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Signaling activations through G-protein-coupled-receptor aggregations
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Eukaryotic cells transmit extracellular signal information to cellular interiors through the formation of a
ternary complex made up of a ligand (or agonist), G-protein, and G-protein-coupled receptor (GPCR). Previously
formalized theories of ternary complex formation have mainly assumed that observable states of receptors can
only take the form of monomers. Here, we propose a multiary complex model of GPCR signaling activations via
the vector representation of various unobserved aggregated receptor states. Our results from model simulations
imply that receptor aggregation processes can govern cooperative effects in a regime inaccessible by previous
theories. In particular, we show how the affinity of ligand-receptor binding can be largely varied by various
oligomer formations in the low concentration range of G-protein stimulus.
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I. INTRODUCTION

G-protein-coupled receptors (GPCR) in eukaryotic cells
form a remarkable modular system over the cell membrane,
its main function being to provide cells with a wide means of
signal communications between extracellular molecules (e.g.,
hormones and neurotransmitters) and intracellular signaling
G-proteins. GPCR signal communication can be achieved
through conformational changes in receptors, as well as the
complex formation with three different components: a ligand
(or agonist), G-protein, and GPCR. This complex forma-
tion serves as an activated signaling component, accordingly
changing the affinity of ligand-receptor binding as a function
of G-protein stimulus. These ideas have been formalized into
mechanistic theories of GPCR signaling activation, termed
ternary complex models [1,2], following, in particular, the
assumption that receptors can only take the form of monomers
(see Fig. 1).

Thousands of GPCRs diffuse on the cell membrane, ran-
domly interacting with each other and spontaneously forming
oligomers such as dimers and trimers. The dimer forma-
tions of ligand-bound receptors may, for example, extend
the colocalization period of the activated signaling compo-
nent [3]. Likewise, in a wide concentration range of ligand
stimulus, group behavior such as cooperativity induced by
receptor dimerization may be constrained by the affinity of
higher-order oligomer formations [4–9]. Recent experimental
studies of receptor systems have shown the existence and
functionality of dimerization and higher-order oligomeriza-
tion of receptors, implying modifications to ternary complex
models [3–14]. This lies in contrast to previous theories which
have mostly focused on scenarios where receptor-receptor
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couplings (i.e., direct interaction of two receptors) are weakly
linked with GPCR signaling activations.

A key challenge to model modification is the incorporation
of realistic but unobserved receptor aggregations into model
network. Ternary complex models have been constructed with
various biochemical parameters such as ligand-receptor bind-
ing rates (see Fig. 1) but restricted to the observable receptor
states imposed by experimental techniques (e.g., live-cell
imaging via biomolecules tagged with fluorescent emitters).
While such models mainly assume that observable states of
receptors can only take the form of monomers, effects aris-
ing from oligomer formations of unobserved receptors have
received less attention. In this article, we propose a multi-
ary (or n-ary) complex model of GPCR signaling activations
via dimer formations of ligand-bound receptors, represented
by a multivalent form of physical observables under basis
vectors of various unobserved aggregated receptor states (see
Fig. 2). We then perform model simulations to explore the
biophysical effects of receptor aggregation in GPCR signaling
activations. Crucially, we show how a mixture of various un-
observed aggregated receptor states can lead to the transition
of ligand-receptor binding affinity in a regime which cannot
be predicted by ternary complex models. We finally promote
a further modification to the multiary complex models, in-
cluding, in particular, interactions between inactive and active
states of the receptor observables. Such model modification is
of broad relevance beyond just receptor aggregation presented
here, possibly leading to a more general modeling framework
of GPCR signaling activations.

II. MULTIARY COMPLEX MODEL

A. Model framework

The receptor state vector representation of physical observ-
ables provides a concrete organizational framework to link
model components (e.g., ligand, receptor, and G-protein) with
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FIG. 1. Schematic illustration of the simplest ternary complex
model [1,2]. A ligand (red bullet) and G-protein (orange object)
can bind to a monomeric GPCR (green Y-shaped object) with
equilibrium constants K�0 and Kg0, respectively. A ternary complex
composed of a ligand, G-protein, and receptor can be formed in two
ways: (i) ligands can interact with the receptors binding to G-proteins
with equilibrium constant αK�0, and (ii) G-proteins can bind to the
ligand-bound receptors with equilibrium constant αKg0, where α is
a cooperativity factor that denotes the mutual effect of the receptor-
binding affinity to the ligand and G-protein.

physical observables imposed by experimental techniques
(e.g., single molecule imaging via ligands fused with tetram-
ethylrhodamine). In this vector representation, the multiary
complex model is described by a function containing the
probabilities of biochemical interactions that form various un-
observed aggregated receptor states. All possible aggregated
receptor states via dimer formation of ligand-bound receptors
can be treated mathematically as basis vectors in a multidi-
mensional real vector space.

