/10.1152/physrev.
2001.81.3.1353 PMID: 11427698.

Tse WT, Lux SE. Red blood cell membrane disorders. Br J Haematol. 1999; 104(1):2—13. Epub 1999/
02/23. PMID: 10027705.

Shotton DM, Burke BE, Branton D. The molecular structure of human erythrocyte spectrin: Biophysical
and electron microscopic studies. Journal of Molecular Biology. 1979; 131(2):303-29. http://dx.doi.org/
10.1016/0022-2836(79)90078-0. PMID: 490648

Glenney JR Jr, Glenney P, Osborn M, Weber K. An F-actin- and calmodulin-binding protein from iso-
lated intestinal brush borders has a morphology related to spectrin. Cell. 1982; 28(4):843-54. http://dx.
doi.org/10.1016/0092-8674(82)90063-0. PMID: 7201352

Svoboda K, Schmidt CF, Branton D, Block SM. Conformation and elasticity of the isolated red blood cell
membrane skeleton. Biophysical Journal. 1992; 63(3):784-93. https://doi.org/10.1016/S0006-3495(92)
81644-2 PMID: 1420914

Stokke BT, Mikkelsen A, Elgsaeter A. Human erythrocyte spectrin dimer intrinsic viscosity: Tempera-
ture dependence and implications for the molecular basis of the erythrocyte membrane free energy.
Biochimica et Biophysica Acta (BBA)—Biomembranes. 1985; 816(1):102—10. http://dx.doi.org/10.
1016/0005-2736(85)90398-0.

Bennett V. The spectrin-actin junction of erythrocyte membrane skeletons. Biochim Biophys Acta.
1989; 988(1):107-21. Epub 1989/01/18. 0304-4157(89)90006-3 [pii]. PMID: 2642392.

Byers TJ, Branton D. Visualization of the protein associations in the erythrocyte membrane skeleton.
Proc Natl Acad Sci U S A. 1985; 82(18):6153—7. Epub 1985/09/01. PMID: 3862123; PubMed Central
PMCID: PMC391010.

Fowler VM. Regulation of actin filament length in erythrocytes and striated muscle. Current Opinion in
Cell Biology. 1996; 8(1):86—-96. http://dx.doi.org/10.1016/S0955-0674(96)80052-4. PMID: 8791408

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007003 May 2, 2019 24/26


https://doi.org/10.1146/annurev.biophys.34.040204.144637
http://www.ncbi.nlm.nih.gov/pubmed/15869394
https://doi.org/10.1016/j.bpj.2008.10.038
http://www.ncbi.nlm.nih.gov/pubmed/19186123
https://doi.org/10.1039/c4sm02201g
https://doi.org/10.1039/c4sm02201g
http://www.ncbi.nlm.nih.gov/pubmed/26977476
https://doi.org/10.1529/biophysj.106.092619
https://doi.org/10.1529/biophysj.106.092619
http://www.ncbi.nlm.nih.gov/pubmed/17142285
https://doi.org/10.1016/j.ajhg.2018.04.012
https://doi.org/10.1016/j.ajhg.2018.04.012
http://www.ncbi.nlm.nih.gov/pubmed/29861105
https://doi.org/10.1016/j.bpj.2014.06.031
http://www.ncbi.nlm.nih.gov/pubmed/25099803
https://doi.org/10.1115/1.4035120
http://www.ncbi.nlm.nih.gov/pubmed/27814430
https://doi.org/10.1103/PhysRevLett.101.118105
http://www.ncbi.nlm.nih.gov/pubmed/18851338
https://doi.org/10.1083/jcb.201401045
http://www.ncbi.nlm.nih.gov/pubmed/24711503
https://doi.org/10.1101/cshperspect.a003012
http://www.ncbi.nlm.nih.gov/pubmed/20457566
https://doi.org/10.1152/physrev.2001.81.3.1353
https://doi.org/10.1152/physrev.2001.81.3.1353
http://www.ncbi.nlm.nih.gov/pubmed/11427698
http://www.ncbi.nlm.nih.gov/pubmed/10027705
http://dx.doi.org/10.1016/0022-2836(79)90078-0
http://dx.doi.org/10.1016/0022-2836(79)90078-0
http://www.ncbi.nlm.nih.gov/pubmed/490648
http://dx.doi.org/10.1016/0092-8674(82)90063-0
http://dx.doi.org/10.1016/0092-8674(82)90063-0
http://www.ncbi.nlm.nih.gov/pubmed/7201352
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
http://dx.doi.org/10.1016/0005-2736(85)90398-0
http://dx.doi.org/10.1016/0005-2736(85)90398-0
http://www.ncbi.nlm.nih.gov/pubmed/2642392
http://www.ncbi.nlm.nih.gov/pubmed/3862123
http://dx.doi.org/10.1016/S0955-0674(96)80052-4
http://www.ncbi.nlm.nih.gov/pubmed/8791408
https://doi.org/10.1371/journal.pcbi.1007003

