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A B S T R A C T   

Biological membranes allow morphological compartmentalization of cells and represent complex micro- 
heterogeneous fluids exhibiting a range of dynamics. The plasma membrane occupies a central place in 
cellular signaling which allows the cell to perform a variety of functions. In this review, we analyze cellular 
signaling in a dynamic biophysical framework guided by the “mobile receptor hypothesis”. We describe a variety 
of examples from literature in which lateral diffusion of signaling membrane proteins acts as an important 
determinant in the efficiency of signaling. A major focus in our review is on membrane-embedded G protein- 
coupled receptors (GPCRs) which act as cellular signaling hubs for diverse cellular functions. Taken together, 
we describe a dynamics-based signaling paradigm with chosen examples from literature to elucidate how such a 
paradigm helps us understand signaling by GPCRs, maintenance of cellular polarity in yeast and infection by 
pathogens. We envision that with further technological advancement, it would be possible to explore cellular 
signaling more holistically as cells undergo development, differentiation and aging, thereby providing us a robust 
window into the dynamics of the cellular interior and its functional correlates.   

1. Introduction 

Cell membranes are complex quasi two-dimensional, cooperative 
assemblies of a wide variety of lipids, proteins and carbohydrates. 
Membranes provide an identity to the cell and its organelles, and 
represent an appropriate environment for proper functioning of mem-
brane proteins and receptors [1]. In addition, the plasma membrane 
allows morphological compartmentalization of cells, and acts as the 
selectively permeable interface through which cells sense the external 
environment and communicate with each other. Contrary to textbook 
descriptions of membranes [2], cell membranes are often highly crow-
ded with a high protein density [3,4]. This implies that various mem-
brane components (such as lipids, proteins and the underlying 
cytoskeleton) must interact with each other efficiently to carry out their 
optimal function in the membrane. Biological membranes carry out 
many cellular functions that are predominantly mediated by membrane 
proteins. Interestingly, ~30% of all open reading frames (ORFs) are 
predicted to encode membrane proteins [5] and ~50% of all proteins 
encoded by eukaryotic genomes are membrane proteins [6]. It is 
therefore not surprising that membrane proteins represent prime 

candidates for drugs in all clinical areas [7–9]. 
Membrane proteins mediate a wide range of essential cellular pro-

cesses such as signaling across the membrane, cell-cell recognition and 
membrane transport. An important function carried out by membrane 
proteins is cellular signaling which enables the intracellular machinery 
to communicate and crosstalk with the cellular exterior. Although 
signaling by membrane proteins is routinely measured based on specific 
biochemical readouts, involvement of membrane dynamics in analyzing 
cellular signaling is relatively rare. In this context, lateral diffusion of 
membrane components represents a fundamental physical process that 
governs the dynamics of protein-protein and lipid-protein interactions in 
the membrane and plays a crucial role in cellular signaling [10–14]. Due 
to this reason, exploring changes in lateral mobility (diffusion) of 
membrane components upon signaling offers a novel dynamic approach 
to monitor cellular signaling from a biophysical perspective. 

2. G protein-coupled receptors: membrane nanomachines 

G protein-coupled receptors (GPCRs) are ubiquitously present in all 
eukaryotic cells and represent the largest group of integral membrane 
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proteins in the human proteome [15]. These plasma membrane resident 
receptors, characterized by the presence of seven transmembrane do-
mains, convey diverse extracellular signals to the cellular interior 
[16–19]. Cellular signaling by GPCRs is initiated by receptor activation 
upon binding to ligands present in the extracellular environment, and 
the subsequent transfer of signals to the interior of the cell through 
concerted changes in their transmembrane and extramembranous do-
mains [20,21]. GPCRs regulate physiological responses induced by a 
variety of stimuli that include endogenous ligands such as biogenic 
amines, peptides, glycoproteins, lipids, nucleotides, Ca2+ ions and 
various exogenous ligands for sensory perception such as odorants, 
pheromones, and even photons [22]. Ligand-mediated stimulation of 
GPCRs leads to activation of heterotrimeric G-proteins coupled to their 
intracellular domain (see Fig. 1). The heterotrimeric G-proteins (Gαβγ) 
remain inactive when bound to GDP at the Gα subunit. Activation of the 
receptor results in GDP-GTP exchange on the Gα subunit, followed by 
G-protein activation and dissociation of the G-protein from the receptor. 
The activated Gα and Gβγ subunits thereafter interact with their 
respective effectors such as adenylyl cyclase (AC), phospholipases and 

ion channels [23,24]. 
The extensive involvement of GPCRs in a large number of signaling 

processes, malfunction of which often leads to various disease condi-
tions [25–29], and the fact that they represent ~40% of current drug 
targets in all clinical areas [9,30–33], makes them relevant to under-
stand the basic biology of cellular signaling. Inspired by this objective, a 
major focus of research in this area has been to elucidate the molecular 
structure of these receptors in atomistic detail with the underlying hy-
pothesis that the structure of these proteins will be able to shed light on 
their function [18,34,35]. However, whereas the number of crystal 
structures for soluble proteins have grown at an exponential rate, the 
same is not true for membrane proteins [36–38]. This is due to the fact 
that most membrane proteins are structurally stable within a native 
membrane (lipid) environment which is inevitably lost in an attempt to 
purify the receptors with the help of detergents [39]. In addition, the 
structural plasticity of membrane proteins in general and GPCRs in 
particular (often necessary for their functional diversity), does not lend 
to conventional methods of crystallization. A significant advancement in 
this field was brought by the introduction of lipidic cubic phases (LCPs) 

