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Abstract 

Clathrin assemblies on the cell membrane are critical for endocytosis and signal 

transduction in cells. Specifically, the Ω-shaped clathrin assembly functions as the 

coat of endocytic vesicles, while the flat clathrin assembly, also known as the flat 

clathrin lattice (FCL), serves as a signaling hub for various pathways. Multiple flat 

clathrin lattices exist on the cell membrane, and these lattices grow after epidermal 

growth factor stimulation (EGF) and then return to baseline. In this work, we used 

a particle-based model to simulate the assembly and disassembly of flat clathrin 

lattices to capture these dynamics. We found that the formation of flat clathrin lattices 

is highly dynamic, that is, cluster number, size and dwelling time often change even 

in the absence of any stimulus. Moreover, these key features are affected by adaptor 

protein 2 (AP-2) number, clathrin-clathrin binding rate, and clathrin diffusion coeffi-

cient. Specifically, an increase in AP-2 number leads to the transition from no cluster, 

short-lived multiple small clusters, to a long-lasting single giant cluster. An increased 

clathrin-clathrin binding rate or decreased clathrin diffusion coefficient both result in 

an increased cluster number, reduced cluster size, and shortened dwelling time. Fur-

thermore, we also predicted that under EGF stimulation, simultaneous changes in the 

AP-2 number, the clathrin-clathrin binding rate, and the clathrin diffusion coefficient 

can reproduce the experimentally observed trend of FCLs: an increase in cluster 

number and size in the first 30 minutes, followed by a decrease after 30 minutes. 

These findings reveal kinetic mechanisms underlying the formation of multiple FCLs 

and how EGF regulates FCL dynamics.
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Author summary

Clathrin is a protein essential for cell processes like endocytosis and signaling. 
It can form two shapes: one that helps create vesicles, and another, the “flat 
clathrin lattice” (FCL), which is involved in cellular signaling. In this study, we 
simulated how FCLs assemble and disassemble on the cell membrane. We 
found that FCLs are highly dynamic, with their size, number, and lifespan fluctu-
ating even without external signals. Key factors like adaptor protein 2 (AP-2) and 
clathrin-clathrin interactions influence these dynamics. Our model also predicted 
that, under EGF stimulation, simultaneous changes in the AP-2 number, the 
clathrin-clathrin binding rate, and the clathrin diffusion coefficient can reproduce 
the experimentally observed trend of FCLs. These findings provide insight into 
how cells regulate FCL formation and signaling in response to external stimuli.

1  Introduction

Clathrin, a protein shaped like a triskelion, composed of three clathrin heavy chains 
and three light chains, plays an important role in growth factor signaling, adhesion, 
and endocytosis [1,2]. Clathrin assembles into organized clusters on the cell mem-
brane. One widely observed shape of clathrin assembles is the Ω-shape on the 
plasma membrane (PM) during endocytosis [3]. During endocytosis, clathrin mole-
cules are recruited to the plasma membrane (PM) by adaptor protein complex 2 (AP-
2), a major clathrin-associated adaptor [4]. Subsequently, the associated membrane 
bends into Ω-shaped pits [2]. In addition to the classic Ω shape pits, clathrin can also 
form a flat lattice structure on the PM (also termed plaques) [5]. Unlike Ω-shaped 
clathrin assemblies, flat clathrin lattices (FCLs) are long-lived stable structures [6, 7]. 
Recent studies have revealed that FCLs play an important role in cell functions. FCLs 
are consistently associated with actin [8] and have been shown to work with actin 
to oppose cell migration and contribute to skeletal muscle sarcomere organization 
[9,10]. In addition, FCLs are enriched with β5-integrin [10–12], a receptor that plays a 
key role in cell proliferation and cell adhesion [13,14]. Moreover, FCLs also regulate 
cell signaling by interacting with several signaling pathways, such as the epidermal 
growth factor (EGF), AKT, and hepatocyte growth factor pathways [9,15–17].

Many mathematical models have been widely used to explore the mechanism of 
Ω-shaped clathrin in the absence or presence of cell membranes. In the absence 
of cell membranes, clathrins can still form a cage shape (the closed geometry of 
Ω shape) [18], and the clathrin is usually modeled as a coarse-grained triskelion 
particle whose interactions are controlled by the potential energy [19–22]. However, 
clathrins closely interact with the cell membrane through adaptor proteins to form 
the Ω-shaped pits during endocytosis, thus inspiring the models that incorporate the 
cell membrane to the Ω-shaped clathrin [1,4,23–25]. For systems focusing on the 
biochemical aspects of the cell membrane, such as lipid localization and adaptor 
recruitment, clathrin is usually modeled as a coarse-grained triskelion particle, and 
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computational approaches include Brownian dynamics with potential-based interactions [18,26–28] and single-particle 
reaction-diffusion models [29–31]. For systems focusing on the biophysical aspects of cell membrane (e.g., tension and 
bending rigidity), clathrin is simplified to a zero-volume dot, and continuum field-based mesoscale models are preferred 
[24,25,32–34]. The involvement of the cell membrane opens the possibility to answer broader physiologically relevant 
questions such as the role of adaptors, cytoskeleton, and volume-to-area ratio in Ω-shaped clathrin, and the effect of 
clathrin dynamics on endocytosis.

In addition to clathrin, interactions between other molecules and cell membranes have also been extensively inves-
tigated using models that span multiple scales, from individual molecules at the nanometer level to small membrane 
patches at the micrometer level [35,36]. For example, molecular dynamics (MD) simulations, which are widely used to 
capture conformational changes in tumor necrosis factor (TNF) and its receptor [37,38], have recently been integrated 
with a domain-based coarse-grained diffusion–reaction model to examine receptor clustering on the membrane [39]. Ying 
et al. used a continuum membrane mechanics model coupled to stochastic rigid-body simulations of HIV-1 Gag lattice 
assembly to quantify the membrane bending energy for different lattice eccentricity [40]. In another example, Guan et al. 
employed a two-dimensional particle-based model with a zero-volume dot assumption to reveal the role of feedback loops 
in polarity site formation during yeast mating [41].

Most of the models for Ω-shaped clathrin can be modified to models for the formation of FCL including particle-based 
molecular dynamics or Brownian dynamics with potential-based interactions [42], single-particle reaction-diffusion models 
[30,43]. By changing the clathrin rotation [43] or strain energy [30], the simulated shape of clathrin can vary between Ω 
and lattice structure. Another way to acquire the clathrin lattice is to constrain the simulation domain to 2D [42,44]. Fur-
thermore, the 2D simulation domain can be discretized to a hexagonal lattice, and one clathrin occupies six edges of two 
neighboring hexagons, i.e., the lattice model [44]. Through simulations of these models, the formation of FCL has been 
reproduced, and the role of kinetics, for example, adaptor stoichiometry, clathrin concentration, and volume-to-area ratio, 
have been demonstrated [30,42–44].

The computational studies mentioned above primarily focused on a single FCL. However, multiple FCLs exist on 
the cell membrane (Fig 1A). The distance between the two nearest FCLs can vary, as shown by the various distances 
between two FCLs in Fig 1B. The mean size of FCL in HeLa and U87 cells is smaller than 0.1 μm2 (Fig 1C). Furthermore, 
for each FCL, there usually exists another FCL in the neighboring 1 μm × 1 μm square (Fig 1D). Compared with HeLa and 
U87 cells, MCF7 cells exhibit a larger number and size of FCLs on the cell membrane (S1 Fig). Thus, FCLs are ubiqui-
tous, having been observed in multiple cells from different origins [17,45]. However, it remains unclear how neighboring 
multiple FCLs can co-exist instead of merging into one big cluster.

Moreover, multiple FCLs exhibit dynamic changes under EGF stimulus. Under the stimulus of the epidermal growth fac-
tor (EGF), FCLs on cellular membranes have been observed to grow in size and number, followed by a decrease toward 
baseline by 60 min (Fig 1E and [16]). More precisely, in the first 15 minutes after the stimulus of EGF, the number of FCLs 
increases nearly 3.5-fold (from 40 to 140), and maximal FCL area on the cell membrane grows near 6-fold (from 0.05 μm2 
to 0.3 μm2). It should be noted that the increase in the size and number of FCLs occurs simultaneously. Such trend for 
cluster size and number also holds for the neighboring 1 μm × 1 μm square areas around each cluster (panel D in S1 Fig). 
During this process, EGFR, scaffold protein Grb2, and tyrosine kinase Src are all recruited to FCLs [16]. However, the 
underlying mechanism of such FCL dynamic changes remains unclear.

The above discoveries of multiple FCLs and the dynamics of EGF-triggered FCLs raise interesting questions 
about the biochemical mechanisms that govern the interaction between clathrins and the cell membrane. For exam-
ple, how does clathrin form multiple stable clusters? What changes to kinetic parameters are required after EGF 
stimulation to achieve the observed behavior, that is, an initial increase in both the number and size of clusters in the 
first 30 minutes, followed by a return to baseline levels? Here, we sought to answer these questions using computa-
tional modeling.
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2  Models and methods

In order to model the structure of flat clathrin lattice explicitly, we first chose a cube with edge length 1 μm (one- 
twentieth of the diameter of HeLa cell [46]) as the simulation domain (Fig 1F). The bottom surface denotes a patch of the 
cell membrane and the volume above denotes the cytosol close to this membrane patch. Thus, we are able to simulate 
the exchange of clathrins between cell membrane and cytosol.

Since AP-2 is involved in the formation of FCLs by recruiting clathrin from the cytosol to the cell membrane, we 
included AP-2 in our simulation. Thus, we considered the diffusion and biochemical interactions of both clathrin and AP-2. 

Fig 1.  Multiple flat clathrin lattices (FCLs) coexist and undergo dynamic change under EGF stimulus. (A) A representative crop from a the 
montaged platinum replica transmission electron microscopy (PREM) image of an unroofed cell. This panel was adopted from Supplementary Figure 1a 
in [16] (CC BY 4.0). (B) Clathrin masks based on the PREM image of an unroofed HeLa cell. Clathrin clusters in flat, spherical, and dome shapes are 
indicated by green, red, and blue, respectively. Scale bar: 2 μm. Data are from [45]. (C) Area of flat clathrin lattices for HeLa cells (N = 18) and U87 cells 
(N = 12). In each box plot, the central red line denotes the median; bottom and top black edges indicate the 25th and 75th percentiles, respectively; whis-
kers denote the minimum and maximum extreme data points; plus markers represent outliers. Data are from [45]. (D) Number of FCLs in neighboring 1 
μm × 1 μm square. We used each FCL as a center and then calculated the number of FCLs in the neighboring 1 μm × 1 μm square. The box plots were 
plotted in the same way as in (C). The data is based on the same HeLa cells (N = 18) and U87 cells (N = 12) as those in (C). (E) The total number of all 
FCLs (left axis) and size of maximal FCL (right axis) as a function of time under EGF stimulus. Figures are based on the data in [16]. (F) The cubic simu-
lation domain. The bottom surface denotes membrane, and the area above denotes the cytosol. The cell cartoon was created in BioRender. Rangamani, 
P. (2026). https://BioRender.com/mfs2811. (G) Particle-based model that describes the binding and unbinding events of adaptor protein 2 (AP-2) and 
clathrins. This model is similar to that in [30]. The AP-2 (purple sphere) is located on the cell membrane. Clathrin (particle composed of one pink head 
and three green legs) can bind to AP-2 or other clathrins.

https://doi.org/10.1371/journal.pcbi.1014013.g001

https://BioRender.com/mfs2811
https://doi.org/10.1371/journal.pcbi.1014013.g001
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AP-2 and clathrin are assumed to be located on the cell membrane and in the cytosol, respectively. However, clathrin can 
bind to the cell membrane by binding to AP-2 through the AP-2 binding site on clathrin. Moreover, to achieve rapid  
clathrin-clathrin binding near the membrane, the binding rate is modeled with two distinct values depending on whether 
at least one clathrin is bound to AP-2: the rate is set to zero if neither interacting clathrin is bound to AP-2, and non-zero 
if at least one of them is bound to AP-2. Note that, we set the clathrin–clathrin binding rate to zero (instead of the 0.083 
µM–1s–1 reported in [30]) when neither clathrin is bound to AP-2, as this results in a higher number of clusters compared 
to a non-zero binding rate (S2 Fig). Thus, AP-2 bound clathrin can recruit other clathrins in the cytosol once these two 
clathrins are close enough, which allows the emergence of clathrin clusters. All of these association events are reversible. 
Kinetic parameters are from [30] (also see S1 Table), which were optimized to fit the fold change of clathrin cluster size in 
in vitro experiments [47].

