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Abstract

We opine on the recent advances in experiments and modeling of modular signaling complexes 

assembled on mammalian cell membranes (membrane signalosomes) in the context of several 

applications including intracellular trafficking, cell migration, and immune response. 

Characterizing the individual components of the membrane assemblies at the nanoscale, ranging 

from protein-lipid and protein-protein interactions, to membrane morphology, and the energetics 

of emergent assemblies at the subcellular to cellular scales pose significant challenges. 

Overcoming these challenges through the iterative coupling of multiscale modeling and 

experiment can be transformative in terms of addressing the gaps between structural biology and 

super-resolution microscopy, as it holds the key to the discovery of fundamental mechanisms 

behind the emergence of function in the membrane signalosome.
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Membrane Signalosomes: Assembly and Function

Intracellular and intercellular signaling and trafficking mechanisms are driven by collective 

interactions between components of the proteome and the lipidome and are crucial for many 

cellular processes, including nutrient uptake, cell motility, cell-cell communication, and 

membrane homeostasis. These cellular transport mechanisms dynamically regulate and 

impact signaling by modulating receptor activity and protein localization. Spatio-temporal 

orchestration of functional protein-lipid assemblies transduce and actuate outside-in as well 

as inside-out signaling, and ultimately link (often govern) signaling, function, and fate in the 

cellular microenvironment [1].

Formation of protein-lipid assemblies on the membrane interface referred to here as 

membrane signalosomes (Figure 1) are often linked to the engagement of ligands of the 

extracellular matrix (ECM) and recruitment and reorganization of the cytoskeleton, which 

together determine cell morphology and define the forces driving multiple biological 

processes. Most such processes are coupled to the deformation of the cell membrane. 

Examples of such membrane-cytoskeleton coupled processes include the formation of 

filopodia, lamellipodia, and podosomes for cell movement or cancer-cell invasion, 

endocytosis, phagocytosis, exocytosis, and cytokinesis.

The recruitment of effector proteins and specific lipids (e.g. phosphoinositides) into 

functional nanodomains, and their defined spatial organization, are key to the orchestration 

of trafficking processes [2, 3]. Self-assembly of these protein/lipid complexes and membrane 

nanodomains is driven by electrostatic interactions, line-tension, restricted diffusion, and 

membrane curvature effects. One focus in the study of functional domains is lipid clustering 

(especially for phosphoinositides) and signalosome assembly at the initial step of 

endocytosis, induced by clathrin, ENTH and BAR domains, and protein domains that 
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recognize specific lipids [4]. Protein domains modify lipid distribution [5], and lipid 

assembly at the nanoscale and curvature at the mesoscale (10–100 nm) influence protein 

distribution [6] in processes such as exocytosis, endosomal sorting, and recycling. Moreover, 

these bidirectional interactions are mechanosensitive and are finetuned to respond physical 

as well as biochemical changes in the cell microenvironment (Figure 1).

Studies at the mesoscale of the membrane signalosomes are extremely challenging [7]. They 

are too large for atomic resolution studies yet fall below the diffraction limit, and so elude 

many optical methods. The dynamics/kinetics of complex assembly in cells are followed 

using live-cell imaging experiments, including optical microscopy [8], electron microscopy 

(EM) [9], and super-resolution microscopy [10]. Membrane signalosomes capable of force 

sensing, transduction, or actuation [11] are investigated through quantitative biophysical 

techniques including force spectroscopy [12], atomic force microscopy [13, 14], and traction 

force measurements.

Multiscale Modeling of Membrane Components

Models and simulations at multiple resolutions have provided valuable insight into 

biophysical interactions of the various components of the membrane signalosome. These 

studies have been designed to develop and validate spatial, stochastic, temporal 

computational models of membrane components at the atomic as well as continuum scale; 

quantify and rationalize the driving forces, specificity, and cooperativity in protein-lipid 

interactions leading to the assembly of functional nanodomains; quantify and delineate the 

underlying biophysical and biochemical interactions leading to curvature generation and 

membrane remodeling at the molecular scale as well as at the mesoscale (Figure 3).

Molecular dynamics (MD) simulations allow us to investigate the behavior of lipids over a 

range of time and length scales – from picoseconds to microseconds and from Angstroms to 

microns – to study the dynamics of biological membranes [15]. Additionally, electronic 

structure methods and MD simulation methods allow the inspection and manipulation of 

physicochemical properties of membrane structures – such as their net charge and partial 

atomic charge distribution – that are intimately related to their biological function by 

mediating intermolecular contacts with other lipids and ions. Many in vitro and in vivo 

experimental characterizations of lipids have focused on their localization [16] and structure 

(neutron scattering) [17], and these measurements generally report static properties. MD 

simulations are indispensable for testing variable membrane compositions in different ionic 

environments in the absence [18, 19] and the presence of proteins [2].