Fig. 1. A schematic representation of G protein-coupled receptors (GPCRs) and their signaling. GPCRs are integral membrane proteins with seven α-helical trans-
membrane domains. A consequence of having odd number of transmembrane helices is that the amino (N-terminus) and carboxy (C-terminus) terminals are localized 
on opposite sides of the plasma membrane. The canonical paradigm in GPCR signaling involves binding of specific ligands to the receptor leading to the activation of 
heterotrimeric G-proteins associated on the intracellular side of the membrane. Ligand binding to GPCRs triggers a series of conformational changes in the receptor, 
which catalyzes the dissociation of GDP from the α subunit of G-protein followed by GTP binding and the dissociation of activated Gα subunit from the Gβγ subunits. 
The α subunit of G-protein is classified into four subfamilies: Gαs, Gαi, Gαq and Gα12. Each G-protein activates several downstream effectors. The primary target of Gα 
subunit is the cAMP generating enzyme, adenylyl cyclase (AC). The modulation of AC could both be positive or negative depending on the Gα subunit involved. 
Whereas activated Gαs leads to stimulation of AC, activation of Gαi inhibits the activity of AC. Members of the Gαq family bind to and activate phospholipase C (PLC), 
which cleaves phosphatidylinositol bisphosphate (PI(4,5)P2) into diacylglycerol and inositol triphosphate (IP3). The Gβ and Gγ subunits function as a dimer to 
activate several signaling molecules, including phospholipases, ion channels and lipid kinases. In addition to the regulation of these classical second messenger 
generating systems, Gβγ subunits and Gα subunits such as Gα12 and Gαq can also control the activity of key intracellular signal transducing molecules, including small 
GTP-binding proteins of the Rho family. As a consequence of regulating a wide range of signal transduction processes, GPCRs mediate multiple physiological 
processes such as neurotransmission, cellular metabolism, secretion, cellular differentiation, growth, inflammatory and immune responses. Importantly, the possible 
modes of activation of G-proteins and its effectors is a consequence of their organization and dynamics (collisional encounters) in the plasma membrane, and to a 
large extent determine the efficiency of signaling. 
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to crystallize these receptors [40,41], resulting in considerable increase 
in the structure of GPCRs in the last decade [34,42,43]. Yet another 
recent advancement is the resolution revolution by cryo-electron mi-
croscopy (cryo-EM) [44]. An advantage of cryo-EM is its ability to 
capture structural details of molecular assemblies (complexes) in phys-
iologically relevant environments [45,46]. Another approach for struc-
ture determination of membrane proteins is solid-state NMR, although 
its application to GPCRs is rather limited [47]. An advantage of 
solid-state NMR is its ability to capture receptor dynamics. 

Importantly, whereas atomistic detail of GPCRs will undoubtedly 
help in refining our understanding of the mechanism of signaling by 
these proteins, a comprehensive appreciation of GPCR biology would 
require multiple complementary approaches. This is because even a 
well-resolved structure can be thought of as a still frame in a movie. We 
need to put together all the frames in the right sequence to appreciate 
the movie (i.e., the complete process of signaling). Signaling by GPCRs 
constitutes a sequence of events involving the relay of signal through 
multiple partners (effectors) often separated spatiotemporally [48]. The 
initial steps of signal transduction, essential for GPCR signaling, take 
place at the cell membrane through protein-protein and protein-lipid 
interactions. Consequently, receptor dynamics (lateral diffusion) in the 
plasma membrane determines the overall efficacy of the process of 
signal transduction (see below). Unfortunately, such dynamic informa-
tion on GPCRs is missing in the crystal structures. Whereas the avail-
ability of crystal structures would provide a refined (well-resolved) view 
of GPCRs at the atomistic scale, a comprehensive understanding of GPCR 
signaling would only emerge from information on macroscopic scales by 
monitoring dynamic interactions between multiple interacting partners 
[49–51]. 

3. The mobile receptor hypothesis and GPCR signaling 

As mentioned above, since GPCR signaling involves the functional 
interaction of effector molecules separated in space and time, the nature 
of dynamics of these components in the plane of the membrane acts as a 
determining factor in cellular signaling. This aspect of receptor- 
mediated signaling was first conceptually formalized by the “mobile 
receptor hypothesis” [52,53]. According to this hypothesis, cellular 
signaling is proposed to be a consequence of differential mobility of 
various interacting components. This forms the basis of the “mobile 
receptor hypothesis”, which proposes that receptor-effector interactions 
at the plasma membrane are controlled by lateral mobility of the 
interacting components [53–60], provided their relative orientation is 
appropriate for the interaction (see below). In the context of spatio-
temporal heterogeneity of cellular membranes and the dynamic nature 
of organization of membrane-bound molecules, it is obvious that func-
tional association between the receptor and its effectors would be 
largely governed by the probabilities of their interaction. Interestingly, 
it is not a matter of coincidence that the “mobile receptor hypothesis” 
was proposed around the same time when the “fluid-mosaic” model was 
proposed for cellular plasma membranes [2], the first membrane model 
which introduced the concept of membrane dynamics and fluidity. 

The classical model of the “mobile receptor hypothesis” for GPCR 
signaling assume that both receptors and effectors are mobile in the 
plasma membrane, and signaling is proposed to be the outcome of 
random interactions between them. The interaction between the re-
ceptor and its effectors is based primarily on their three-dimensional 
molecular topology, where specificity is achieved from the amino acid 
sequence and the structural interface offered by the interacting partners. 
According to the “mobile receptor hypothesis” proposed in the early 
70’s, activation of effector enzymes such as AC or phospholipases is 
proposed to occur through random collision with the receptor-ligand 
complex [52,53,60]. This model predates the identification of G-pro-
teins acting as an intermediate in signal transduction between ligand 
binding to specific GPCRs in the plasma membrane and activation of the 
effector enzymes, resulting in, e.g., the production of cAMP by AC. The 

interaction occurs via transient collisionary contacts between G-proteins 
and AC as a result of their lateral diffusion in the plasma membrane. 
With rapid advancement of modern cell biological techniques including 
the use of GFP [61–64] to fluorescently label and track movement of any 
protein of interest, it is now possible to verify this hypothesis from direct 
measurement of receptor mobility and signaling in a live cellular system 
[14,65]. 