In addition to biochemical reactions, individual clathrin, individual AP-2 and assembled cluster can all undergo both 
translational and rotational diffusion. Traditionally, diffusion coefficients are measured by labeling particles of interest with 
fluorescent proteins, monitoring their fluorescence (e.g., via fluorescence recovery after photobleaching [48]), and extract-
ing diffusion coefficients from the experimental data using mathematical models [49]. However, fluorescence labeling 
strategies and mathematical models may vary depending on the particle and its surrounding environment [50–55]. In 
this study, we used diffusion coefficients reported in [30]. In detail, the translational diffusion coefficients of molecules i 
( i = AP-2, Clat or cluster) are denoted as (Di,x,Di,y,Di,z), where each component corresponds to diffusion along the x-, 
y-, and z-directions, respectively. Similarly, the rotational diffusion coefficients are denoted as (DR,i,x,DR,i,y,DR,i,z), where 
x, y, and z indicate the axis of rotation. For individual clathrin or individual AP-2, the translational and rotational diffusion 
coefficients are from [30] (also see S1 Table), which were obtained using Stokes-Einstein equation as shown below: 

DAP-2,x = DAP-2,y =
kBT

6πηrAP-2
, DR,AP-2,z =

kBT
8πηr3AP-2

. DClat,x = DClat,y = DClat,z =
kBT

6πηrClat
, DR,Clat,z = DR,Clat,y = DR,Clat,z =

kBT
8πηr3Clat

. Here, 
kB is the Boltzmann constant, T is the absolute temperature, η is the viscosity of the medium (assumed to be water), and 
r is the hydrodynamic radius of the particle. Moreover, the values of DAP-2,z, DR,AP-2,x , and DR,AP-2,y  are set to zero, thereby 
constraining AP-2 molecules to remain on the cell membrane, as the cell membrane is parallel to the x – y  plane (Fig 1F). 
The settings for DAP-2,z, DR,AP-2,x , and DR,AP-2,y  also imply that a particle can have different effective hydrodynamic radii for 
translational and rotational diffusion, as well as for distinct directions.

Once AP-2 binds to clathrin and forms a cluster, the assembled cluster is regarded as an entire unit to diffuse, whose 
diffusion coefficient is calculated as below. In general, according to the Stokes-Einstein equations, given the transla-
tional and rotational diffusion coefficients D and DR of a particle, the corresponding effective radii for translation and 
rotation can be written as kBT6πηD

–1, kBT8πηD
–1/3
R , respectively. Thus, by assuming that the radius of the cluster is the summa-

tion of radius of all component (i.e., rcluster =
∑

i∈cluster ri), the radius of the cluster can be expressed as 
∑

i∈cluster
kBT
6πηD

–1
i  

or 
∑

i∈cluster
kBT
8πηD

– 1
3

R,i . Next, according to Stokes-Einstein equation, the translational diffusion coefficient of the cluster 

is DCluster =
kBT

6πηrcluster
= kBT

6πη
∑

i∈cluster
kBT
6πηD

–1
i

=
[∑

i∈clusterD
–1
i

]–1
. Similarly, the rotational diffusion coefficient of the cluster is 

DR,Cluster =
kBT

8πηr3cluster
= kBT

8πη

[∑
i∈cluster

kBT
8πηD

– 13
R,i

]3 =
[∑

i∈clusterD
– 1
3

R,i

]–3
. Therefore, by applying DCluster =

[∑
i∈cluster D

–1
i

]–1
 and 

DR,Cluster =
[∑

i∈cluster D
– 1
3

R,i

]–3
 to directions x, y and z and to different types of diffusion, the diffusion coefficients of the 

assembled cluster can be calculated. These equations for diffusion coefficients of clusters have also been used in [30]. 
Note that, clathrins can only form clusters by binding to AP-2, which later triggers the binding to other clathrins. Therefore, 
every clathrin cluster contains at least one AP-2 molecule. Combined with the values of DAP-2,z, DR,AP-2,x  and DR,AP-2,y , we 
have DCluster,z = 0, DR,Cluster,x = DR,Cluster,y = 0, meaning that the cluster cannot diffuse out of the membrane [56].

Next, we describe how clathrin and AP-2 are modeled. Each clathrin is modeled by a rigid structure (in green and pink 
in Fig 1G) that can diffuse in the cytosol or on the membrane. For each clathrin, there are four binding sites (see S2 Table 
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for the length of binding sites): three binding sites (green in Fig 1G) that allow it to bind to another clathrin, and one bind-
ing site (pink in Fig 1G) that allows clathrin to bind to AP-2. This structure of clathrin is the same as that in [30] except that 
the binding site for AP-2 is decreased to 1. This simplification is used to reduce computation time, and we assume that it 
does not quantitatively affect the results. Moreover, the clathrin-clathrin binding event is assumed to be achieved by head 
to head binding of clathrin binding sites from two different clathrins. After binding, the distance between two bound sites 
is 5 nm, and the center of two clathrins and all clathrin binding sites are on the same plane. As for AP-2, it is represented 
as a zero-volume dot that is always located on the cell membrane. Although all AP-2 molecules are located on the mem-
brane, they exist in two forms: clathrin-bound and clathrin-unbound. The location of clathrin-bound AP-2 is determined by 
the clathrin binding site, while clathrin-unbound AP-2 molecules are not explicitly modeled (S3 Fig). This implicit local-
ization assumption for AP-2 is based on the in vitro model described in [30]. For the binding of clathrin to AP-2, the AP-2 
binding site on the clathrin is oriented perpendicular to the cell membrane. The excluded volume of clathrin is set at 10 
nm. These settings ensure the formation of a flat hexagonal structure of clathrins on the cell membrane.

Then, to model the dynamics of clathrins in the cubic simulation domain, we utilized the particle-based algorithm 
NERDSS, a nonequilibrium simulator for multibody self-assembly developed by Varga et al. [31]. The time step ∆t  is set 
to 3 μs, during which we assumed that each clathrin either diffuses or undergoes only one reaction. Within each time 
step, the dissociation events are tested first. The corresponding reaction probability of the dissociation event is calculated 
as 1 – exp(–k∆t) from a Poisson process, where k is the dissociation rate with the unit s–1. Then, the association events 
are tested, where the reaction probability is calculated by free propagator reweighting (FPR) algorithm [31,43,57]. If the 
particle undergoes dissociation or association events, this particle cannot diffuse in this time step. Therefore, we only 
consider the diffusion of those molecules that are not involved in dissociation or association events in this time step. For 
translational diffusion, the displacement of a single molecule or clathrin cluster along direction p (p = x, y, z) is given by 
∆p =

√
2Dp∆t ξp, where ξp is a random number from a standard normal distribution, and Dp denotes the translational 

diffusion coefficient along the corresponding direction. For the rotational diffusion process, the single molecule or clathrin 
cluster are set to rotate around the p axis (p = x, y, z) with the angle 

√
2DR,p∆t ηp, where ηp is also a random number from 

a standard normal distribution, and DR,p denotes the rotational diffusion coefficient around the corresponding axis. At the 
same time, the algorithm checks whether the newly displaced positions will cause overlapping of the clathrin molecules. If 
overlap occurs, the displacement is resampled until non-overlapping positions among the clathrins are achieved.

The simulation domain is bounded by six surfaces (two along each of the x, y, and z axes). All these six surfaces 
are set as reflecting boundaries: if the tentative next position of a clathrin or clathrin cluster is outside the domain, it is 
reflected back inside. In detail, let the current position of a molecule be denoted as (pos1, pos2, pos3), corresponding 
to its coordinates along the x, y, and z axes. Reactions or diffusion may move the molecule to a tentative new position 
(posnew1 , posnew2 , posnew3 ). If only posnew1  exceeds the right boundary at x = L, the y- and z-coordinates remain unchanged 
(i.e., posnew2  and posnew3 ), but the x-coordinate is reflected back into the domain and given as 2L – posnew1 . However, the 
association event is rejected if it can cause the clathrin cluster to extend beyond the simulation domain.

The input files used for NERDSS are available at https://github.com/RangamaniLabUCSD/FlatClathrinLattice. The 
simulations were performed at Triton Shared Computing Cluster at the San Diego Supercomputer Center (https://doi.
org/10.57873/T34W2R).

3  Results

In this study, we investigated the underlying mechanisms of two phenomena: (1) the formation of multiple FCLs in the 
absence of stimulation, and (2) the EGF-induced dynamics of FCLs, characterized by an increase in both their size and 
number, followed by a return to baseline levels. We utilized NERDSS, a nonequilibrium reaction-diffusion self-assembly 
simulator [30], to describe the assembly and disassembly of clathrins. In this model, each clathrin is an individual parti-
cle and interacts with each other through binding and unbinding events (Fig 1F–1G). We found that even if all the kinetic 

https://github.com/RangamaniLabUCSD/FlatClathrinLattice
https://doi.org/10.57873/T34W2R
https://doi.org/10.57873/T34W2R
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parameters remain unchanged, FCLs are very dynamic, meaning the number and size of FCLs often vary with time. The 
numbers of FCLs, size of each FCL, and dwelling time are affected by adaptor protein-2 (AP-2) number, clathrin-clathrin 
binding rate, and clathrin diffusion coefficient. Furthermore, simultaneous changes in AP-2 number, clathrin-clathrin binding 
rate, and clathrin diffusion coefficient can generate the experimentally observed FCLs dynamics triggered by EGF, that is, 
the increasing trend of cluster number and size in the first 30 minutes and then decreasing back to baseline levels. These 
findings reveal the formation mechanisms of multiple FCLs and provide insights into the mechanisms underlying EGF- 
triggered FCL dynamics, enhancing our understanding of how FCLs form and change on the cell membrane.

3.1  The formation of flat clathrin lattices is dynamic

Given the presence of multiple FCLs in various cell types even without stimulus (Fig 1A–1D and [45]), we first studied the 
mechanism of spontaneous formation multiple FCLs, corresponding to the case without any stimulus. We set the ran-
domly distributed clathrins as the initial condition (Fig 2A), and then simulated clathrin dynamics. We found that the cluster 
is always dynamic: there is one cluster at 21 minutes but two clusters at 29.7 minutes (Fig 2B). The mean cluster size, 
defined as the total cluster size divided by the cluster number, also changes from 0.075 μm2 to 0.0285 μm2. Such dynamic 
transitions in cluster number (blue curve in Fig 2C) occur frequently and persists even when the number of  
membrane-bound clathrins reaches the plateau (red curve in Fig 2C). These results indicate that FCLs on the cell mem-
brane can transition between different states.

To quantitatively measure the FCL dynamics on the cell membrane, we defined three metrics for the most possible 
pattern: cluster number, mean value of the mean cluster size, and mean value of dwell time. First, we defined tc  as the 
time when the number of membrane-bound clathrins reaches 90% of that at the end of simulations (i.e., 30 minutes). We 
chose the time 30 minutes due to the long-lived property of FCL which ranges from 2 to 10 min to more than 1 h [6,11]. 
We only focused on the behavior after tc  (Fig 2C), because the number of membrane-bound clathrins only shows small 
fluctuations after tc . Next, for each time point, we calculated the mean cluster size and found that it shows high variation 
across all time points (panel A in S4 Fig). Therefore, due to the large variations, the mean of the mean cluster size across 
all time points does not accurately reflect clathrin dynamics. To address this issue, we categorized all data frames into 
different patterns, which is defined as the sub-set of data frames with the same cluster number. Interestingly, we found 
that for a given pattern, the variation of the mean cluster size is much smaller than that across all data frames (panels B-G 
in S4 Fig). Therefore, instead of considering all data frames, we focused on the pattern, that is, the subset of data frames 
with the same cluster number. Furthermore, we only focused on the pattern with the highest frequency, referred to as the 
most possible pattern, since it is likely to be observed by the experiment. For example, in the simulation shown in Fig 2B, 
the most possible pattern has a cluster number of 2 (Fig 2D). Then, we calculated the mean value of the mean cluster size 
and the dwelling time for the most possible pattern (Fig 2F). Here, the dwelling time is the duration that the cluster number 
remains unchanged (arrow in Fig 2C). For example, for the simulation in Fig 2B, the most possible pattern has a mean 
cluster size of 0.03μm2 and a dwelling time of 0.69 minutes. Overall, these results suggest that the clathrin cluster exhibits 
frequent changes in cluster number, size, and dwelling time in the absence of any stimulus.