GPLOS |saisermom

The axonal plasma membrane periodic structure restricts diffusion of proteins

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Li H, Lykotrafitis G. Two-component coarse-grained molecular-dynamics model for the human erythro-
cyte membrane. Biophys J. 2012; 102(1):75-84. Epub 2012/01/10. S0006-3495(11)05363-X [pii]
https://doi.org/10.1016/j.bpj.2011.11.4012 PMID: 22225800; PubMed Central PMCID: PMC3250682.

Li J, Lykotrafitis G, Dao M, Suresh S. Cytoskeletal dynamics of human erythrocyte. Proc Natl Acad Sci
U S A. 2007; 104(12):4937-42. Epub 2007/03/16. 0700257104 [pii] https://doi.org/10.1073/pnas.
0700257104 PMID: 17360346; PubMed Central PMCID: PMC1829243.

Liu SC, Derick LH, Palek J. Visualization of the hexagonal lattice in the erythrocyte membrane skeleton.
The Journal of Cell Biology. 1987; 104(3):527-36. https://doi.org/10.1083/jcb.104.3.527 PMID:
2434513

Shen BW, Josephs R, Steck TL. Ultrastructure of the intact skeleton of the human erythrocyte mem-
brane. The Journal of Cell Biology. 1986; 102(3):997—1006. https://doi.org/10.1083/jcb.102.3.997
PMID: 2936753

Westrum LE, Blackstad TW. An electron microscopic study of the stratum radiatum of the rat hippocam-
pus (regio superior, CA 1) with particular emphasis on synaptology. J Comp Neurol. 1962; 119:281—
309. Epub 1962/12/01. PMID: 14000149.

Gittes F, Mickey B, Nettleton J, Howard J. Flexural rigidity of microtubules and actin filaments measured
from thermal fluctuations in shape. J Cell Biol. 1993; 120(4):923-34. Epub 1993/02/01. PMID:
8432732; PubMed Central PMCID: PMC2200075.

Isambert H, Venier P, Maggs AC, Fattoum A, Kassab R, Pantaloni D, et al. Flexibility of actin filaments
derived from thermal fluctuations. Effect of bound nucleotide, phalloidin, and muscle regulatory pro-
teins. J Biol Chem. 1995; 270(19):11437—44. Epub 1995/05/12. PMID: 7744781.

Javid S, Rezaei A, Karami G. A micromechanical procedure for viscoelastic characterization of the
axons and ECM of the brainstem. J Mech Behav Biomed Mater. 2014; 30:290-9. Epub 2013/12/24.
S$1751-6161(13)00398-6 [pii] https://doi.org/10.1016/j.jmbbm.2013.11.010 PMID: 24361933.

Zhang D, Kiyatkin A, Bolin JT, Low PS. Crystallographic structure and functional interpretation of the
cytoplasmic domain of erythrocyte membrane band 3. Blood. 2000; 96(9):2925-33. Epub 2000/10/26.
PMID: 11049968.

Fowler PW, Coveney PV. A computational protocol for the integration of the monotopic protein prosta-
glandin H2 synthase into a phospholipid bilayer. Biophys J. 2006; 91(2):401-10. Epub 2006/04/25.
S0006-3495(06)71741-6 [pii] https://doi.org/10.1529/biophysj.105.077784 PMID: 16632499; PubMed
Central PMCID: PMC1483072.

Schumacher MA, Rivard AF, Bachinger HP, Adelman JP. Structure of the gating domain of a Ca2+-acti-
vated K+ channel complexed with Ca2+/calmodulin. Nature. 2001; 410(6832):1120—4. Epub 2001/04/
27. https://doi.org/10.1038/35074145 35074145 [pii]. PMID: 11323678.

Bamberg E, Passow H. The band 3 proteins: anion transporters, binding proteins and senescent anti-
gens. Amsterdam; Oxford: Elsevier; 1992. xv, 358 p. p.