4. FRAP: A useful tool to measure lateral diffusion in 
membranes 

Fluorescence recovery after photobleaching (FRAP) is one of the 
most commonly employed techniques for quantitative analysis of lateral 
diffusion of membrane proteins [14,66–71]. FRAP is a photo-
perturbation approach that involves rapid and irreversible photo-
bleaching (i.e., a photo-induced covalent modification of fluorophores 
that renders them non-fluorescent) of a fraction of fluorophores in a 
selected region of interest (ROI). Subsequently, the fluorescence recov-
ery in this bleached area due to diffusion of surrounding unbleached 
fluorescent molecules into this region is monitored (see Fig. 2). The rate 
and extent of fluorescence recovery is quantified to describe the diffu-
sion characteristics of the molecule of interest. Two key diffusion pa-
rameters of a molecule are obtained from quantitative FRAP 
measurements. The diffusion coefficient (D) provides an estimate of the 
rate of fluorescence recovery (i.e., the rate at which molecules diffuse in 
the membrane). On the other hand, mobile fraction (Mf) is a measure of 
the fraction of bleached molecules that are replaced due to diffusion of 
unbleached molecules into the ROI. Various interpretations can be 
drawn when an increase or decrease in D or Mf of a protein is observed. 
An increase in D could result from (i) an increase of fluidity (decrease in 
microviscosity) of the environment, or (ii) an increased contribution 
from flow- or directed-diffusion of the molecule. A decrease in D could 
result from (i) a reduction in overall environment fluidity (increase in 
microviscosity), (ii) the self- or non-self (homo- or heteromerization) 
oligomerization of the GPCR leading to an increase in the molecular 
mass of the final complex, or (iii) increase in transient interaction of the 
molecule with relatively stable structures in its vicinity. Changes in 
mobile fraction could similarly be interpreted as release of the GPCR 
from previously bound complexes, or restricted compartments, resulting 
in an increase in mobile fraction and vice versa. Importantly, the 
spatiotemporal scale of FRAP measurements (from seconds to minutes) 
is similar to the spatiotemporal scales associated with cellular signaling 
[14]. Analysis of FRAP measurements therefore provides information on 
the diffusion characteristics of an ensemble of molecules and allows a 
comprehensive analysis of the interplay between lateral diffusion and 
signaling under physiological conditions. 

5. Are signaling and dynamics correlated ? 

Although the concept of “mobile receptor hypothesis” is elegant, it 
has been challenging to experimentally validate it. The reasons for this 
include difficulty in experimentally manipulating the lateral dynamics 
of receptors in cell membranes and confining the alteration in receptor 
dynamics and the corresponding change in signaling in the same 
spatiotemporal domain so as to avoid lateral inputs from other down-
stream processes in the signaling pathway. As a result, there are very few 
examples of experimental validation of this hypothesis. We will describe 
below representative examples collated from literature where change in 
receptor dynamics could be correlated to cellular signaling. 

We have previously used a FRAP-based approach to explore the 
lateral dynamics of the G protein-coupled serotonin1A receptor tagged to 
enhanced yellow fluorescent protein (EYFP) and its implications in 
signaling [72]. Serotonin1A receptors are important members of the 
superfamily of GPCRs and play a key role in the generation and modu-
lation of various cognitive, behavioral and developmental functions, and 
act as an important drug targets [73–78]. Upon stimulation with its 
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native ligand serotonin, the serotonin1A receptor signals via Gαi medi-
ated inhibition of AC, leading to lowering of cAMP levels [79–82]. 
Interestingly, lateral diffusion of membrane proteins is known to be 
influenced by the sub-membranous actin cytoskeletal network [83–86]. 
To modulate the mobility of the serotonin1A receptor in a controlled 
fashion, we destabilized cellular F-actin using increasing concentrations 
of cytochalasin D (CD) and monitored lateral diffusion of the receptor 
[72]. CD is known to bind to the polymerizing end (”+” end or the 
barbed end) of F-actin filaments and shifts the equilibrium toward 
depolymerization, thereby destabilizing cellular F-actin [87,88]. Under 
normal conditions, the serotonin1A receptors exhibited ~70% mobile 
fraction, implying ~70% freely mobile receptors in the time scale of 
FRAP measurements [72]. Progressive destabilization of the actin 
cytoskeleton using increasing concentrations of CD led to a gradual in-
crease in the fraction of mobile population of receptors, although the 
diffusion coefficient of the receptor remained invariant (Fig. 3a,b). The 
efficiency of signaling of the receptor under conditions of increased 
mobility was estimated by the extent of reduction in cAMP by the 
serotonin1A receptor (Fig. 3c). Interestingly, we observed that the in-
crease in mobile fraction of the serotonin1A receptor was accompanied 
by an increase in signaling by the receptor, as measured by reduction in 
cAMP (Fig. 3c). To examine the nature of dependence between increase 

in receptor mobile fraction and signaling, we plotted mobile fraction vs. 
signaling efficiency, as monitored by reduction in cAMP (see Fig. 3d). 
The plot showed a linear relationship between the extent of reduction in 
cAMP and the mobile fraction of the serotonin1A receptor with a cor-
relation coefficient of ~0.95. These results suggest that the increase in 
mobility of the serotonin1A receptor is positively correlated to the extent 
of reduction in cAMP upon stimulation with serotonin, validating the 
“mobile receptor hypothesis”. 