Membrane remodeling at mesoscale involves cooperative interactions of multiple proteins at 

length scales that are several times the thickness of the bilayer, making it prohibitive for a 

fully atomistic treatment [20]. Particle-based coarse-graining has provided an optimal path 

forward to model phase behavior in multicomponent lipids, multiple proteins interacting 

with the bilayer and membrane morphological changes due to cooperative interactions with 

several proteins [21]. An example of such studies is shown in Figure 2, where an atomic 

model of a lipid bilayer in which phosphatidylinositol 4,5 bisphosphate (PtdIns(4,5)P2) 

clusters recruit and activate the actin nucleator mDia2 is superimposed on an electron 
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micrograph of the cytoplasmic face of a cell membrane in which PtdIns(4,5)P2 clusters are 

seen adjacent to actin filaments and endocytic vesicles [2].

Continuum models based on curvature elasticity of thin films have been the method of 

choice for lengthscales approaching organelles and cells. The literature on the biophysics of 

thin shells is vast, and we refer to recent reviews written in the context of protein-dependent 

remodeling of membranes [22]. Of particular interests are studies that have explored the 

thermodynamics of membrane morphological transitions at the cellular scale and their 

applications to endocytosis, exocytosis, and endosomal sorting mechanisms [23–26]; these 

studies have revealed the importance of entropic contributions to membrane remodeling at 

large lengthscales. An interesting phenomenon in protein remodeling of membranes is the 

ability to sense curvature at large lengthscales despite the fact that the interactions between 

the proteins and the lipids occur at the molecular scale. Coarse-grained simulations have 

revealed possible mechanisms of curvature sensing through scaffolding as well as through 

curvature-undulation coupling mechanisms [24, 27, 28]. The ability to sense curvature has a 

profound impact on the spatial localization of these curvature remodeling proteins. The 

computational models at multiple scales described above have also been extended to include 

cytoskeletal components to study the effects of the cytoskeleton on membrane morphology 

[29–31] and to couple the membrane morphological changes to small-world networks of 

actin assembly [32].

Multiscale Biophysical Models of the Membrane Signalosome

Historically, computational models of signaling have led to paradigm-shifting insights in 

various subdisciplines of physiology and cell biology. Notable examples include the 

description of the initiation and the wave propagation of action potentials in neurons through 

the Hodgkin–Huxley model or the early description of the chemical basis of pattern 

formation and morphogenesis by Turing. With the evolution of cell biology as a data-rich 

and quantitative discipline, the physical biology of the cell has emerged to be a powerful 

approach to construct computational models encoding higher levels of regulation and 

complexity [33], including those aiming to describe the membrane signalosome. Spatial and 

non-spatial systems models describing the nonlinear dynamics of chemical reactions have 

certainly led the way in describing membrane reactions in signaling [34]. However, they 

often fail to describe or capture a class of emergent phenomena or function where 

morphology influences signaling and signaling influences morphology simultaneously, 

which is an essential characteristic of outside-in and inside-out signaling mentioned earlier.

The challenge in modeling the signalosome is to incorporate both biophysical models of 

material interaction and response at multiple length scales and signaling dynamics at 

multiple timescales. Although the treatment of larger lengthscale processes in models at a 

sub-cellular scale necessitates approximations, such models provide a unique opportunity to 

connect with cellular experiments. The key to such a model is the bridging of length and 

time scales [35], which provides a platform and a suite of approaches for integrating 

interactions and dynamics at molecular and cellular scales (Figure 3).
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Some of the earliest successes of computational studies of mechanosignaling models and 

computational models of the membrane signalosome include the synapse assembly model 

describing the formation of the immunological synapse during T-cell recognition of foreign 

antigens. Chakraborty et al. [36] described the mechanical coupling of two membrane 

surfaces representing the antigen-presenting cell and the T-cell and the dynamics of pattern 

formation of multivalent receptor-ligand complexes involving T-cell receptors (TCRs) and 

integrins with their respective ligands. This mechanochemical model was further evolved by 

coupling the model to TCR signaling [37], and incorporating the role of cytoskeleton-

generated force exerted on the TCR [38].

Another example of a system that has enjoyed much success in terms of computational 

models of signaling and membrane assembly impacting the experimental research is 

endocytosis. A detailed parts-list for the protein-protein interactions in clathrin-mediated 

endocytosis has been available for some time [39]. However, recent experimental, 

theoretical, and computational tools have proved to be critical in establishing the sequence 

of events, cooperative dynamics, and energetics of the intracellular process. On the 

experimental front, total internal reflection fluorescence microscopy, photo-activated 

localization microscopy, and spinning-disk confocal microscopy have focused on assembly 

and patterning of endocytic proteins at the membrane [8]. In contrast, on the theory front, 

minimal theoretical models for clathrin nucleation, biophysical models for membrane 

curvature and bending elasticity, as well as methods from computational structural and 

systems biology of phosphoinositide signaling, have proved insightful in describing 

membrane topologies, curvature mechanisms, and energetics [39–41].