Cooke IR, Deserno M. Solvent-free model for self-assembling fluid bilayer membranes: stabilization of
the fluid phase based on broad attractive tail potentials. J Chem Phys. 2005; 123(22):224710. Epub
2005/12/27. https://doi.org/10.1063/1.2135785 PMID: 16375498.

Kole Maarten HP, Stuart Greg J. Signal Processing in the Axon Initial Segment. Neuron. 2012; 73
(2):235-47. https://doi.org/10.1016/j.neuron.2012.01.007://dx.doi.org/10.1016/j.neuron.2012.01.007.
PMID: 22284179

Towns J, Cockerill T, Dahan M, Foster |, Gaither K, Grimshaw A, et al. XSEDE: Accelerating Scientific
Discovery. Computing in Science & Engineering. 2014; 16(5):62—74. https://doi.org/10.1109/mcse.
2014.80

Renner M, Domanov Y, Sandrin F, Izeddin |, Bassereau P, Triller A. Lateral diffusion on tubular mem-
branes: quantification of measurements bias. PLoS One. 2011; 6(9):e25731. Epub 2011/10/08. https:/
doi.org/10.1371/journal.pone.0025731 PONE-D-11-10354 [pii]. PMID: 21980531; PubMed Central
PMCID: PMC3183067.

Kuimova MK. Mapping viscosity in cells using molecular rotors. Phys Chem Chem Phys. 2012; 14
(37):12671-86. Epub 2012/07/19. https://doi.org/10.1039/c2cp41674c PMID: 22806312.

Destainville N, Sauliere A, Salome L. Comment to the article by Michael J. Saxton: A biological interpre-
tation of transient anomalous subdiffusion. I. qualitative model. Biophys J. 2008; 95(7):3117-9; author
reply 20—2. Epub 2008/07/16. S0006-3495(08)78455-8 [pii] https://doi.org/10.1529/biophysj.108.
136739 PMID: 18621844; PubMed Central PMCID: PMC2547446.

Fujiwara TK, Iwasawa K, Kalay Z, Tsunoyama TA, Watanabe Y, Umemura YM, et al. Confined diffusion
of transmembrane proteins and lipids induced by the same actin meshwork lining the plasma mem-
brane. Mol Biol Cell. 2016; 27(7):1101-19. Epub 2016/02/13. mbc.E15-04-0186 [pii] https://doi.org/10.
1091/mbc.E15-04-0186 PMID: 26864625; PubMed Central PMCID: PMC4814218.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007003 May 2, 2019 25/26


https://doi.org/10.1016/j.bpj.2011.11.4012
http://www.ncbi.nlm.nih.gov/pubmed/22225800
https://doi.org/10.1073/pnas.0700257104
https://doi.org/10.1073/pnas.0700257104
http://www.ncbi.nlm.nih.gov/pubmed/17360346
https://doi.org/10.1083/jcb.104.3.527
http://www.ncbi.nlm.nih.gov/pubmed/2434513
https://doi.org/10.1083/jcb.102.3.997
http://www.ncbi.nlm.nih.gov/pubmed/2936753
http://www.ncbi.nlm.nih.gov/pubmed/14000149
http://www.ncbi.nlm.nih.gov/pubmed/8432732
http://www.ncbi.nlm.nih.gov/pubmed/7744781
https://doi.org/10.1016/j.jmbbm.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24361933
http://www.ncbi.nlm.nih.gov/pubmed/11049968
https://doi.org/10.1529/biophysj.105.077784
http://www.ncbi.nlm.nih.gov/pubmed/16632499
https://doi.org/10.1038/35074145
http://www.ncbi.nlm.nih.gov/pubmed/11323678
https://doi.org/10.1063/1.2135785
http://www.ncbi.nlm.nih.gov/pubmed/16375498
https://doi.org/10.1016/j.neuron.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22284179
https://doi.org/10.1109/mcse.2014.80
https://doi.org/10.1109/mcse.2014.80
https://doi.org/10.1371/journal.pone.0025731
https://doi.org/10.1371/journal.pone.0025731
http://www.ncbi.nlm.nih.gov/pubmed/21980531
https://doi.org/10.1039/c2cp41674c
http://www.ncbi.nlm.nih.gov/pubmed/22806312
https://doi.org/10.1529/biophysj.108.136739
https://doi.org/10.1529/biophysj.108.136739
http://www.ncbi.nlm.nih.gov/pubmed/18621844
https://doi.org/10.1091/mbc.E15-04-0186
https://doi.org/10.1091/mbc.E15-04-0186
http://www.ncbi.nlm.nih.gov/pubmed/26864625
https://doi.org/10.1371/journal.pcbi.1007003

GPLOS |saisermom

The axonal plasma membrane periodic structure restricts diffusion of proteins

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Saxton MJ. A biological interpretation of transient anomalous subdiffusion. Il. Reaction kinetics. Biophys
J. 2008; 94(3):760-71. Epub 2007/10/02. S0006-3495(08)70677-5 [pii] https://doi.org/10.1529/
biophysj.107.114074 PMID: 17905849; PubMed Central PMCID: PMC2186244.