In an earlier work, a similar observation was made between the 
fractional mobility of the vasopressin V2 receptor and ligand-dependent 
increase of cAMP levels [56]. In this work, the role of lateral mobility of 
the vasopressin V2 receptor in signal transduction was explored by 
reversibly modulating the receptor mobile fraction to varying extents 
[56,89]. This was achieved by incubation of cells at a lower temperature 
that reversibly immobilizes the vasopressin V2 receptor to different ex-
tents. This system allowed to explore the role of receptor lateral 
mobility, in particular receptor mobile fraction measured utilizing 
FRAP, in stimulation of cAMP production by AC in response to binding 
to its native ligand vasopressin. The authors observed that the 
temperature-dependent change in receptor mobile fraction and 
ligand-dependent increase of cAMP production was positively corre-
lated (Fig. 4). Importantly, forskolin-induced (non-receptor mediated 

Fig. 2. Basic design of fluorescence recovery after photobleaching (FRAP) measurement. FRAP is a powerful approach to quantitatively monitor diffusion of 
molecules in cellular systems. From a distribution of fluorescently-tagged proteins expressed in the cell, a region of interest (ROI) (typically of a dimension of μm) is 
selectively bleached with an instantaneous focused laser spot. Post photobleaching, the recovery of fluorescence in the ROI is monitored using a scanning criterion 
(low-powered laser) set previously. It is important that the bleaching of fluorophores be achieved in the smallest possible period of time. In addition, the scanning 
criteria utilized for monitoring the recovery of fluorescence should not induce any significant photobleaching. The recovery of fluorescence over time is then 
analyzed to measure the diffusion coefficient and mobile fraction of the fluorescently-labeled species. The diffusion coefficient provides an estimate of the rate of 
recovery, i.e., the rate at which molecules diffuse into the bleached ROI. A slow rate of recovery indicates lower diffusion coefficient and vice versa. On the other hand, 
mobile fraction is the ratio of the maximum recovery in fluorescence (Ffinal) relative to the pre-bleach fluorescence intensity (Fpre-bleach) in the ROI. The mobile 
fraction provides a measure of the fraction of bleached molecules that are replaced due to diffusion of unbleached molecules into the ROI. The fraction of molecules 
that are not replaced represent the immobile fraction. The immobile fraction is considered to originate from the restriction experienced due to association of re-
ceptors with relatively stable cellular structures in the time scale of FRAP. 
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AC activator) cAMP production was unaffected under the treatment 
conditions, suggesting that the varying signaling response obtained in 
presence of vasopressin was not due to effects on AC itself. These ob-
servations suggested that the receptor mobile fraction is a key regulator 
in signal transduction. In addition, the authors observed 
temperature-dependent changes in the actin cytoskeleton and concluded 
that changes in the actin cytoskeleton could be responsible for changes 
in lateral mobility of the vasopressin V2 receptor. Interestingly, the 
vasopressin V2 receptor is a Gαs coupled receptor and upon stimulation 
with vasopressin leads to the activation of AC, in contrast to the sero-
tonin1A receptor which is coupled to Gαi. These observations highlight 
that an increase in fraction of mobile GPCRs could lead to a corre-
sponding effect on the regulation of AC (either stimulation or inhibition) 
irrespective of the stimulatory or inhibitory nature of the Gα subunit 
involved. 

In addition, it has been reported that the restriction of lateral 
mobility of the β-adrenergic receptors could lead to a decrease in the rate 
of reaction between the receptor and the effector, leading to a decrease 
in AC activation [90]. In a recent elegant work, high plasticity in 
neurokinin-1 receptor lateral dynamics was shown to be important for 
receptor trafficking and regulation of receptor activity [91]. It has been 
further shown that cholesterol depletion or inhibition of 
clathrin-mediated endocytosis led to a substantial decrease in overall 
receptor diffusion and impaired the intracellular Ca2+ response, 
corroborating the close association between receptor mobility and 
signaling [91]. 

Another interesting approach to modulate the lateral diffusion of 
membrane proteins is to reduce molecular crowding in the membrane 
[92–94]. A reduction in molecular crowding is expected to increase the 
mobility of membrane proteins and thereby the accessibility of receptors 
and effectors on the membrane. This approach was utilized for the 
photoreceptor rhodopsin densely packed into retinal outer segment 
membranous disks [95]. Deletion of one allele of rhodopsin in transgenic 
mice reduced the number of quiescent rhodopsin molecules, resulting in 
an accelerated onset and recovery of flash responses [95]. Although the 
mechanism of rhodopsin activation differs substantially from other 
GPCRs, and reducing molecular crowding in vivo to alter the lateral 
mobility of receptors other than rhodopsin remains an unlikely possi-
bility, these observations highlight a general relationship of receptor 
signaling efficacy to the extent of lateral mobility of the receptor. 

Interestingly, a recent work demonstrated unusually fast lateral 
diffusion of rhomboid intramembrane proteases with a diffusion coef-
ficient of ~0.8 μm2/s, a value exceeding the range for a wide variety of 
membrane proteins as measured by single particle tracking (SPT) [96]. 
The authors found that the rhomboid protein fold distorts surrounding 
lipids and induces hydrophobic mismatch [97] to reduce local mem-
brane viscosity and enhances lateral diffusion of the enzyme. Such rapid 
diffusion of rhomboid allows to break the normal “speed limit” of the 
membrane, augmenting the search and subsequent cleavage of its 
transmembrane substrates. 