3.2 Number of AP-2 affects the cluster number, size and dwelling time

Previous studies showed that sufficient adaptor proteins are required to maintain the FCL [30], but the effect of AP-2 num-
ber on the cluster number, size, and dwell time remains unknown. To investigate this, we simulated the clathrin dynamics 
for different numbers of AP-2. The initial condition is the same as that in Fig 2A, that is, randomly distributed clathrins. 
Despite the dynamic transition between different states, the number of clusters is 0, larger than 1, and 1 when AP-2 num-
ber is 10, 200, and 400, respectively (Fig 3A–3C). By testing more values of the AP-2 number with 4 replicates for each 
value, the cluster number for the most possible pattern shows a significant increase and then decrease when the AP-2 
number increases (Fig 3D). These results indicate that increasing AP-2 number leads to the transition from no cluster, 



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014013  March 11, 2026 8 / 22

multiple small clusters to one giant cluster. It should be noted that the clathrin-clathrin binding rate we used is 50 times 
as large as that in [30], as the latter cannot generate the experimentally observed multiple clusters, even when the AP-2 
number is varied (panel D in S1 Fig D and S5 Fig). When the clathrin-clathrin binding rate is low, the clathrin behavior with 
increased AP-2 number is the same as that in [30], that is, a transition directly from no cluster to one giant cluster without 
experiencing the multiple small clusters stage (S5 Fig). In addition to the effect on cluster number, the AP-2 number also 
affects the mean cluster size and dwelling time. As the number of AP-2 increases, the mean value of the mean cluster size 
monotonically increases (Fig 3E). At the same time, the dwelling time for the most possible pattern first decreases and 
then increases (Fig 3F), which is opposite to the trend of the cluster number. Combining the effects of AP-2 number on 

Fig 2.  The FCL formation is highly dynamic. (A) The initial condition. Clathrin molecules (denoted in gray) are randomly distributed in the simula-
tion domain at time 0. (B) Snapshots of FCLs at 21 minutes (left) and 29.7 minutes (right) when simulating from the random initial condition in (A). The 
gray particle represents the clathrin either in the cytosol or in a small membrane-bound cluster (with no more than 10 clathrins), while the blue particle 
represents clathrin in a large membrane-bound cluster (containing more than 10 clathrins). The number of AP-2 is set to be 150. The area surrounded 
by the red curve is calculated as the size of each cluster. Mean cluster size is defined as the total size of all clusters divided by the number of clusters at 
a specific time point. (C) The number of clusters (left axis) and that of membrane-bound clathrins on cell membrane (right axis) as functions of time. The 
settings of model simulations are the same as that in (B). We defined tc  as the time when the number of clathrins on the cell membrane first exceeds 
90% of the amount present at 30 minutes, and assumed that the system after tc  is at equilibrium. (D) The frequency of cluster numbers after tc . The 
cluster number with the highest frequency is defined as the most possible pattern. (E) The frequency of mean cluster size for the most possible pattern. 
(F) The frequency of dwelling time for the most possible pattern.

https://doi.org/10.1371/journal.pcbi.1014013.g002

https://doi.org/10.1371/journal.pcbi.1014013.g002
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Fig 3.  Number of AP-2 affects the FCLs cluster number, size and dwelling time. (A-C) Simulated clathrin dynamics when the AP-2 number is 10 
(A), 200 (B), and 400 (C). The initial condition is randomly distributed clathrins in the simulation domain. In panel (i), the number of clusters (in blue) 
and the number of membrane-bound clathrins (in red) are shown as a function of time. Panels (ii) and (iii) show the most possible pattern and the other 
pattern, respectively. The circle or diamond indicates the time point in the panel (i). (D) The cluster number for the most possible pattern when increasing 
the AP-2 number. (E) The mean value of the mean cluster size for the most possible pattern when increasing the AP-2 number. (F) The mean dwell-
ing time for the most possible pattern when increasing the AP-2 number. P value was obtained from unpaired t-test: ** indicates p<0.01;*** indicates 
p<0.001. Data in (D-F) were shown as mean±SD, where SD means standard deviation.

https://doi.org/10.1371/journal.pcbi.1014013.g003

https://doi.org/10.1371/journal.pcbi.1014013.g003
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cluster number, cluster size, and dwell time, we concluded that increasing the number of AP-2 leads to the transition from 
no cluster to short-lived multiple small clusters, to a long-lasting single giant cluster.

3.3 Increasing clathrin-clathrin binding rate leads to an increased cluster number, reduced cluster size, and 
shortened dwelling time

While only an intermediate value of the AP-2 number leads to the formation of multiple clusters, we next explored whether 
other parameters can robustly generate multiple clusters. Since the clathrin-clathrin binding rate in [30] was estimated by 
fitting to clathrin dynamics in a membrane tube, the actual clathrin-clathrin binding rate in real cells may differ from that in 
[30]. Therefore, we studied the influence of clathrin-clathrin binding rate on cluster formation. Throughout this work, the 
binding and unbinding rates refer to the association and dissociation rates, respectively. We changed the value of  
clathrin-clathrin binding rate k(AP-2·)Clat·Clat while fixing the value of other kinetic parameters. The initial condition is still a ran-
dom distribution of clathrins. As the clathrin-clathrin binding rate k(AP-2·)Clat·Clat increases, the most possible pattern shows 
increased cluster number (Fig 4A–4D), decreased mean value of the mean cluster size (Fig 4E), and decreased mean 
dwelling time (Fig 4F). Note that the third bar in Fig 4D is identical to the third bar in Fig 3D, as both panels are calculated 
based on the case where the AP-2 number is 100 and the clathrin-clathrin binding rate is 50×0.913 μM−1s−1. For this sys-
tem, increasing the AP-2 number does not increase the cluster number (fourth to last bars in Fig 3D), while increasing the 
clathrin-clathrin binding rate significantly increases the cluster number (the last two bars in Fig 4D), indicating that the  
clathrin-clathrin binding rate has a greater impact on cluster number than increasing the AP-2 number. In addition to the role 
of the clathrin-clathrin binding rate, we also explored the binding rate between AP-2 and clathrin and found that increasing 
this rate also leads to an increase in the number of clusters (S6 Fig). In conclusion, these results suggest that a high  
clathrin-clathrin binding rate leads to an increased cluster number, reduced cluster size, and shortened dwelling time.

3.4 Decreasing clathrin diffusion coefficient results in an increased cluster number, reduced cluster size, and 
shortened dwelling time

In the above analysis, we assumed that the surrounding environment of clathrin is water, which is less viscous than the 
cytosol. Therefore, the diffusion coefficient of clathrin in real cells [58,59] is usually smaller than the value used in the 
analysis. To investigate how the diffusion coefficient of clathrin affects the formation of multiple clusters, we next varied 
the clathrin diffusion coefficient while keeping other kinetic parameters constant. We found that, when the clathrin diffusion 
coefficient decreases, the most possible pattern exhibits a similar trend to those observed with increased k(AP-2·)Clat·Clat: 
increased cluster number, decreased cluster size, and decreased dwelling time (Fig 5). Thus, a low clathrin diffusion coef-
ficient results in an increased cluster number, reduced cluster size, and shortened dwelling time.

3.5 Simultaneous changes in the clathrin-clathrin binding rate and clathrin diffusion coefficient can reproduce the 
experimentally observed trend of FCLs under EGF stimulus

The above studies focus on clathrin behavior without stimulus, that is, all kinetic parameters in any given simulation are 
fixed. In this case, although both the clathrin number and size are dynamic after a long time simulation (e.g., after tc ),  
their mean behavior remains relatively stable, deviating from the experimentally observed increasing trend during the 
15 minutes after the EGF stimulus. Therefore, we hypothesized that kinetic parameters associated with the assembly of 
FCL might change in response to an EGF stimulus. To test this hypothesis, we started from a state where there is only 
one cluster (Fig 6A), and then tested different combinations of parameter changes (Fig 6B) to determine which one best 
reproduces the experimental results.

First, we varied the kinetic parameters to explore which configurations could reproduce the experimentally observed 
clathrin dynamics during 30 minutes after the EGF stimulus. In this time interval, experimental data showed that both the 
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Fig 4.  Increasing clathrin-clathrin binding rate leads to an increased cluster number, reduced cluster size, and shortened dwelling time. (A-C) 
Simulated clathrin dynamics when the clathrin-clathrin binding rate k(AP-2·)Clat·Clat is 0.913 μM−1s−1 (A), 25 × 0.913 μM−1s−1 (B), and 75 × 0.913 μM−1s−1 (C). 
Parameters except k(AP-2·)Clat·Clat are fixed. The initial condition is that clathrins are randomly distributed in the simulation domain. Panels (i-iii) are plotted 
in the same way as those in Fig 3A. (D) The cluster number for the most possible pattern when increasing k(AP-2·)Clat·Clat. (E) The mean value of the 
mean cluster size for the most possible pattern when increasing k(AP-2·)Clat·Clat. (F) The mean dwelling time for the most possible pattern when increasing 
k(AP-2·)Clat·Clat.P value was obtained from unpaired t-test: *** indicates p<0.001;******* indicates p<1E-7. Data in (D-F) were shown as mean±SD, where 
SD means standard deviation.

https://doi.org/10.1371/journal.pcbi.1014013.g004

https://doi.org/10.1371/journal.pcbi.1014013.g004
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Fig 5.  Decreasing clathrin diffusion coefficient results in an increased cluster number, reduced cluster size, and shortened dwelling time. 
(A-C) Simulated clathrin dynamics when the clathrin diffusion coefficient DClat is 13 μm2/s [30] (A), 15 × 13 μm2/s (B), and 140 × 13 μm2/s (C). Parameters 
except DClat are fixed. The initial condition is that clathrins are randomly distributed in the simulation domain. Panels (i-iii) are plotted in the same way as 
those in Fig 3A. (D) The cluster number for the most possible pattern when decreasing DClat. (E) The mean value of the mean cluster size for the most 
possible pattern when decreasing DClat. (F) The mean dwelling time for the most possible pattern when decreasing DClat. P value was obtained from 
unpaired t-test: *** indicates p<0.001;******* indicates p<1E-7. Data in (D-F) were shown as mean±SD, where SD means standard deviation.

https://doi.org/10.1371/journal.pcbi.1014013.g005

https://doi.org/10.1371/journal.pcbi.1014013.g005
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Fig 6.  Simultaneous changes in the clathrin-clathrin binding rate and clathrin diffusion coefficient can reproduce the experimentally observed 
trend of FCLs under EGF stimulus. (A) Initial condition used to mimic the clathrin cluster before EGF stimulus. (B) Changing kinetic parameters to 
mimic the effect of EGF stimulus. Four different combinations were tested: (1) increasing AP-2 number only; (2) increasing AP-2 number and clathrin- 
clathrin binding rate simultaneously; (3) increasing AP-2 number and decreasing clathrin diffusion coefficient simultaneously; (4) increasing AP-2 num-
ber, increasing, and decreasing simultaneously. (C–F) Clathrin dynamics on the cell membrane under different parameter changes in (B). The panels 
(C–F) correspond to parameter changes in (1–4) in the panel (B), respectively. For each type of parameter change, four or five snapshots of clathrins at 
different time points were shown. The last column shows the fold change in cluster number (left) and maximum cluster size (right) as a function of time. 
For each type of parameter change, three replicates were performed, shown as meanSD (standard deviation). Solid lines in the last row of (C–F) denote 
the mean, with the shading representing the standard deviation.