Gov NS. Less is more: removing membrane attachments stiffens the RBC cytoskeleton. New Journal of
Physics. 2007; 9(11):429.

Gov NS, Safran SA. Red blood cell membrane fluctuations and shape controlled by ATP-induced cyto-
skeletal defects. Biophys J. 2005; 88(3):1859-74. Epub 2004/12/23. S0006-3495(05)73250-1 [pii]
https://doi.org/10.1529/biophysj.104.045328 PMID: 15613626; PubMed Central PMCID:
PMC1305240.

Park Y, 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. Proc Natl Acad
Sci U S A. 2008; 105(37):13730-5. Epub 2008/09/06. 0806100105 [pii] https://doi.org/10.1073/pnas.
0806100105 PMID: 18772382; PubMed Central PMCID: PMC2529332.

Tomishige M, Sako Y, Kusumi A. Regulation mechanism of the lateral diffusion of band 3 in erythrocyte
membranes by the membrane skeleton. J Cell Biol. 1998; 142(4):989—-1000. Epub 1998/08/29. PMID:
9722611; PubMed Central PMCID: PMC2132872.

Bouchaud JP, Georges A. Comment on "Stochastic pathway to anomalous diffusion”. Phys Rev A.
1990; 41(2):1156—7. Epub 1990/01/15. PMID: 9903200.

Saxton MJ. Lateral diffusion in a mixture of mobile and immobile particles. A Monte Carlo study. Biophys
J. 1990; 58(5):1303—-6. Epub 1990/11/01. S0006-3495(90)82470-X [pii] https://doi.org/10.1016/S0006-
3495(90)82470-X PMID: 2291946; PubMed Central PMCID: PMC1281074.

Kole MH, lischner SU, Kampa BM, Williams SR, Ruben PC, Stuart GJ. Action potential generation
requires a high sodium channel density in the axon initial segment. Nat Neurosci. 2008; 11(2):178-86.
Epub 2008/01/22. nn2040 [pii] https://doi.org/10.1038/nn2040 PMID: 18204443.

Lorincz A, Nusser Z. Molecular Identity of Dendritic Voltage-Gated Sodium Channels. Science. 2010;
328(5980):906-9. https://doi.org/10.1126/science.1187958 PMID: 20466935

Yamashita T, Hakizimana P, Wu S, Hassan A, Jacob S, Temirov J, et al. Outer Hair Cell Lateral Wall
Structure Constrains the Mobility of Plasma Membrane Proteins. PLoS Genet. 2015; 11(9):e1005500.
Epub 2015/09/10. https://doi.org/10.1371/journal.pgen.1005500 PGENETICS-D-14-03191 [pii]. PMID:
26352669; PubMed Central PMCID: PMC4564264.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi. 1007003 May 2, 2019 26/26


https://doi.org/10.1529/biophysj.107.114074
https://doi.org/10.1529/biophysj.107.114074
http://www.ncbi.nlm.nih.gov/pubmed/17905849
https://doi.org/10.1529/biophysj.104.045328
http://www.ncbi.nlm.nih.gov/pubmed/15613626
https://doi.org/10.1073/pnas.0806100105
https://doi.org/10.1073/pnas.0806100105
http://www.ncbi.nlm.nih.gov/pubmed/18772382
http://www.ncbi.nlm.nih.gov/pubmed/9722611
http://www.ncbi.nlm.nih.gov/pubmed/9903200
https://doi.org/10.1016/S0006-3495(90)82470-X
https://doi.org/10.1016/S0006-3495(90)82470-X
http://www.ncbi.nlm.nih.gov/pubmed/2291946
https://doi.org/10.1038/nn2040
http://www.ncbi.nlm.nih.gov/pubmed/18204443
https://doi.org/10.1126/science.1187958
http://www.ncbi.nlm.nih.gov/pubmed/20466935
https://doi.org/10.1371/journal.pgen.1005500
http://www.ncbi.nlm.nih.gov/pubmed/26352669
https://doi.org/10.1371/journal.pcbi.1007003