Fig. 3. A tight correlation between receptor dynamics and signaling. Effect of increasing cytoskeletal destabilization on (a) diffusion coefficient and (b) mobile 
fraction of the human serotonin1A receptor determined using FRAP measurements. The actin cytoskeleton was destabilized using cytochalasin D (CD), a cell 
permeable potent inhibitor of actin polymerization. Panel (c) shows the relative reduction in forskolin-stimulated levels of cAMP in cells expressing the serotonin1A 
receptor upon activation by 5 nM serotonin subsequent to treatment with increasing concentrations of CD. Panel (d) shows that signaling by the serotonin1A receptor 
is strongly correlated with its dynamics (mobile fraction), with a correlation coefficient (r) ~0.95. The 95% confidence bands are plotted as dashed lines to indicate 
the significance of the correlation. Data for mobile fraction and serotonin-mediated relative reduction in cAMP content are taken from panels (b) and (c), respec-
tively. Adapted and modified with permission from Ref. [72]. 
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6. The actin cytoskeleton as a modulator of receptor mobility: 
SPT approach 

FRAP is an excellent tool to measure average lateral diffusion of an 
ensemble of molecules. However, a limitation of FRAP is the lack of 
spatiotemporal information (resolution) on individual molecules. In this 
context, SPT measurements provide information on the relative distri-
bution of receptors in various diffusion modes with high spatiotemporal 
resolution, in addition to information on diffusion coefficient [98–103]. 
A major advantage of imaging single molecule diffusion is that it cir-
cumvents ensemble averaging from multiple molecules and allows 
observation of heterogeneous behavior (and transient phenomena) 
within subpopulations of molecules [104]. In a recent work, we iden-
tified four types of diffusion modes (random, confined, transiently 
confined and directed diffusion (Fig. 5a)) of the serotonin1A receptor by 
analysis of single particle trajectories [83]. Interestingly, upon destabi-
lization of actin cytoskeleton using CD, we observed an increase in the 
fraction of receptors characterized by random diffusion mode, whereas 
those of the confined and directed diffusion modes showed a reduction 
[83]. These observations are in agreement with the proposition that the 
sub-membranous actin cytoskeleton compartmentalizes the plasma 
membrane resident proteins [105] and even phospholipids [106]. Our 
results further demonstrated that the short-term diffusion coefficient of 
the serotonin1A receptor increases for a sub-set of diffusion modes upon 
actin destabilization by CD (see Fig. 5b). Importantly, the functional 
implication of such actin destabilization and increase in receptor lateral 
diffusion was manifested as an increase in downstream signaling, 
monitored by measuring reduction in cellular cAMP levels (see Fig. 5c). 
These observations, along with previous results obtained using FRAP, 
demonstrate the interdependence of membrane protein dynamics and 
signaling. 

7. GPCR activation: manifestations in receptor dynamics 

As mentioned above, agonist binding to GPCRs generally leads to 

GDP-GTP exchange on the Gα subunit that results in the dissociation of 
the activated GTP-bound Gα subunit and the βγ-dimer of the G-protein 
from the GPCR. This activation results in the dissociation of G-proteins 
from GPCRs, increasing receptor lateral diffusion. We tested this by 
FRAP measurements of the serotonin1A receptor upon activation of the 
receptor using various strategies [107,108]. Our results showed that 
activation of the serotonin1A receptor with its natural agonist serotonin 
led to significant increase in the diffusion coefficient of the receptor, as 
estimated by FRAP (see Fig. 6). On the other hand, treatment with the 
inverse agonist p-MPPI (which stabilizes the receptor in an inactive 
conformation in which G-proteins are not dissociated from the receptor) 
did not result in any significant change in the diffusion coefficient 
(Fig. 6). Interestingly, the observed increase in the diffusion coefficient 
upon activation with serotonin is inhibited in the presence of p-MPPI. 
The increase in diffusion coefficient of the serotonin1A receptor upon 
treatment with the agonist (but not with the inverse agonist) suggested 
that activation of G-proteins could contribute to an increase in diffusion 
coefficient of the receptor. To further validate these observations, we 
explored the possibility whether activation of G-proteins in a 
receptor-independent manner could increase lateral diffusion of the 
receptor. For this, we utilized (i) the cationic peptide mastoparan which 
is known to catalyze Gi/o-protein activation [109] and (ii) AlF4

− that acts 
as a non-hydrolyzable analog of GTP, thereby arresting G-proteins in an 
active state [110]. We showed that the diffusion coefficient of the re-
ceptor increases in presence of both mastoparan and AlF4

−
. We subse-

quently proposed that if dissociation of G-proteins upon activation by 
ligand (serotonin) stimulation increases the diffusion of the receptor, 
prevention of receptor/G-protein interaction (i.e., without G-protein 
activation) should result in an increase in the diffusion coefficient of the 
receptor. To test this, we measured diffusion coefficient of the seroto-
nin1A receptor in the presence of pertussis toxin, which ADP-ribosylates 
and inactivates the α subunit of the Gi/o class of G-proteins [111]. Our 
results showed that treatment with pertussis toxin resulted in an in-
crease in diffusion coefficient of the receptor. Taken together, these 
results show that receptor diffusion is dependent on G-protein activa-
tion, irrespective of the way the activation of G-proteins is carried out 
(receptor-independent or receptor-dependent) and the FRAP-based 
approach offers a sensitive tool to assess receptor/G-protein interac-
tion in live cells. 

8. Slow diffusion in yeast helps maintain cell polarity 

Yeasts are single-celled eukaryotes characterized by non-random 
distribution of membrane proteins which is necessary for its polariza-
tion [112,113]. Cell polarity in budding yeast (Saccharomyces cerevisiae) 
is characterized by spatiotemporal differences in shape, structure and 
function within a cell, and is necessary for cell division. However, 
inherent lateral diffusion of membrane proteins (according to diffusion 
rates measured in animal cells) would imply that a protein could diffuse 
across a 5 μm yeast cell within seconds which would dissipate any 
spatial gradient. In such a scenario, how do yeast cells maintain their 
polarity in spite of lateral diffusion of constituent proteins? This ques-
tion was addressed by measuring lateral dynamics of membrane proteins 
in yeast utilizing FRAP [114]. The authors reported unusual slow 
diffusion of GFP-tagged membrane proteins in yeast relative to its 
mammalian (COS cells) counterparts (see Fig. 7). In FRAP experiments, 
the fluorescence of yeast SNARE protein Sso1 recovered with a half-life 
of about a minute in yeast cells, but only about a half-life of ~2 s in COS 
cells (which corresponds to approximate diffusion coefficients of 0.0025 
and 0.1 μm2/s, respectively). To check if slow mobility is a feature of a 
particular membrane protein, or a specific property of the yeast plasma 
membrane, the authors next measured lateral mobility of Sso1 in 
vacuolar membrane. Their results showed that protein mobility was 
high in the vacuolar membrane with a half-life of fluorescence recovery 
of ~3 s, comparable to diffusion of the protein in COS cells (Fig. 7). 
These results suggested that slow diffusion of membrane proteins could 