https://doi.org/10.1371/journal.pcbi.1014013.g006

https://doi.org/10.1371/journal.pcbi.1014013.g006
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cluster number and cluster size increase (Fig 1E and [16]). As shown in the previous sections, increasing AP-2 number 
alone, increasing clathrin-clathrin binding rate k(AP-2·)Clat·Clat alone, or decreasing clathrin diffusion coefficient DClat alone all 
lead to the increased cluster number. The increase in clathrin-clathrin binding rate may result from EGF-induced phos-
phorylation of the clathrin heavy chain [60], while the decrease in DClat may be attributed to EGF-triggered aggregation of 
various molecules, including β5 integrin and EGF receptors, into the clathrin cluster [16]. Thus, in order to generate the 
increased cluster number during 30 minutes after EGF stimulus, these three parameters might be changed, but it remains 
unknown whether these three parameters should be changed individually or simultaneously. Thus, we tested the following 
four ways of changing parameter (Fig 6B): (1) increasing the AP-2 number; (2) increasing the AP-2 number and increasing 
clathrin-clathrin binding rate k(AP-2·)Clat·Clat simultaneously; (3) increasing the AP-2 number and decreasing clathrin diffusion 
coefficient DClat simultaneously; (4) increasing AP-2 number, increasing k(AP-2·)Clat·Clat, and decreasing DClat simultaneously. 
For all methods, AP-2 number is increased from 100 to 200 in the time interval [0, 30 minutes]; k(AP-2·)Clat·Clat is increased 
by a 50-fold change; DClat is decreased to one-fiftieth of its previous value. We found that the clathrin dynamics in the 
first three methods do not show a significant increase in cluster number in the time interval [0, 30 minutes] (Fig 6C–6E). 
However, the fourth method, where AP-2 number, k(AP-2·)Clat·Clat and DClat are all changed, exhibits an increased cluster 
number and increased cluster size in the time interval [0, 30 minutes] (Fig 6F). These results indicate that a simultaneous 
increase in AP-2 number and k(AP-2·)Clat·Clat, along with a decrease in DClat, can generate the experimentally observed clus-
ter dynamics during the first 30 minutes of the EGF stimulus.

After we reproduced the clathrin dynamics in the first 30 minutes of EGF stimulus, we hypothesized that reversing all 
the kinetics parameters would reproduce the experimentally observed clathrin disappearance between 30–60 min after 
EGF stimulation. We observed that decreasing AP-2 number, k(AP-2·)Clat·Clat and DClat lead to decreases in both FCLs clus-
ter number and size at 60 min of EGF stimulation (Fig 6F). This result is consistent with the experimental data collected 
after 60 minutes of EGF stimulation (Fig 1E). Between 30 and 60 minutes, numerical simulations predicted that large 
clusters break apart into many smaller clusters (S7 Fig) and thus result in a temporary increase in the number of clusters. 
These results also suggest that reverting the AP-2 number, k(AP-2·)Clat·Clat, and DClat to their baseline values reproduces the 
clathrin dynamics during 30–60 minutes after EGF stimulus.

4  Discussion

Clathrin can assemble into various shapes, including Ω-shaped pits and flat clathrin lattices. The Ω-shaped pits that are 
formed on the cell membrane during endocytosis are short-lived and are removed from the membrane after the pro-
cess. In contrast, flat clathrin lattices tend to be more stable, lasting more than 10 minutes, and have different functions 
compared to the Ω-shaped pits. These flat clathrin lattices have been found to act as signaling hubs. For example,their 
number and size exhibit an increasing trend followed by a decreasing trend after the EGF stimulus. However, how such 
changes in number and size are achieved remains elusive. Here, we investigated the mechanisms underlying the forma-
tion of multiple FCLs, as well as the changes in FCLs induced by EGF stimulus.

We used a particle-based model for clathrins and simulated the dynamics using NERDSS, a nonequilibrium simulator 
for multibody self-assembly [31]. For the mechanism of multiple FCLs formation, we started from a random distribution 
of clathrins and only focused on the clathrin state when the system becomes “stable,” that is, the time when the number 
of membrane- bound clathrins reaches 90% of that at the end of the simulation. We revealed that the FCL formation is 
dynamic, suggested by the highly dynamic cluster number and cluster size. Moreover, when increasing AP-2 number, 
clathrin states exhibit a transition from no cluster to short-lived multiple small clusters, and finally to long-lasting single 
giant cluster. An increase in the clathrin-clathrin binding rate or a decrease in the clathrin diffusion coefficient both lead 
to an increased cluster number, a decreased cluster size, and reduced dwelling time. In addition to the mechanism of 
multiple FCL formation, we also studied the mechanisms of changes in FCLs caused by EGF stimulus. We found that 
the changes in AP-2 number are not sufficient to achieve the experimentally observed trend of FCLs. However, when 
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combined with changes in clathrin-clathrin binding rate and clathrin diffusion coefficient, the simulated clathrin dynamics 
qualitatively fit the experimental data.

The cluster size and number obtained from the simulations are broadly consistent with the experimental data. In [45], 
the cluster sizes ranged from 0.01 μm2 to 0.3 μm2 in HeLa and U87 cells, and from 0.01 μm2 to 1.3 μm2 in MCF7 cells 
(also see Fig 1C). Despite the presence of very large clusters, the mean cluster size was near 0.05 μm2 across all three 
cell types. In our simulations, the cluster sizes ranged from 0.001 μm2 to 0.1 μm2, which is close to the mean cluster size 
observed in experimental data. Moreover, the cluster number in 1 μm× 1 μm square ranges from 0 to 10 in HeLa, U87, 
and MCF7 cells, with 1 or 2 clusters occurring most frequently ([45] and Fig 1D). In this study, we also simulated clath-
rin dynamics on a 1 μm × 1 μm cell membrane region and observed 0–12 clusters, consistent with the experimentally 
reported cluster numbers. As for dwelling time, by measuring the intensity of fluorescence-labeled clathrin, Grove et al. 
found that flat clathrin lattices are long-lived, typically lasting more than 10 minutes [7]. However, this technique cannot 
distinguish small individual flat clathrin lattices. In contrast, the electron microscopy technique used in [16] has a bet-
ter than fluorescence imaging and observe small individual flat clathrin lattices, but it cannot monitor cluster dynamics 
because cells are fixed during imaging. Therefore, large flat clathrin lattices may have long dwelling times more than 10 
minutes, but it remains unclear whether small lattices exhibit short or long dwelling times. In our simulations, the dwelling 
time ranges from 0.05 to 10 minutes depending on cluster size, which need to be validated by future experiments.

The roles of kinetic parameters in multiple FCLs formation found in this work improve our understanding of clath-
rin assemblies. We found that increasing clathrin-clathrin binding rate leads to an increased cluster number, reduced 
cluster size, and shortened dwelling time. Such an increase in the number of clusters may be because a high value of 
k(AP-2·Clat·Clat) allows formed clusters to easily absorb unbound clathrins when the component occasionally dissociates. 
Furthermore, as more clusters arise, they compete for the limited clathrin resources, potentially resulting in a decrease 
in cluster size. As small clusters do not have too many clathrins and may lose all their clathrins in a very short time, small 
clusters tend to disappear quickly, which may cause a decrease in dwelling time.

As for the role of clathrin diffusion coefficient, we showed that decreasing clathrin diffusion coefficient results in an 
increased cluster number, reduced cluster size, and shortened dwelling time. This type of behavior was also observed 
in recent work [61]. However, these results seem to deviate from the property for the steady-state system, where the 
distribution of clusters is expected to remain unchanged. The possible reason might be that a slower clathrin diffusion 
coefficient prevents dissociated clathrin from dispersing too far, thus allowing the clathrin clusters to efficiently recruit the 
dissociated clathrin and maintain their structure, rather than merging into a giant cluster or disassembling. Thus, the effect 
of the diffusion coefficient on clathrin dynamics could be an artifact of the algorithm, as the phenomenological acceptance 
criteria can lead to a low acceptance rate for two clusters to combine when molecule diffusion becomes slow.

The model predictions are consistent with previous biochemical evidence to some extent. On the one hand, we pre-
dicted that the increase in the AP-2 number helps FCLs grow after EGF stimulus. This is closely related to the experi-
mentally observed increased interaction between clathrin and endocytic adaptors (e.g., AP-2, Eps15) after EGF stimulus 
[62–64]. Moreover, there is a regulatory domain on the EGFR cytoplasmic domain that is essential for AP-2 recruitment 
[65]. On the other hand, we predicted that the change in clathrin-clathrin binding rate might be important for EGF-triggered 
FCLs dynamics. Such changes may relate to EGF-triggered phosphorylation of AP-2 and clathrin [60,66]. Further experi-
mental work is necessary to validate this hypothesis. However, it should be noted that other possible conditions may also 
generate the experimentally observed EGF-triggered cluster dynamics, such as changes in the clathrin-clathrin unbinding 
rate or the binding rate between AP-2 and clathrin, which were not tested in this study. Future detailed simulations will be 
necessary to explore all the potential mechanisms underlying the EGF-triggered FCL changes.

The way we altered the kinetic parameters in Fig 6B (iii) is closely related to the activity of EGFR pathway. Upon per-
sistent 60-minute EGF stimulation, EGFR and downstream kinases are first activated and then deactivated [67]. At the 
same time, some downstream molecules also exhibit an enrichment followed by degradation, returning to pre-stimulus 
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levels, for example, Grb2 [68]. Thus, we predict that these changes in EGFR and downstream pathways affect the AP-2 
number, clathrin-clathrin binding rate, and clathrin diffusion coefficient, that is, all of these parameters exhibit a sudden 
change at 30 minutes (as shown in Fig 6B (iii)). Here, the change in AP-2 number can be interpreted as a change in the 
available AP-2, since the the EGFR pathway may regulate the state of AP-2. In addition, upon EGF stimulation, EGFR 
endocytosis is triggered on the cell membrane. This may cause the FCL to form Ω-shaped pits that leave from the mem-
brane, leading to a reduction in FCL on the surface. This endocytosis process may contribute to the decrease in FCL 
number and area between 30 and 60 minutes following EGF stimulation. Further experiments are needed to test these 
hypotheses.

FCLs regulate various cellular processes like proliferation and actin network remodeling [9,69]. FCLs also harbor differ-
ent receptors including epidermal growth factor receptor (EGFR), fibroblast growth factor receptor 1 (FGFR1), low-density 
lipopoprotein receptor LDLR, lysophosphatidic acid receptor 1 (LPAR1), and β5 integrin [16,70]. β 5-integrin knock down 
leads to decreased abundance of FCLs at the plasma membrane [16]. Therefore, flat clathrin lattices serve as multifunc-
tional platforms that coordinate signaling, endocytosis, and cytoskeletal organization. Despite the distinct dynamic behav-
iors of FCLs under various stimuli, their assembly and disassembly may universally be highly dynamic.

In addition to the particle-based model we used in this work, lattice model [71,72], Cahn–Hilliard equation [73–75] 
Turing model [76,77], molecular dynamics simulations [78,79] have also been used to model the protein clusters within 
the cell. However, the continuous models, including Cahn–Hilliard equation and Turing model, do not include the stochas-
ticity of chemical reactions, and thus may lead to the failure of capturing experimental observations. This failure was also 
validated by simulating Turing model (S8 Fig, S1 Text, S3 Table), where the increases in cluster number and size occur at 
different times. In addition to this shortcoming, the assumption of the Turing model may also be unrealistic for the  
clathrin-AP-2 system. Specifically, the Turing model requires that AP-2, as an activator, diffuses more slowly than the 
membrane-bound clathrin. However, this may not hold true in the clathrin-AP-2 system, as the membrane-bound clathrin 
is a complex composed of both AP-2 and clathrin, which could cause it to diffuse more slowly than free AP-2. Thus, when 
simulating the dynamics of multiple clusters, continuous models may not be able to fit experiments as well as  
particle-based models.