Models considering the effects of extracellular matrix adhesion of mammalian cells 

mediated by the binding of cell-surface integrin receptors by specifically probing the effect 

of the ligand affinity on the assembly of focal adhesions have been reported [42]. Among 

these, some computational models have shed light on important contributions from 

membrane-mediated interactions arising from membrane deformations and mechanics on 

cluster size distributions of focal adhesion complexes [43, 44]. Similar mechanisms 

involving kinetic traps formed by membrane deformations have been employed to explain 

the hyperactivation of integrin signaling in cancer cells, which accumulate glycocalyx on 

their membrane surface [45].

A class of models has investigated how cells control their shapes and the structures that they 

form on their surface, exposing the building blocks that cells use to deform their membranes. 

Such models explore quantitatively different possible mechanisms that cells can employ to 

initiate the spontaneous formation of shapes and patterns on their membranes [46]. One 

study examines how the actin cortex senses and transmits forces and how cytoskeletal 

proteins interact in response to the forces to explain mechanosensing from molecular to 

cellular scales [47]. Contributions of intracellular fluid flow, including those of a viscous 

active cytoskeletal gel, to cell motility, have also been investigated through mathematical 

models [48]. Recent works have highlighted the explicit coupling of signaling using calcium 

dynamics, and the remodeling of cell membrane curvature in the assembly and activation of 

SNARE complexes in calcium triggered exocytosis [49].
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In addition to convection and diffusion-based mechanisms, long-range communication 

through membrane tension has also been hypothesized for synchronizing actin assembly 

with membrane morphological changes during cell motility [50]. A unified mathematical 

model of chemotaxis involving the coordinated action of separable but interrelated 

processes, namely, motility, gradient sensing, and polarization, has been proposed: here, the 

central module is an excitable network that accounts for random migration, while the 

response to gradients is mediated by an excitable network, and a polarization module linked 

to the excitable network through the cytoskeleton allows for sensing and saturation of 

signals consistent with cellular behaviors that mirror those of genetically altered cell lines 

[51].

Incorporating Molecular Specificity in Models of the Membrane 

Signalosome

An aspirational goal of modeling the membrane signalosome is to encode and explain the 

emergence of function and behavior. However, given the molecular specificity of signals and 

with the advent of experimental tools to probe large biomolecular complexes at a near-

atomic resolution [52], building bridges between structural biology and network-based 

system biology is a crucial challenge to be overcome. The integration of structural and 

network-based systems biology is paramount for the improved understanding of how lipids 

and proteins interact to modulate the behavior of complex biological systems such as the 

membrane signalosome [53]. Some of the early efforts in this regard with applications to 

receptor tyrosine kinase signaling and trafficking have been reported in structural systems 

biology [54–56]. With the advent of artificial intelligence-based algorithms for structure 

prediction such as the alpha fold, computational modeling of protein-protein interaction 

networks at atomic resolution is poised for an exciting revolution in the near future [57]. 

Emergent features of signaling modules analyzed through nonlinear dynamics have been 

useful to connect mathematical models to cell fate decisions [58, 59]. New paradigms of 

cellular regulation and cell fate, which rely on kinetic proofreading [60, 61], have proposed 

that such signaling networks rely on spatial clustering [62] and mechanisms of microphase 

separations [63], where the underlying bases for driving forces are not yet known. 

Development of new membrane signalosome models that correctly encode these principles 

to correctly predict the effects of ligand agonism [64, 65] and mechanosensitivity on cell fate 

[66] could represent promising advances in the field.
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Figure 1: 
(Top) Membrane signalosome: formation of protein-lipid assemblies resulting in signaling 

with well-defined emergent functionality; (bottom) the formation of the signalosome is often 

accompanied by spatial organization of membrane-bound receptors, and can modulate as 

well as be modulated by external cues such as the extracellular matrix, or internal 

components of the cytoskeleton. The canonical paradigm revolves around biochemically 

triggered signals, while the new paradigm revolves around mechanical cues from the 

microenvironment, and novel molecular mechanisms of mechanosensing, transduction, and 

actuation. Abbreviations: TF- transcription factor, ECM- extracellular matrix, GF- growth 

factor, RTK- receptor tyrosine kinase, TGFBR- transforming growth factor beta receptor, 

AP2- adaptor protein 2.
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Figure 2. 
Lateral distribution of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] within plasma 

membranes alters the capacity of PI(4,5)P2 to nucleate actin assembly. Clusters of PI(4,5)P2 

immunogold (Purple) associate with actin filaments (Yellow) at the surface of caveolae 

(Blue) or clathrin-coated structures (Green) on plasma membranes sheets from electron 

microscopy (Top). The bottom shows atomistic molecular dynamics simulation of protein 

mDia2 bound to bilayers containing PI(4,5)P2 (Purple).
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Figure 3: 
Depiction of modeling at the molecular and mesoscales through atomistic, coarse-grained, 

and continuum models. Bridging scales to produce a multiscale method is enabled by 

coupling algorithms based on machine learning. The biophysically based multiscale models 

often produce explainable and interpretable models with predictive power. This is in contrast 

to the purely data-driven models produced by machine learning which even with predictive 

power, are often not interpretable or explainable. However, the two approaches are 

complementary and can be synergistically leveraged to gain maximal mechanistic insight as 

well as utilize the rich experimental data.
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