Fig. 4. The correlation between mobile fraction and vasopressin-stimulated 
cAMP production for the vasopressin V2 receptor. The vasopressin V2 recep-
tor is a Gαs coupled GPCR and activation by its native ligand vasopressin leads 
to increase in cAMP level. The mobile fraction of the V2 receptor was modulated 
by pretreatment of cells at 37 ◦C (●), 4 ◦C (▾), 4 ◦C then 37 ◦C (□), or with 10 
mM NH4Cl for 2 days (x). The lines shown are obtained from linear regression 
analysis of receptor mobile fraction and cAMP content for 100 (red), 1 (blue) 
and 0.01 (green) nM vasopressin. A linear correlation between receptor mobile 
fraction and cAMP levels suggest that the lateral mobility of receptor is a key 
factor in cellular signaling mediated by the vasopressin V2 receptor. Data taken 
from Ref. [56]. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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be a crucial factor in its polarization. Interestingly, an earlier work re-
ported that even lipid diffusion in yeast plasma membrane was abnor-
mally slow [115]. 

What is the origin of such slow rates of diffusion in yeast membrane? 
In the same work [114], the authors showed that slow diffusion of 
membrane proteins was independent of cell wall or actin cytoskeleton, 
since diffusion rates were very similar in spheroplasts (yeast devoid of a 

cell wall) and actin-destabilized cells. Interestingly, the major sterol in 
yeast plasma membranes is ergosterol [116,117] and its content in yeast 
membranes is very high with sterol to phospholipid ratios of ~0.9–1 
[116,118]. In support of these observations, the authors reported that 
membrane protein diffusion was two-fold faster in ergosterol-deficient 
(erg6 mutant) cells, which blocks the addition of a methyl group to 
carbon 24 in the aliphatic tail of ergosterol. This suggests that slow 

Fig. 5. Interdependence of GPCR dynamics with cellular signaling. A schematic representation of four types of diffusion modes that could be analyzed from single 
particle tracking (SPT) trajectories: random, confined, transiently confined and directed diffusion. In random diffusion mode, free Brownian diffusion in absence of 
any interactions with the receptor is considered. Confined (or transiently confined) diffusion mode originates due to the actin cytoskeleton, protein-protein and/or 
lipid-protein interactions that restricts receptor mobility in domains of various size. On the other hand, an interaction with the underlying actin cytoskeleton drives 
directed diffusion. (b) Diffusion coefficient of serotonin1A receptors among the four diffusion modes observed in the absence (solid bars) and presence (hatched bars) 
of 5 μM CD. Destabilization of the actin cytoskeleton appears to release dynamic constraints, which promotes random diffusion along with increase in diffusion 
coefficient for random and transiently confined diffusion modes. (c) Estimation of cellular cAMP levels in cells expressing serotonin1A receptors in the absence (solid 
bar) and presence (hatched bar) of 5 μM CD. The ability of the serotonin1A receptor to inhibit forskolin-stimulated increase in cAMP levels upon treatment with 10 μM 
serotonin was assessed. Data are normalized to cAMP levels in the presence of 10 μM forskolin for each condition. Adapted and modified with permission from 
Ref. [83]. See text for other details. 
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movement of proteins in the yeast membrane could arise from physical 
properties of the lipid bilayer. Interestingly, we have previously shown 
that ergosterol and cholesterol exhibit differential effects on both 
short-range order and long-range dynamics in membranes [119,120]. In 
order to gain further insight into the observed slow diffusion in yeast 
membranes, we explored lateral diffusion of two proteins of different 
origin expressed in yeast [121]. For this, we compared lateral dynamics 
of the Candida drug resistance protein-1 (Cdr1p) and the human sero-
tonin1A receptor, both expressed in S. cerevisiae. We showed that while 
Cdr1p displayed slow diffusion, the diffusion of the serotonin1A receptor 
was significantly fast. Taken together, these observations suggest that 
subtle modulations of lateral mobility, without alteration in expression 
level of proteins involved, could give rise to the interesting possibility of 

regulation of cellular signaling. 

9. Lateral dynamics as readout of infection 

Infection by obligate intracellular parasites is reported to be associ-
ated with impaired lateral dynamics of host cell membrane proteins. For 
example, lateral diffusion is related to the stage of infection of intra-
cellular obligate parasite Plasmodium falciparum [122,123]. In an earlier 
work [122], Parker et al. showed that the lateral dynamics of host 
erythrocyte proteins (such as band 3 and glycophorin) depends on the 
stage of infection. The diffusion coefficient and mobile fraction of these 
proteins were found to be high in uninfected cells (see Fig. 8). Inter-
estingly, diffusion parameters were found to be low for these proteins in 

Fig. 6. G-protein dependent lateral diffusion of the 
serotonin1A receptor correlates with G-protein 
activation model. Cell membrane dynamics of the 
serotonin1A receptor under various conditions were 
analyzed by FRAP measurements. Serotonin (5-HT) 
and p-MPPI act as agonist and inverse agonist of the 
serotonin1A receptor, respectively. Both mastoparan 
and AlF4

− activate G-proteins in a receptor- 
independent manner, whereas pertussis toxin in-
activates G-proteins of Gi/o subtype, thereby abro-
gating interaction of G-proteins with the receptor. 
Note that the diffusion coefficient of the receptor 
exhibits an increase upon activation of G-proteins, 
irrespective of whether G-proteins are activated in 
receptor-dependent or receptor-independent 
manner, indicating that interaction of G-proteins 
with the receptor could considerably affect receptor 
diffusion on the cell surface. Adapted and modified 
with permission from Ref. [107], copyright 2004 
American Chemical Society.   