In this work, we focused on the interactions between AP-2 and clathrins with several simplifications. For example, 
there are multiple AP-2 binding sites on clathrin [80], but we assume only one AP-2 binding site per cluster for the sake 
of simplicity; the binding between AP-2 and the cell membrane is neglected by assuming that AP-2 is located on the cell 
membrane at all times. To ensure that the reducing the clathrin-AP-2 binding sites not quantitatively affect the result, we 
tested effect of AP-2 number (S9 Fig) and clathrin-clathrin binding sites (S10 Fig) when there are three clathrin-AP-2 bind-
ing sites. Though the exact number of clusters, cluster size, and dwelling time are different between the systems with one 
and three clathrin-AP-2 binding sites, increasing the number of AP-2 exhibits a similar trend (panels D-F in S9 Fig): the 
transition from no clusters to short-lived, multiple small clusters, and then to a long-lasting, single giant cluster. In addi-
tion, in the system with three clathrin-AP-2 binding sites, increasing the clathrin-clathrin binding rate leads to an increase 
in the number of clusters (panels D-F in S10 Fig), which is consistent with the result observed when there is only one 
clathrin-AP-2 binding site. Therefore, we assume that the simplification from three clathrin-AP-2 binding sites to one only 
qualitatively affects the results. In addition, we assumed a fixed number of 300 clathrin molecules, neglecting their produc-
tion and degradation. As a result, the number of membrane-bound clathrins cannot exceed 300. Given the complexity of 
the protein synthesis process, we anticipated that clathrin production could influence the results over longer timescales. 
Another limitation is that we did not consider the reactions between clathrins and signaling molecules involved in EGFR 
pathway. In this study, we predicted that, to ensure the increasing trend of FCL number and size in the first 30 minutes 
and then decreasing trend between 30 and 60 minutes, EGFR pathway will regulate the AP-2 number, clathrin-clathrin 
binding rate, and clathrin diffusion coefficient simultaneously. However, the mechanism of how EGFR pathway regulates 
these parameters remains unclear. Future work is expected to include both EGFR pathways and clathrins to investigate 
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the crosstalk between the EGFR pathway and FCLs. Furthermore, there are debates about the relationship between 
flat clathrin lattices and Ω-shaped pits [2,11,81,82], which were not considered in this work. Both constant curvature and 
constant area models have been used to explain the transition from flat to curved clathrin assemblies [11]. To further 
investigate the crosstalk among flat clathrin lattices, Ω-shaped pits, and EGFR pathways, which still remain elusive, future 
modeling studies will need to develop a model that incorporates membrane properties, self-assembled clathrins, and 
EGFR signaling pathways.

In addition to the flat structural assemblies formed by clathrin examined in this work, other proteins can also form 
assemblies or clusters with distinct shapes within the cell, including nanodomain formed by A-kinase anchoring pro-
tein (AKAP) 79/150 [83], stress granule [84], and Yes-associated protein (YAP) [85] condensates. Researchers have 
extensively explored the formation mechanisms of these protein assemblies [86,87]. For example, increased monomer 
concentration leads to the transition from co-existing multiple assemblies to one giant assembly [71], consistent with our 
simulation results when increasing AP-2 number; the lag time and steepness for the clathrin cluster growth curve are 
primarily controlled by the individual clathrin binding rate to membrane and the binding rate between clathrin and AP-2, 
respectively [30]; two-dimensions mesoscopic simulations allow the formation of multiple postsynaptic protein assemblies 
while three-dimensions cannot [88]. In addition to formation mechanisms, the interaction between protein assemblies and 
neighboring environment also has been widely studied [87,89,90]. For instance, protein assemblies not only regulate key 
signaling pathways [91,92] but also affect the kinetic parameters [93]; curvature-inducing proteins can assemble and reg-
ulate cell membrane shape [94]. This study also serves as an example for investigating the interactions between protein 
assemblies and their surrounding environment.
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(blue or gray) and AP-2 (red) at 30 minutes, simulated from an initial condition where the molecules are randomly distrib-
uted. Clathrin is shown in blue or gray, depending on whether it is membrane-bound. 45 clathrin-bound AP-2 molecules 
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are labeled in red, while the remaining 55 AP-2 molecules are not shown. (B) Same plot as (A), but with a different 
AP-2-clathrin binding rate. In this case, 95 clathrin-bound AP-2 molecules are shown in red, while the remaining 5 AP-2 
molecules are not shown. See S1 Table for kinetic parameters.
(PDF)

S4 Fig. Distributions of cluster size and dwelling time in Fig 2. (A) Distributions of mean cluster size (upper panel) and 
dwelling time (lower panel) for all data points, obtained from the simulations shown in Fig 2. (B–E) Same plots as in (A), 
but restricted to data points with cluster numbers of 1 (B), 2 (C), 3 (D), and 4 (E), respectively. (F) The mean value of the 
cluster size in panels (B–E). S1 represents the mean cluster size in panel (B), corresponding to the highest dashed line. 
The dashed lines, from the second highest to the lowest, represent 12S1, 

1
3S1, and 14S1, respectively. (G) Standard devia-

tion of the mean cluster size in panels (A–E).
(PDF)

S5 Fig. The FCL exhibits the phase transition from no cluster to one giant cluster when the AP-2 number 
increases while maintaining a low clathrin-clathrin binding rate. (A–F) The same plots as those in Fig 3 except that a 
low clathrin-clathrin binding rate is used.
(PDF)

S6 Fig. Increasing the AP2-clathrin binding rate leads to an increase in cluster number. (A–B) Simulated clathrin 
dynamics when the AP2-clathrin binding rate kAP-2·Clat  is 0.5 × 0.0012 μM−1s−1 (A), 10 × 0.0012 μM−1s−1 (B) Parameters 
except kAP-2·Clat  are fixed. The initial condition is that clathrins are randomly distributed in the simulation domain. In the 
left panel, the number of clusters (in blue) and the number of membrane-bound clathrins (in red) are shown as a function 
of time. Panels on the right showed the most possible pattern. (C) The cluster number for the most possible pattern when 
increasing kAP–2·Clat. Data were shown as mean±SD, where SD means standard deviation.
(PDF)

S7 Fig. Simulated FCL dynamics after 30 minutes of EGF stimulus, where kinetic parameters change as shown in 
Fig 6B(4). 
(PDF)

S8 Fig. The Turing model cannot simultaneously achieve the increase of cluster size and the increase of cluster 
number. (A) Schematic of reactions between the AP-2 and the clathrin. The AP-2 improves the recruitment of itself and 
the clathrin to the cell membrane. Once bound to the cell membrane, the clathrin inhibits the accumulation of the AP-2 
on the cell membrane due to steric repulsion. (B) The snapshots of clathrin clusters after increasing the association rate 
of AP-2 and membrane μ by 80% at time 0. The first plot corresponds to the Turing pattern with parameters in S3 Table. 
Scale bar is 1 μm. (C) The size for each clathrin cluster (left axis) and the total number of clathrin clusters (right axis) at 
the time points in (B). The increase in the clathrin cluster size only occurs between 0 and 15 seconds, while the increase 
of the total number of clathrin clusters occurs after 15 seconds. (D) The same plot as that in B, except that the AP-2 con-
centration is shown instead of the clathrin concentration.
(PDF)

S9 Fig. Effect of AP-2 number when there are 3 clathrin-AP-2 binding sites. (A–C) Same plots as Fig 3A–3C, except 
with three clathrin-AP-2 binding sites instead of one. Here, only the most possible pattern was shown, while other patterns 
were not shown. (D–F) Same plots as Fig 3D–3F, but with the results for one and three clathrin-AP-2 binding sites plotted.
(PDF)

S10 Fig. Effects of the clathrin-clathrin binding rate when there are 3 clathrin-AP-2 binding sites. (A–C) Same 
plots as Fig 4A–4C, except with three clathrin-AP-2 binding sites instead of one. Here, only the most possible pattern was 
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shown, while other patterns were not shown. (D–E) Same plots as Fig 4D–4E, but with the results for one and three  
clathrin-AP-2 binding sites plotted. (F) Example of the locations of clathrin (blue) and AP-2 (red).
(PDF)

Author contributions

Conceptualization: Justin W. Taraska, Padmini Rangamani.

Data curation: Marco A. Alfonzo-Méndez, Justin W. Taraska.

Formal analysis: Marco A. Alfonzo-Méndez.

Methodology: Lingxia Qiao.

Resources: Lingxia Qiao, Marco A. Alfonzo-Méndez, Justin W. Taraska, Padmini Rangamani.

Software: Lingxia Qiao, Padmini Rangamani.

Supervision: Justin W. Taraska, Padmini Rangamani.

Visualization: Lingxia Qiao, Marco A. Alfonzo-Méndez.

Writing – original draft: Lingxia Qiao, Marco A. Alfonzo-Méndez, Justin W. Taraska, Padmini Rangamani.

Writing – review & editing: Lingxia Qiao, Marco A. Alfonzo-Méndez, Justin W. Taraska, Padmini Rangamani.

References
	 1.	 Mettlen M, Chen P-H, Srinivasan S, Danuser G, Schmid SL. Regulation of Clathrin-Mediated Endocytosis. Annu Rev Biochem. 2018;87:871–96. 

https://doi.org/10.1146/annurev-biochem-062917-012644 PMID: 29661000

	 2.	 Sochacki KA, Taraska JW. From flat to curved clathrin: controlling a plastic ratchet. Trends Cell Biol. 2019;29(3):241–56. https://doi.org/10.1016/j.
tcb.2018.12.002 PMID: 30598298

	 3.	 McMahon HT, Boucrot E. Molecular mechanism and physiological functions of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol. 
2011;12(8):517–33. https://doi.org/10.1038/nrm3151 PMID: 21779028

	 4.	 Kaksonen M, Roux A. Mechanisms of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol. 2018;19(5):313–26. https://doi.org/10.1038/
nrm.2017.132 PMID: 29410531

	 5.	 Heuser J. Three-dimensional visualization of coated vesicle formation in fibroblasts. J Cell Biol. 1980;84(3):560–83. https://doi.org/10.1083/
jcb.84.3.560 PMID: 6987244

	 6.	 Saffarian S, Cocucci E, Kirchhausen T. Distinct dynamics of endocytic clathrin-coated pits and coated plaques. PLoS Biol. 2009;7(9):e1000191. 
https://doi.org/10.1371/journal.pbio.1000191 PMID: 19809571

	 7.	 Grove J, Metcalf DJ, Knight AE, Wavre-Shapton ST, Sun T, Protonotarios ED, et al. Flat clathrin lattices: stable features of the plasma membrane. 
Mol Biol Cell. 2014;25(22):3581–94. https://doi.org/10.1091/mbc.E14-06-1154 PMID: 25165141

	 8.	 Franck A, Lainé J, Moulay G, Lemerle E, Trichet M, Gentil C, et al. Clathrin plaques and associated actin anchor intermediate filaments in skeletal 
muscle. Mol Biol Cell. 2019;30(5):579–90. https://doi.org/10.1091/mbc.E18-11-0718 PMID: 30601711

	 9.	 Leyton-Puig D, Isogai T, Argenzio E, van den Broek B, Klarenbeek J, Janssen H, et al. Flat clathrin lattices are dynamic actin-controlled hubs for 
clathrin-mediated endocytosis and signalling of specific receptors. Nat Commun. 2017;8:16068. https://doi.org/10.1038/ncomms16068 PMID: 
28703125

	10.	 Vassilopoulos S, Gentil C, Lainé J, Buclez P-O, Franck A, Ferry A, et al. Actin scaffolding by clathrin heavy chain is required for skeletal muscle 
sarcomere organization. J Cell Biol. 2014;205(3):377–93. https://doi.org/10.1083/jcb.201309096 PMID: 24798732

	11.	 Lampe M, Vassilopoulos S, Merrifield C. Clathrin coated pits, plaques and adhesion. J Struct Biol. 2016;196(1):48–56. https://doi.org/10.1016/j.
jsb.2016.07.009 PMID: 27431447