Fig. 7. Slow diffusion of membrane proteins in yeast allows maintenance of polarity. Each fluorescence recovery plot represents several independent measurements 
(denoted by different symbols) of bleached areas. Fluorescence intensities are normalized in each case such that the pre-bleach intensity is 1 and the intensity 
immediately post-bleach is 0. The curved line was manually fitted to the data shown in panel (a) for yeast SNARE protein Sso1 in yeast cells and are replotted in other 
panels for comparison. The relatively fast fluorescence recovery of Sso1 in COS cells and PNTS (a vacuole-targeted construct consisting of the transmembrane domain 
of Sso1 fused to the N-terminal domain of the SNARE Pep 12) is noteworthy. Adapted and modified with permission from Ref. [114]. 
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infected cells in mature and ring stages (Fig. 8). These results point out 
the potential of lateral dynamics as a novel indicator of the progress of 
infection. In addition, HIV-1 fusion and entry into target cells was shown 
to be dependent on the lateral mobility of CD4 receptors (a key mem-
brane protein for viral entry) in host cell membranes [124,125]. 

10. Rotational motion of membrane proteins 

Membrane proteins diffuse across cellular membranes and reorient 
(rotate) themselves to form functional association with their interacting 
partners [126,127]. Whereas lateral diffusion describes displacement of 
the protein in space, rotational diffusion describes angular motion of the 
protein about its axis of symmetry (i.e., the bilayer normal) (see Fig. 9). 
As discussed above, lateral diffusion brings receptors and effectors into 
close physical proximity, necessary for signal transduction. However, 
such proximity does not, by itself, constitute a productive encounter 
between any pair of molecules until their interacting three-dimensional 
surfaces are oriented in the correct orientation. Rotational reorientation 

is therefore relevant for the receptor to bind in the correct orientation 
and interact productively, if specific sites on two receptor molecules are 
spatially close to each other due to lateral diffusion. As a consequence, in 
the absence of such rotational dynamics (e.g., rotationally immobile 
receptors), most encounters between laterally diffusing molecules would 
not lead to successful signaling. However, if rotational reorientation 
takes place sufficiently rapidly (relative to lateral diffusion), the recep-
tor and second molecule may explore many possible orientations with 
respect to one another before being separated by lateral diffusion 
(Fig. 9). In other words, molecular reorientation (rotation) thereby acts 
to increase the fraction of diffusion-initiated encounters which yield 
productive interaction (signaling). 

Importantly, the physics of diffusion of molecules in membranes is 
different than that of molecules diffusing in a bulk solvent [128]. 
Therefore, unlike soluble proteins, understanding the size dependence of 
the diffusivity of membrane proteins is rather subtle. It is well known 
that the mobility of a rigid, spherical particle in a medium is given by the 
Stokes-Einstein equation, which has an inverse dependence on the 

Fig. 8. Lateral diffusion of host membrane proteins 
as a readout of Plasmodium falciparum infection. (a) 
FRAP analysis of eosin-labeled band 3 in control 
and parasitized erythrocytes at two different stages 
of infection (ring and mature). The small degree and 
the near linear kinetics of fluorescence recovery in 
the infected erythrocyte do not permit reliable 
determination of diffusion coefficient or mobile 
fraction. To quantitatively estimate the mobility of 
band 3 in different cells, the fractional recovery of 
fluorescence after 300 s (blue bars) of photo-
bleaching was calculated. (b) FRAP analysis of 
fluorescein-labeled glycophorin in control and 
parasitized erythrocytes at two different stages of 
infection (ring and mature). A reduction of diffusion 
coefficient (red bars) and mobile fraction (blue 
bars) is evident in the ring and mature stage of 
infected erythrocytes compared to uninfected 
erythrocytes. Data taken from Ref. [122]. (For 
interpretation of the references to colour in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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particle radius (or mass) [129]. Interestingly, the lateral diffusion of the 
same particle when embedded in a membrane bilayer is more complex. 
The classical framework of diffusion in membranes is provided by the 
Saffman and Delbrück model [128,130]. According to the Saffman and 
Delbrück model (see Fig. 9), lateral (translational) diffusion is relatively 
insensitive (i.e., weakly dependent) on the size of the diffusing molecule, 
since the diffusion coefficient according to this model is proportional to 
the logarithm of the reciprocal of the hydrodynamic radius of the dif-
fusant [64,128,131,132]. This unique aspect of lateral diffusion in 
membranes has turned out to be advantageous for FRAP measurements 
of GFP-tagged membrane proteins and receptors, since the diffusion 
coefficients obtained are not influenced by the rather large size of the 
GFP tag (typically ~27 kDa). On the other hand, rotational motion is 
more sensitive to molecular mass, thereby providing a handle to monitor 
small degrees of aggregation and interactions with immobile structures. 
Rotational diffusion is usually measured using steady state and 
time-resolved fluorescence anisotropy [132–137], time-resolved phos-
phorescence anisotropy [135], transient light absorption by triplet 
probes [126,133,138], saturation transfer electron spin resonance [139] 
and polarized fluorescence depletion, also known as fluorescence 
depletion anisotropy [132,140,141]. However, rotational diffusion of 
membrane proteins is difficult to measure and therefore our under-
standing this aspect of membrane dynamics is limited. 