	12.	 De Deyne PG, O’Neill A, Resneck WG, Dmytrenko GM, Pumplin DW, Bloch RJ. The vitronectin receptor associates with clathrin-coated membrane 
domains via the cytoplasmic domain of its beta5 subunit. J Cell Sci. 1998;111 (Pt 18):2729–40. https://doi.org/10.1242/jcs.111.18.2729 PMID: 
9718366

	13.	 Mezu-Ndubuisi OJ, Maheshwari A. The role of integrins in inflammation and angiogenesis. Pediatr Res. 2021;89(7):1619–26. https://doi.
org/10.1038/s41390-020-01177-9 PMID: 33027803

	14.	 Lock JG, Jones MC, Askari JA, Gong X, Oddone A, Olofsson H, et al. Reticular adhesions are a distinct class of cell-matrix adhesions that mediate 
attachment during mitosis. Nat Cell Biol. 2018;20(11):1290–302. https://doi.org/10.1038/s41556-018-0220-2 PMID: 30361699

https://doi.org/10.1146/annurev-biochem-062917-012644
http://www.ncbi.nlm.nih.gov/pubmed/29661000
https://doi.org/10.1016/j.tcb.2018.12.002
https://doi.org/10.1016/j.tcb.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30598298
https://doi.org/10.1038/nrm3151
http://www.ncbi.nlm.nih.gov/pubmed/21779028
https://doi.org/10.1038/nrm.2017.132
https://doi.org/10.1038/nrm.2017.132
http://www.ncbi.nlm.nih.gov/pubmed/29410531
https://doi.org/10.1083/jcb.84.3.560
https://doi.org/10.1083/jcb.84.3.560
http://www.ncbi.nlm.nih.gov/pubmed/6987244
https://doi.org/10.1371/journal.pbio.1000191
http://www.ncbi.nlm.nih.gov/pubmed/19809571
https://doi.org/10.1091/mbc.E14-06-1154
http://www.ncbi.nlm.nih.gov/pubmed/25165141
https://doi.org/10.1091/mbc.E18-11-0718
http://www.ncbi.nlm.nih.gov/pubmed/30601711
https://doi.org/10.1038/ncomms16068
http://www.ncbi.nlm.nih.gov/pubmed/28703125
https://doi.org/10.1083/jcb.201309096
http://www.ncbi.nlm.nih.gov/pubmed/24798732
https://doi.org/10.1016/j.jsb.2016.07.009
https://doi.org/10.1016/j.jsb.2016.07.009
http://www.ncbi.nlm.nih.gov/pubmed/27431447
https://doi.org/10.1242/jcs.111.18.2729
http://www.ncbi.nlm.nih.gov/pubmed/9718366
https://doi.org/10.1038/s41390-020-01177-9
https://doi.org/10.1038/s41390-020-01177-9
http://www.ncbi.nlm.nih.gov/pubmed/33027803
https://doi.org/10.1038/s41556-018-0220-2
http://www.ncbi.nlm.nih.gov/pubmed/30361699


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014013  March 11, 2026 20 / 22

	15.	 Rappoport JZ, Simon SM. Endocytic trafficking of activated EGFR is AP-2 dependent and occurs through preformed clathrin spots. J Cell Sci. 
2009;122(Pt 9):1301–5. https://doi.org/10.1242/jcs.040030 PMID: 19351721

	16.	 Alfonzo-Méndez MA, Sochacki KA, Strub M-P, Taraska JW. Dual clathrin and integrin signaling systems regulate growth factor receptor activation. 
Nat Commun. 2022;13(1):905. https://doi.org/10.1038/s41467-022-28373-x PMID: 35173166

	17.	 Hakala M, et al. Two-dimensional hrs condensates drive the assembly of flat clathrin lattices on endosomes. bioRxiv. 2025. https://www.biorxiv.org/
content/early/2025/03/04/2024.10.01.616068

	18.	 Schoen AP, Cordella N, Mehraeen S, Arunagirinathan MA, Spakowitz AJ, Heilshorn SC. Dynamic remodelling of disordered protein aggregates is 
an alternative pathway to achieve robust self-assembly of nanostructures. Soft Matter. 2013;9(38):9137. https://doi.org/10.1039/c3sm50830g

	19.	 den Otter WK, Renes MR, Briels WJ. Asymmetry as the key to clathrin cage assembly. Biophys J. 2010;99(4):1231–8. https://doi.org/10.1016/j.
bpj.2010.06.011 PMID: 20713007

	20.	 Giani M, den Otter WK, Briels WJ. Clathrin assembly regulated by adaptor proteins in coarse-grained models. Biophys J. 2016;111(1):222–35. 
https://doi.org/10.1016/j.bpj.2016.06.003 PMID: 27410749

	21.	 Ilie IM, den Otter WK, Briels WJ. Rotational Brownian dynamics simulations of clathrin cage formation. J Chem Phys. 2014;141(6):065101. https://
doi.org/10.1063/1.4891306 PMID: 25134598

	22.	 den Otter WK, Briels WJ. The generation of curved clathrin coats from flat plaques. Traffic. 2011;12(10):1407–16. https://doi.org/10.1111/j.1600-
0854.2011.01241.x PMID: 21718403

	23.	 Lee CT, Akamatsu M, Rangamani P. Value of models for membrane budding. Curr Opin Cell Biol. 2021;71:38–45. https://doi.org/10.1016/j.
ceb.2021.01.011 PMID: 33706232

	24.	 Akamatsu M, Vasan R, Serwas D, Ferrin MA, Rangamani P, Drubin DG. Principles of self-organization and load adaptation by the actin cytoskele-
ton during clathrin-mediated endocytosis. Elife. 2020;9:e49840. https://doi.org/10.7554/eLife.49840 PMID: 31951196

	25.	 Hassinger JE, Oster G, Drubin DG, Rangamani P. Design principles for robust vesiculation in clathrin-mediated endocytosis. Proc Natl Acad Sci U 
S A. 2017;114(7):E1118–27. https://doi.org/10.1073/pnas.1617705114 PMID: 28126722

	26.	 Giani M, den Otter WK, Briels WJ. Early stages of clathrin aggregation at a membrane in coarse-grained simulations. J Chem Phys. 
2017;146(15):155102. https://doi.org/10.1063/1.4979985 PMID: 28433029

	27.	 Matthews R, Likos CN. Structures and pathways for clathrin self-assembly in the bulk and on membranes. Soft Matter. 2013;9(24):5794. https://doi.
org/10.1039/c3sm50737h

	28.	 Cordella N, Lampo TJ, Melosh N, Spakowitz AJ. Membrane indentation triggers clathrin lattice reorganization and fluidization. Soft Matter. 
2015;11(3):439–48. https://doi.org/10.1039/c4sm01650e PMID: 25412023

	29.	 Schöneberg J, Lehmann M, Ullrich A, Posor Y, Lo W-T, Lichtner G, et al. Lipid-mediated PX-BAR domain recruitment couples local membrane 
constriction to endocytic vesicle fission. Nat Commun. 2017;8:15873. https://doi.org/10.1038/ncomms15873 PMID: 28627515

	30.	 Guo S-K, Sodt AJ, Johnson ME. Large self-assembled clathrin lattices spontaneously disassemble without sufficient adaptor proteins. PLoS Com-
put Biol. 2022;18(3):e1009969. https://doi.org/10.1371/journal.pcbi.1009969 PMID: 35312692

	31.	 Varga MJ, Fu Y, Loggia S, Yogurtcu ON, Johnson ME. NERDSS: a nonequilibrium simulator for multibody self-assembly at the cellular scale. Bio-
phys J. 2020;118(12):3026–40. https://doi.org/10.1016/j.bpj.2020.05.002 PMID: 32470324

	32.	 Agrawal NJ, Nukpezah J, Radhakrishnan R. Minimal mesoscale model for protein-mediated vesiculation in clathrin-dependent endocytosis. PLoS 
Comput Biol. 2010;6(9):e1000926. https://doi.org/10.1371/journal.pcbi.1000926 PMID: 20838575

	33.	 Banerjee A, Berezhkovskii A, Nossal R. Kinetics of cellular uptake of viruses and nanoparticles via clathrin-mediated endocytosis. Phys Biol. 
2016;13(1):016005. https://doi.org/10.1088/1478-3975/13/1/016005 PMID: 26871680

	34.	 Mund M, Tschanz A, Wu Y-L, Frey F, Mehl JL, Kaksonen M, et al. Clathrin coats partially preassemble and subsequently bend during endocytosis. 
J Cell Biol. 2023;222(3):e202206038. https://doi.org/10.1083/jcb.202206038 PMID: 36734980

	35.	 Marrink SJ, Corradi V, Souza PCT, Ingólfsson HI, Tieleman DP, Sansom MSP. Computational modeling of realistic cell membranes. Chem Rev. 
2019;119(9):6184–226. https://doi.org/10.1021/acs.chemrev.8b00460 PMID: 30623647

	36.	 Zhang X, Ma G, Wei W. Simulation of nanoparticles interacting with a cell membrane: probing the structural basis and potential biomedical applica-
tion. NPG Asia Mater. 2021;13(1). https://doi.org/10.1038/s41427-021-00320-0

	37.	 Dhusia K, Su Z, Wu Y. Computational analyses of the interactome between TNF and TNFR superfamilies. Comput Biol Chem. 2023;103:107823. 
https://doi.org/10.1016/j.compbiolchem.2023.107823 PMID: 36682326

	38.	 Roy U. 3D Modeling of tumor necrosis factor receptor and tumor necrosis factor-bound receptor systems. Mol Inform. 2019;38(5):e1800011. 
https://doi.org/10.1002/minf.201800011 PMID: 30632313

	39.	 Su Z, Dhusia K, Wu Y. Understanding the functional role of membrane confinements in TNF-mediated signaling by multiscale simulations. Com-
mun Biol. 2022;5(1):228. https://doi.org/10.1038/s42003-022-03179-1 PMID: 35277586

	40.	 Ying YM, Johnson ME. Membrane bending energy selects for compact growth of protein assemblies. bioRxiv. 2025.

	41.	 Guan K, Curtis ER, Lew DJ, Elston TC. Particle-based simulations reveal two positive feedback loops allow relocation and stabilization of the polar-
ity site during yeast mating. PLoS Comput Biol. 2023;19(10):e1011523. https://doi.org/10.1371/journal.pcbi.1011523 PMID: 37782676

https://doi.org/10.1242/jcs.040030
http://www.ncbi.nlm.nih.gov/pubmed/19351721
https://doi.org/10.1038/s41467-022-28373-x
http://www.ncbi.nlm.nih.gov/pubmed/35173166
https://www.biorxiv.org/content/early/2025/03/04/2024.10.01.616068
https://www.biorxiv.org/content/early/2025/03/04/2024.10.01.616068
https://doi.org/10.1039/c3sm50830g
https://doi.org/10.1016/j.bpj.2010.06.011
https://doi.org/10.1016/j.bpj.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20713007
https://doi.org/10.1016/j.bpj.2016.06.003
http://www.ncbi.nlm.nih.gov/pubmed/27410749
https://doi.org/10.1063/1.4891306
https://doi.org/10.1063/1.4891306
http://www.ncbi.nlm.nih.gov/pubmed/25134598
https://doi.org/10.1111/j.1600-0854.2011.01241.x
https://doi.org/10.1111/j.1600-0854.2011.01241.x
http://www.ncbi.nlm.nih.gov/pubmed/21718403
https://doi.org/10.1016/j.ceb.2021.01.011
https://doi.org/10.1016/j.ceb.2021.01.011
http://www.ncbi.nlm.nih.gov/pubmed/33706232
https://doi.org/10.7554/eLife.49840
http://www.ncbi.nlm.nih.gov/pubmed/31951196
https://doi.org/10.1073/pnas.1617705114
http://www.ncbi.nlm.nih.gov/pubmed/28126722
https://doi.org/10.1063/1.4979985
http://www.ncbi.nlm.nih.gov/pubmed/28433029
https://doi.org/10.1039/c3sm50737h
https://doi.org/10.1039/c3sm50737h
https://doi.org/10.1039/c4sm01650e
http://www.ncbi.nlm.nih.gov/pubmed/25412023
https://doi.org/10.1038/ncomms15873
http://www.ncbi.nlm.nih.gov/pubmed/28627515
https://doi.org/10.1371/journal.pcbi.1009969
http://www.ncbi.nlm.nih.gov/pubmed/35312692
https://doi.org/10.1016/j.bpj.2020.05.002
http://www.ncbi.nlm.nih.gov/pubmed/32470324
https://doi.org/10.1371/journal.pcbi.1000926
http://www.ncbi.nlm.nih.gov/pubmed/20838575
https://doi.org/10.1088/1478-3975/13/1/016005
http://www.ncbi.nlm.nih.gov/pubmed/26871680
https://doi.org/10.1083/jcb.202206038
http://www.ncbi.nlm.nih.gov/pubmed/36734980
https://doi.org/10.1021/acs.chemrev.8b00460
http://www.ncbi.nlm.nih.gov/pubmed/30623647
https://doi.org/10.1038/s41427-021-00320-0
https://doi.org/10.1016/j.compbiolchem.2023.107823
http://www.ncbi.nlm.nih.gov/pubmed/36682326
https://doi.org/10.1002/minf.201800011
http://www.ncbi.nlm.nih.gov/pubmed/30632313
https://doi.org/10.1038/s42003-022-03179-1
http://www.ncbi.nlm.nih.gov/pubmed/35277586
https://doi.org/10.1371/journal.pcbi.1011523
http://www.ncbi.nlm.nih.gov/pubmed/37782676


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014013  March 11, 2026 21 / 22

	42.	 Mehraeen S, Cordella N, Yoo JS, Spakowitz AJ. Impact of defect creation and motion on the thermodynamics and large-scale reorganization of 
self-assembled clathrin lattices. Soft Matter. 2011;7(19):8789. https://doi.org/10.1039/c1sm05053b

	43.	 Johnson ME. Modeling the self-assembly of protein complexes through a rigid-body rotational reaction-diffusion algorithm. J Phys Chem B. 
2018;122(49):11771–83. https://doi.org/10.1021/acs.jpcb.8b08339 PMID: 30256109

	44.	 Frey F, Bucher D, Sochacki KA, Taraska JW, Boulant S, Schwarz US. Eden growth models for flat clathrin lattices with vacancies. New J Phys. 
2020;22(7):073043. https://doi.org/10.1088/1367-2630/ab99e1

	45.	 Sochacki KA, Heine BL, Haber GJ, Jimah JR, Prasai B, Alfonzo-Méndez MA, et al. The structure and spontaneous curvature of clathrin lattices at 
the plasma membrane. Dev Cell. 2021;56(8):1131-1146.e3. https://doi.org/10.1016/j.devcel.2021.03.017 PMID: 33823128

	46.	 Zhao L, Kroenke CD, Song J, Piwnica-Worms D, Ackerman JJH, Neil JJ. Intracellular water-specific MR of microbead-adherent cells: the HeLa cell 
intracellular water exchange lifetime. NMR Biomed. 2008;21(2):159–64. https://doi.org/10.1002/nbm.1173 PMID: 17461436

	47.	 Pucadyil TJ, Holkar SS. Comparative analysis of adaptor-mediated clathrin assembly reveals general principles for adaptor clustering. Mol Biol 
Cell. 2016;27(20):3156–63. https://doi.org/10.1091/mbc.E16-06-0399 PMID: 27559129

	48.	 Carrero G, McDonald D, Crawford E, de Vries G, Hendzel MJ. Using FRAP and mathematical modeling to determine the in vivo kinetics of nuclear 
proteins. Methods. 2003;29(1):14–28. https://doi.org/10.1016/s1046-2023(02)00288-8 PMID: 12543068

	49.	 Kang M, Day CA, Kenworthy AK, DiBenedetto E. Simplified equation to extract diffusion coefficients from confocal FRAP data. Traffic. 
2012;13(12):1589–600. https://doi.org/10.1111/tra.12008 PMID: 22984916

	50.	 Saffman PG, Delbrück M. Brownian motion in biological membranes. Proc Natl Acad Sci U S A. 1975;72(8):3111–3. https://doi.org/10.1073/
pnas.72.8.3111 PMID: 1059096

	51.	 Gambin Y, Lopez-Esparza R, Reffay M, Sierecki E, Gov NS, Genest M, et al. Lateral mobility of proteins in liquid membranes revisited. Proc Natl 
Acad Sci U S A. 2006;103(7):2098–102. https://doi.org/10.1073/pnas.0511026103 PMID: 16461891

	52.	 Pincet F, Adrien V, Yang R, Delacotte J, Rothman JE, Urbach W, et al. FRAP to characterize molecular diffusion and interaction in various mem-
brane environments. PLoS One. 2016;11(7):e0158457. https://doi.org/10.1371/journal.pone.0158457 PMID: 27387979

	53.	 Richbourg NR, Peppas NA. High-throughput FRAP analysis of solute diffusion in hydrogels. Macromolecules. 2021;54(22):10477–86. https://doi.
org/10.1021/acs.macromol.1c01752 PMID: 35601759

	54.	 Alexander AM, Lawley SD. Inferences from FRAP data are model dependent: a subdiffusive analysis. Biophys J. 2022;121(20):3795–810. https://
doi.org/10.1016/j.bpj.2022.09.015 PMID: 36127879

	55.	 Hubatsch L, Jawerth LM, Love C, Bauermann J, Tang TD, Bo S, et al. Quantitative theory for the diffusive dynamics of liquid condensates. Elife. 
2021;10:e68620. https://doi.org/10.7554/eLife.68620 PMID: 34636323

	56.	 Yoshimura T, Kameyama K, Maezawa S, Takagi T. Skeletal structure of clathrin triskelion in solution: experimental and theoretical approaches. 
Biochemistry. 1991;30(18):4528–34. https://doi.org/10.1021/bi00232a023 PMID: 2021644

	57.	 Yogurtcu ON, Johnson ME. Theory of bi-molecular association dynamics in 2D for accurate model and experimental parameterization of binding 
rates. J Chem Phys. 2015;143(8):084117. https://doi.org/10.1063/1.4929390 PMID: 26328828

	58.	 Pelassa I, Zhao C, Pasche M, Odermatt B, Lagnado L. Synaptic vesicles are “primed” for fast clathrin-mediated endocytosis at the ribbon synapse. 
Front Mol Neurosci. 2014;7:91. https://doi.org/10.3389/fnmol.2014.00091 PMID: 25520613

	59.	 Nandi P, Wahl P. Diffusion properties of clathrin on the surface of isolated mouse liver nuclei by the fluorescence recovery after photobleaching 
technique. Biochim Biophys Acta. 1988;943(2):367–70. https://doi.org/10.1016/0005-2736(88)90569-x PMID: 2456787

	60.	 Wilde A, Beattie EC, Lem L, Riethof DA, Liu SH, Mobley WC, et al. EGF receptor signaling stimulates SRC kinase phosphorylation of clathrin, 
influencing clathrin redistribution and EGF uptake. Cell. 1999;96(5):677–87. https://doi.org/10.1016/s0092-8674(00)80578-4 PMID: 10089883

	61.	 Qian Y, Evans D, Mishra B, Fu Y, Liu ZH, Guo S, et al. Temporal control by cofactors prevents kinetic trapping in retroviral Gag lattice assembly. 
Biophys J. 2023;122(15):3173–90. https://doi.org/10.1016/j.bpj.2023.06.021 PMID: 37393432

	62.	 van Delft S, Schumacher C, Hage W, Verkleij AJ, van Bergen en Henegouwen PM. Association and colocalization of Eps15 with adaptor protein-2 
and clathrin. J Cell Biol. 1997;136(4):811–21. https://doi.org/10.1083/jcb.136.4.811 PMID: 9049247

	63.	 Sorkin A, Mazzotti M, Sorkina T, Scotto L, Beguinot L. Epidermal growth factor receptor interaction with clathrin adaptors is mediated by the 
Tyr974-containing internalization motif. J Biol Chem. 1996;271(23):13377–84. https://doi.org/10.1074/jbc.271.23.13377 PMID: 8662849

	64.	 Alfonzo-Méndez MA, Strub M-P, Taraska JW. Spatial and signaling overlap of growth factor receptor systems at clathrin-coated sites. Mol Biol Cell. 
2024;35(11):ar138. https://doi.org/10.1091/mbc.E24-05-0226 PMID: 39292879

	65.	 Boll W, Gallusser A, Kirchhausen T. Role of the regulatory domain of the EGF-receptor cytoplasmic tail in selective binding of the clathrin- 
associated complex AP-2. Curr Biol. 1995;5(10):1168–78. https://doi.org/10.1016/s0960-9822(95)00233-8 PMID: 8548289

	66.	 Huang F, Jiang X, Sorkin A. Tyrosine phosphorylation of the beta2 subunit of clathrin adaptor complex AP-2 reveals the role of a di-leucine motif in 
the epidermal growth factor receptor trafficking. J Biol Chem. 2003;278(44):43411–7. https://doi.org/10.1074/jbc.M306072200 PMID: 12900408

	67.	 Gui A, Kobayashi A, Motoyama H, Kitazawa M, Takeoka M, Miyagawa S. Impaired degradation followed by enhanced recycling of epidermal 
growth factor receptor caused by hypo-phosphorylation of tyrosine 1045 in RBE cells. BMC Cancer. 2012;12:179. https://doi.org/10.1186/1471-
2407-12-179 PMID: 22591401

https://doi.org/10.1039/c1sm05053b
https://doi.org/10.1021/acs.jpcb.8b08339
http://www.ncbi.nlm.nih.gov/pubmed/30256109
https://doi.org/10.1088/1367-2630/ab99e1
https://doi.org/10.1016/j.devcel.2021.03.017
http://www.ncbi.nlm.nih.gov/pubmed/33823128
https://doi.org/10.1002/nbm.1173
http://www.ncbi.nlm.nih.gov/pubmed/17461436
https://doi.org/10.1091/mbc.E16-06-0399
http://www.ncbi.nlm.nih.gov/pubmed/27559129
https://doi.org/10.1016/s1046-2023(02)00288-8
http://www.ncbi.nlm.nih.gov/pubmed/12543068
https://doi.org/10.1111/tra.12008
http://www.ncbi.nlm.nih.gov/pubmed/22984916
https://doi.org/10.1073/pnas.72.8.3111
https://doi.org/10.1073/pnas.72.8.3111
http://www.ncbi.nlm.nih.gov/pubmed/1059096
https://doi.org/10.1073/pnas.0511026103
http://www.ncbi.nlm.nih.gov/pubmed/16461891
https://doi.org/10.1371/journal.pone.0158457
http://www.ncbi.nlm.nih.gov/pubmed/27387979
https://doi.org/10.1021/acs.macromol.1c01752
https://doi.org/10.1021/acs.macromol.1c01752
http://www.ncbi.nlm.nih.gov/pubmed/35601759
https://doi.org/10.1016/j.bpj.2022.09.015
https://doi.org/10.1016/j.bpj.2022.09.015
http://www.ncbi.nlm.nih.gov/pubmed/36127879
https://doi.org/10.7554/eLife.68620
http://www.ncbi.nlm.nih.gov/pubmed/34636323
https://doi.org/10.1021/bi00232a023
http://www.ncbi.nlm.nih.gov/pubmed/2021644
https://doi.org/10.1063/1.4929390
http://www.ncbi.nlm.nih.gov/pubmed/26328828
https://doi.org/10.3389/fnmol.2014.00091
http://www.ncbi.nlm.nih.gov/pubmed/25520613
https://doi.org/10.1016/0005-2736(88)90569-x
http://www.ncbi.nlm.nih.gov/pubmed/2456787
https://doi.org/10.1016/s0092-8674(00)80578-4
http://www.ncbi.nlm.nih.gov/pubmed/10089883
https://doi.org/10.1016/j.bpj.2023.06.021
http://www.ncbi.nlm.nih.gov/pubmed/37393432
https://doi.org/10.1083/jcb.136.4.811
http://www.ncbi.nlm.nih.gov/pubmed/9049247
https://doi.org/10.1074/jbc.271.23.13377
http://www.ncbi.nlm.nih.gov/pubmed/8662849
https://doi.org/10.1091/mbc.E24-05-0226
http://www.ncbi.nlm.nih.gov/pubmed/39292879
https://doi.org/10.1016/s0960-9822(95)00233-8
http://www.ncbi.nlm.nih.gov/pubmed/8548289
https://doi.org/10.1074/jbc.M306072200
http://www.ncbi.nlm.nih.gov/pubmed/12900408
https://doi.org/10.1186/1471-2407-12-179
https://doi.org/10.1186/1471-2407-12-179
http://www.ncbi.nlm.nih.gov/pubmed/22591401