11. Conclusions and the road ahead 

In this review, we have elucidated the concept of mobile receptor 
hypothesis in GPCR signaling using examples from previous work by us 
and others. It is evident that modulation in the fraction of laterally 
mobile receptors could represent a plausible mechanism by which subtle 
changes in cellular signaling could be achieved. We envision that future 
applications of quantitative microscopy-based approaches would 
involve generating a dynamic map of membrane proteins and their 
modulation with development, differentiation and aging, thereby 
opening up a novel dynamic view of cellular signaling in healthy and 
diseased states. 
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Trends in GPCR drug discovery: new agents, targets and indications, Nat. Rev. 
Drug Discov. 16 (2017) 829–842. 

[33] K. Sriram, P.A. Insel, G protein-coupled receptors as targets for approved drugs: 
how many targets and how many drugs? Mol. Pharmacol. 93 (2018) 251–258. 

[34] V. Katritch, V. Cherezov, R.C. Stevens, Structure-function of the G protein- 
coupled receptor superfamily, Annu. Rev. Pharmacol. Toxicol. 53 (2013) 
531–556. 

[35] M. Congreve, C. de Graaf, N.A. Swain, C.G. Tate, Impact of GPCR structures on 
drug discovery, Cell 181 (2020) 81–91. 

[36] S.H. White, The progress of membrane protein structure determination, Protein 
Sci. 13 (2004) 1948–1949. 

[37] J.-J. Lacapère, E. Pebay-Peyroula, J.-M. Neumann, C. Etchebest, Determining 
membrane protein structures: still a challenge!, Trends Biochem. Sci. 32 (2007) 
259–270. 

[38] R. Grisshammer, Why we need many more G protein-coupled receptor structures, 
Expert Rev. Proteomics 10 (2013) 1–3. 

[39] A. Chattopadhyay, B.D. Rao, M. Jafurulla, Solubilization of G protein-coupled 
receptors: a convenient strategy to explore lipid-receptor interaction, Methods 
Enzymol. 557 (2015) 117–134. 

[40] M. Caffrey, V. Cherezov, Crystallizing membrane proteins using lipidic 
mesophases, Nat. Protoc. 4 (2009) 706–731. 

[41] M. Caffrey, A comprehensive review of the lipid cubic phase or in meso method for 
crystallizing membrane and soluble proteins and complexes, Acta Crystallogr. 
Structural Biol. Commun. F71 (2015) 3–18. 

[42] M. Torrens-Fontanals, T.M. Stepniewski, D. Aranda-García, A. Morales-Pastor, 
B. Medel-Lacruz, J. Selent, How do molecular dynamics data complement static 
structural data of GPCRs, Int. J. Mol. Sci. 21 (2020) 5933. 

[43] A.J. Venkatakrishnan, Structure and activation mechanism of GPCRs, in: G. Lebon 
(Ed.), Structure and Function of GPCRs. Topics in Medicinal Chemistry, Springer, 
2019, pp. 53–64. 

[44] H.A. Safdari, S. Pandey, A.K. Shukla, S. Dutta, Illuminating GPCR signaling by 
cryo-EM, Trends Cell Biol. 28 (2018) 591–594. 
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cytoskeleton in dynamics and function of the serotonin1A receptor, Biophys. J. 
118 (2020) 944–956. 

[84] A. Kusumi, C. Nakada, K. Ritchie, K. Murase, K. Suzuki, H. Murakoshi, R.S. Kasai, 
J. Kondo, T. Fujiwara, Paradigm shift of the plasma membrane concept from the 
two-dimensional continuum fluid to the partitioned fluid: high-speed single- 
molecule tracking of membrane molecules, Annu. Rev. Biophys. Biomol. Struct. 
34 (2005) 351–378. 

[85] D.M. Andrade, M.P. Clausen, J. Keller, V. Mueller, C. Wu, J.E. Bear, S.W. Hell, B. 
C. Lagerholm, C. Eggeling, Cortical actin networks induce spatio-temporal 
confinement of phospholipids in the plasma membrane - a minimally invasive 
investigation by STED-FCS, Sci. Rep. 5 (2015) 11454. 

[86] T.K. Fujiwara, K. Iwasawa, Z. Kalay, T.A. Tsunoyama, Y. Watanabe, Y. 
M. Umemura, H. Murakoshi, K.G. Suzuki, Y.L. Nemoto, N. Morone, A. Kusumi, 
Confined diffusion of transmembrane proteins and lipids induced by the same 
actin meshwork lining the plasma membrane, Mol. Biol. Cell 27 (2016) 
1101–1119. 

[87] M. Schliwa, Action of cytochalasin D on cytoskeletal networks, J. Cell Biol. 92 
(1982) 79–91. 

[88] P. Sampath, T.D. Pollard, Effects of cytochalasin, phalloidin, and pH on the 
elongation of actin filaments, Biochemistry 30 (1991) 1973–1980. 

[89] D.A. Jans, R. Peters, J. Zsigo, F. Fahrenholz, The adenylate cyclase-coupled 
vasopressin V2-receptor is highly laterally mobile in membranes of LLC-PK1 renal 
epithelial cells at physiological temperature, EMBO J. 8 (1989) 2481–2488. 

[90] D. Atlas, D.J. Volsky, A. Levitzki, Lateral mobility of β-receptors involved in 
adenylate cyclase activation, Biochim. Biophys. Acta 597 (1980) 64–69. 

[91] L. Veya, J. Piguet, H. Vogel, Single molecule imaging deciphers the relation 
between mobility and signaling of a prototypical G protein-coupled receptor in 
living cells, J. Biol. Chem. 290 (2015) 27723–27735. 

[92] S. Ramadurai, A. Holt, V. Krasnikov, G. van den Bogaart, J.A. Killian, B. Poolman, 
Lateral diffusion of membrane proteins, J. Am. Chem. Soc. 131 (2009) 
12650–12656. 

[93] G. Guigas, M. Weiss, Effects of protein crowding on membrane systems, Biochim. 
Biophys. Acta 1858 (2016) 2441–2450. 
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