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1014013  March 11, 2026 22 / 22

	68.	 Sousa LP, Lax I, Shen H, Ferguson SM, De Camilli P, Schlessinger J. Suppression of EGFR endocytosis by dynamin depletion reveals that EGFR 
signaling occurs primarily at the plasma membrane. Proc Natl Acad Sci U S A. 2012;109(12):4419–24. https://doi.org/10.1073/pnas.1200164109 
PMID: 22371560

	69.	 Zuidema A, Wang W, Kreft M, Bleijerveld OB, Hoekman L, Aretz J, et al. Molecular determinants of αVβ5 localization in flat clathrin lattices - role of 
αVβ5 in cell adhesion and proliferation. J Cell Sci. 2022;135(11):jcs259465. https://doi.org/10.1242/jcs.259465 PMID: 35532004

	70.	 Baschieri F, Dayot S, Elkhatib N, Ly N, Capmany A, Schauer K, et al. Frustrated endocytosis controls contractility-independent mechanotransduc-
tion at clathrin-coated structures. Nat Commun. 2018;9(1):3825. https://doi.org/10.1038/s41467-018-06367-y PMID: 30237420

	71.	 Ranganathan S, Shakhnovich EI. Dynamic metastable long-living droplets formed by sticker-spacer proteins. Elife. 2020;9:e56159. https://doi.
org/10.7554/eLife.56159 PMID: 32484438

	72.	 Wang H, Wingreen NS, Mukhopadhyay R. Self-organized periodicity of protein clusters in growing bacteria. Phys Rev Lett. 2008;101(21):218101. 
https://doi.org/10.1103/PhysRevLett.101.218101 PMID: 19113453

	73.	 Liu Q-X, Doelman A, Rottschäfer V, de Jager M, Herman PMJ, Rietkerk M, et al. Phase separation explains a new class of self-organized spatial 
patterns in ecological systems. Proc Natl Acad Sci U S A. 2013;110(29):11905–10. https://doi.org/10.1073/pnas.1222339110 PMID: 23818579

	74.	 Gasior K, Forest MG, Gladfelter AS, Newby JM. Modeling the Mechanisms by Which Coexisting Biomolecular RNA-Protein Condensates Form. 
Bull Math Biol. 2020;82(12):153. https://doi.org/10.1007/s11538-020-00823-x PMID: 33231755

	75.	 Mahapatra A, Saintillan D, Rangamani P. Curvature-driven feedback on aggregation-diffusion of proteins in lipid bilayers. Soft Matter. 
2021;17(36):8373–86. https://doi.org/10.1039/d1sm00502b PMID: 34550131

	76.	 Haselwandter CA, Calamai M, Kardar M, Triller A, da Silveira RA. Formation and stability of synaptic receptor domains. Phys Rev Lett. 
2011;106(23):238104. https://doi.org/10.1103/PhysRevLett.106.238104 PMID: 21770547

	77.	 Karig D, Martini KM, Lu T, DeLateur NA, Goldenfeld N, Weiss R. Stochastic Turing patterns in a synthetic bacterial population. Proc Natl Acad Sci 
U S A. 2018;115(26):6572–7. https://doi.org/10.1073/pnas.1720770115 PMID: 29891706

	78.	 Saar KL, Qian D, Good LL, Morgunov AS, Collepardo-Guevara R, Best RB, et al. Theoretical and Data-Driven Approaches for Biomolecular Con-
densates. Chem Rev. 2023;123(14):8988–9009. https://doi.org/10.1021/acs.chemrev.2c00586 PMID: 37171907

	79.	 Schäfer LV, Stelzl LS. Deciphering driving forces of biomolecular phase separation from simulations. Curr Opin Struct Biol. 2025;92:103026. https://
doi.org/10.1016/j.sbi.2025.103026 PMID: 40058249

	80.	 Keen JH, Beck KA, Kirchhausen T, Jarrett T. Clathrin domains involved in recognition by assembly protein AP-2. J Biol Chem. 1991;266(12):7950–
6. https://doi.org/10.1016/s0021-9258(20)89541-6 PMID: 1902233

	81.	 Haucke V, Kozlov MM. Membrane remodeling in clathrin-mediated endocytosis. J Cell Sci. 2018;131(17):jcs216812. https://doi.org/10.1242/
jcs.216812 PMID: 30177505

	82.	 Bucher D, Frey F, Sochacki KA, Kummer S, Bergeest J-P, Godinez WJ, et al. Clathrin-adaptor ratio and membrane tension regulate the flat-to-curved 
transition of the clathrin coat during endocytosis. Nat Commun. 2018;9(1):1109. https://doi.org/10.1038/s41467-018-03533-0 PMID: 29549258

	83.	 Tenner B, Getz M, Ross B, Ohadi D, Bohrer CH, Greenwald E, et al. Spatially compartmentalized phase regulation of a Ca2+-cAMP-PKA oscilla-
tory circuit. Elife. 2020;9:e55013. https://doi.org/10.7554/eLife.55013 PMID: 33201801

	84.	 Anderson P, Kedersha N. Stress granules. Curr Biol. 2009;19(10):R397-8. https://doi.org/10.1016/j.cub.2009.03.013 PMID: 19467203

	85.	 Cai D, Feliciano D, Dong P, Flores E, Gruebele M, Porat-Shliom N, et al. Phase separation of YAP reorganizes genome topology for long-term YAP 
target gene expression. Nat Cell Biol. 2019;21(12):1578–89. https://doi.org/10.1038/s41556-019-0433-z PMID: 31792379

	86.	 Goyette J, Gaus K. Mechanisms of protein nanoscale clustering. Curr Opin Cell Biol. 2017;44:86–92. https://doi.org/10.1016/j.ceb.2016.09.004 
PMID: 27666166

	87.	 Lyon AS, Peeples WB, Rosen MK. A framework for understanding the functions of biomolecular condensates across scales. Nat Rev Mol Cell Biol. 
2021;22(3):215–35. https://doi.org/10.1038/s41580-020-00303-z PMID: 33169001

	88.	 Yamada R, Takada S. Postsynaptic protein assembly in three and two dimensions studied by mesoscopic simulations. Biophys J. 
2023;122(16):3395–410. https://doi.org/10.1016/j.bpj.2023.07.015 PMID: 37496268

	89.	 Banani SF, Lee HO, Hyman AA, Rosen MK. Biomolecular condensates: organizers of cellular biochemistry. Nat Rev Mol Cell Biol. 2017;18(5):285–
98. https://doi.org/10.1038/nrm.2017.7 PMID: 28225081

	90.	 Boija A, Klein IA, Young RA. Biomolecular Condensates and Cancer. Cancer Cell. 2021;39(2):174–92. https://doi.org/10.1016/j.ccell.2020.12.003 
PMID: 33417833

	91.	 Qiao L, Getz M, Gross B, Tenner B, Zhang J, Rangamani P. Spatiotemporal orchestration of calcium-cAMP oscillations on AKAP/AC nanodomains is 
governed by an incoherent feedforward loop. PLoS Comput Biol. 2024;20(10):e1012564. https://doi.org/10.1371/journal.pcbi.1012564 PMID: 39480900

	92.	 Hernández Mesa M, van den Brink J, Louch WE, McCabe KJ, Rangamani P. Nanoscale organization of ryanodine receptor distribution and 
phosphorylation pattern determines the dynamics of calcium sparks. PLoS Comput Biol. 2022;18(6):e1010126. https://doi.org/10.1371/journal.
pcbi.1010126 PMID: 35666763

	93.	 Lauber N, Tichacek O, Narayanankutty K, De Martino D, Ruiz-Mirazo K. Collective catalysis under spatial constraints: phase separation and 
size-scaling effects on mass action kinetics. Phys Rev E. 2023;108(4–1):044410. https://doi.org/10.1103/PhysRevE.108.044410 PMID: 37978605

	94.	 Noguchi H. Membrane shape deformation induced by curvature-inducing proteins consisting of chiral crescent binding and intrinsically disordered 
domains. J Chem Phys. 2022;157(3):034901. https://doi.org/10.1063/5.0098249 PMID: 35868922

https://doi.org/10.1073/pnas.1200164109
http://www.ncbi.nlm.nih.gov/pubmed/22371560
https://doi.org/10.1242/jcs.259465
http://www.ncbi.nlm.nih.gov/pubmed/35532004
https://doi.org/10.1038/s41467-018-06367-y
http://www.ncbi.nlm.nih.gov/pubmed/30237420
https://doi.org/10.7554/eLife.56159
https://doi.org/10.7554/eLife.56159
http://www.ncbi.nlm.nih.gov/pubmed/32484438
https://doi.org/10.1103/PhysRevLett.101.218101
http://www.ncbi.nlm.nih.gov/pubmed/19113453
https://doi.org/10.1073/pnas.1222339110
http://www.ncbi.nlm.nih.gov/pubmed/23818579
https://doi.org/10.1007/s11538-020-00823-x
http://www.ncbi.nlm.nih.gov/pubmed/33231755
https://doi.org/10.1039/d1sm00502b
http://www.ncbi.nlm.nih.gov/pubmed/34550131
https://doi.org/10.1103/PhysRevLett.106.238104
http://www.ncbi.nlm.nih.gov/pubmed/21770547
https://doi.org/10.1073/pnas.1720770115
http://www.ncbi.nlm.nih.gov/pubmed/29891706
https://doi.org/10.1021/acs.chemrev.2c00586
http://www.ncbi.nlm.nih.gov/pubmed/37171907
https://doi.org/10.1016/j.sbi.2025.103026
https://doi.org/10.1016/j.sbi.2025.103026
http://www.ncbi.nlm.nih.gov/pubmed/40058249
https://doi.org/10.1016/s0021-9258(20)89541-6
http://www.ncbi.nlm.nih.gov/pubmed/1902233
https://doi.org/10.1242/jcs.216812
https://doi.org/10.1242/jcs.216812
http://www.ncbi.nlm.nih.gov/pubmed/30177505
https://doi.org/10.1038/s41467-018-03533-0
http://www.ncbi.nlm.nih.gov/pubmed/29549258
https://doi.org/10.7554/eLife.55013
http://www.ncbi.nlm.nih.gov/pubmed/33201801
https://doi.org/10.1016/j.cub.2009.03.013
http://www.ncbi.nlm.nih.gov/pubmed/19467203
https://doi.org/10.1038/s41556-019-0433-z
http://www.ncbi.nlm.nih.gov/pubmed/31792379
https://doi.org/10.1016/j.ceb.2016.09.004
http://www.ncbi.nlm.nih.gov/pubmed/27666166
https://doi.org/10.1038/s41580-020-00303-z
http://www.ncbi.nlm.nih.gov/pubmed/33169001
https://doi.org/10.1016/j.bpj.2023.07.015
http://www.ncbi.nlm.nih.gov/pubmed/37496268
https://doi.org/10.1038/nrm.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28225081
https://doi.org/10.1016/j.ccell.2020.12.003
http://www.ncbi.nlm.nih.gov/pubmed/33417833
https://doi.org/10.1371/journal.pcbi.1012564
http://www.ncbi.nlm.nih.gov/pubmed/39480900
https://doi.org/10.1371/journal.pcbi.1010126
https://doi.org/10.1371/journal.pcbi.1010126
http://www.ncbi.nlm.nih.gov/pubmed/35666763
https://doi.org/10.1103/PhysRevE.108.044410
http://www.ncbi.nlm.nih.gov/pubmed/37978605
https://doi.org/10.1063/5.0098249
http://www.ncbi.nlm.nih.gov/pubmed/35868922