First, we assume that receptor states are physically observ-
able if a ligand binds to a receptor. In the case that no ligand
binds to a receptor, receptor states are physically unobservable
or null. Figure 2(b) shows network diagrams of the multiary
complex model. Null (� and �′), monomeric (M and M′), and
dimeric (D′) observable state vectors of receptors are given by
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where r and R represent the receptors and the ligand-bound
receptors, respectively; r · r = rr denotes the dimer of two
free receptors. N refers to the number of receptors that can
be aggregated in the � and M observable states. There are N2

elements in the �′, M′, and D′ observable states.
Null (G� and G�′), monomeric (GM and GM′), and

dimeric (GD′) observable state vectors of the G-protein-bound

FIG. 2. Multiary complex formation via ligand-bound-receptor
dimerization in GPCR signaling activations. (a) Schematic illustra-
tion of the ternary complex formation (black arrows) and receptor
aggregation processes (blue arrows) [3]. The multiary complex is
composed of a ligand (red bullet), G-protein (orange object), and
various aggregated receptors (green Y-shaped objects). (b) Network
diagrams of the multiary complex model. (b1) Multivalent form
of the simplest ternary complex model. (b2) Dimer formations of
ligand-bound receptors. (b3) First-order interactions of ligand and
G-protein to receptor states. (b4) Second-order interactions of recep-
tor states to G-protein-bound-receptor states. L (blue) and G (red)
represent the input concentrations of ligand and G-protein stimuli,
respectively. See the main text for detailed descriptions of state
vectors and model parameters.
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receptors are also given by
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where G · r and G · R represent G-protein-bound receptors. N
refers to the number of receptors that can be aggregated in the
G�, and GM observable states. There are N2 elements in the
G�′, GM′, and GD′ observable states.

The receptor state vector representation allows for the
arrangement of the association and dissociation rates of
higher-order oligomers into matrix representations. In first-
order interactions (e.g., � � M) of a ligand and G-protein to
a receptor, and the rates of association (kp) and dissociation
(dp) of the pth index are represented by N × N (or N2 × N2)
diagonal matrices acting upon the basis vectors, transforming
an aggregated state into an observable state. These diagonal
matrices can be written in the form of
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where p = �0, �1, �2, g0, g1, g2, a0, a1, a2, b0, b1, and b2.
The dissociation rates (dq) of the qth index for second-

order interactions (e.g., � + M � M′) in Figs. 2(b1) and
2(b4) are represented by N2 × N2 diagonal matrices. Nondi-
agonal matrices of the association rates (kq) of the qth index
can, however, transform a mixture of various aggregated states
into an observable state. These matrices are given by
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where q = x0, x1, x2, y0, y1, y2, and y3.

B. Multivalent cell models

First, we construct multivalent (N = 1, 2, 3, 4, and 5)
cell models of multiary complex formations. We then use the
E-CELL SYSTEM version 4 [15] to simulate cell models of
biological fluctuation that arise from stochastic changes in the
cell surface geometry, number of receptors, ligand binding,
molecular states, and diffusion constants. These cell models
assume that nondiffusive receptors are uniformly distributed
on the cell membrane. The source code of the multivalent cell
models is provided in the Supplemental Material [16].

In particular, we assume that the diagonal matrices in the
first-order association (kp) and dissociation rates (dp) of the
pth index are given by

kp = kpI, dp = dpI, (7)

where p = �0, �1, �2, g0, g1, g2, a0, a1, a2, b0, b1, and b2.
I represents an N × N (or N2 × N2) identity matrix where
every diagonal element is equal to one, but every off-diagonal
element is zero. Also, the second-order association (kq) and
dissociation rates (dq) of the qth index can be written in the
matrix form of

kq = kq

N
J , dq = dqI, (8)

where q = x0, x1, x2, y0, y1, y2, and y3. J represents an
N × N all-ones matrix where every element is equal to one. I
also denotes an N2 × N2 identity matrix.

The model parameter values are given as follows:
total receptor concentration, T = 4.977 receptors/μm2;
cooperativity factor, α = Ka0/K�0 = Kb0/Kg0; binding
affinity and dissociation rates for each first-order interaction,
K�1 = K�2 = 100K�0, Kg1 = 100Kg0, Ka1 = Ka2 = 100Ka0,
Kb1 = Kb2 = 100Kb0, d�0 = d�1 = d�2 = dg0 = dg1 = da0 =
da1 = da2 = db0 = db1 = db2 = db3 = 1.00 s−1; and binding
affinity and dissociation rates for each second-order
interaction, Ky0 = Kx0, Kx1 = Ky1 = Ky2 = K�1Kx0/K�0,
Kx2 = Ky3 = K�2K�1Kx0/K2

�0, dx0 = dx1 = dx2 = dy0 = dy1 =
dy2 = dy3 = 1.00 s−1. The local equilibrium constants for
the association and dissociation rates satisfy the relation
Km = dm/km, where m = �0, �1, �2, g0, g1, g2, a0, a1, a2,
b0, b1, b2, x0, x1, x2, y0, y1, y2, and y3.

For convenience, we define a dimensionless lumped pa-
rameter that depends on the second-order interaction rates of
null observables (� + � � �′). The lumped parameter can
be written in the matrix form of

kx = kx

N
J , (9)

where kx = T/Kx0.
In a concentration range of ligand stimulus (L/K�0) from

10−3 to 103, we ran model simulations for a period of
100 000 s to verify the complete convergence of recep-
tor response to full equilibrium. To characterize the overall
ligand-receptor binding affinities of the multivalent cell mod-
els, the Hill function can be fitted to the ligand-receptor
binding curves of the monomeric and dimeric observable state
vectors of receptors: M, GM, M′, GM′, D′, and GD′. The Hill
function can generally be written in the form of

B(L) = B0Ln

Ln + K ′n (10)
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FIG. 3. Model comparison between the simplest ternary complex model (top row) and the monovalent cell model (bottom row). L and
G represent the input concentrations of ligand and G-protein stimuli, respectively. (a) Ligand-receptor binding curve as a function of ligand
stimulus L, is given by Eq. (11), where G/Kg0 = 0.1, α = 0.08 (blue), 0.5 (light-blue), 1.0 (black dots), 3.0 (light-violet), and 30 (violet).
(b) Overall affinity of ligand-receptor binding (K ′/K�0) as a function of G-protein stimulus is given by the Eq. (12), for G/Kg0 = 0.1 and
α = 0.08, 0.5, 1.0, 3.0, 30. (c) Colors represent the binding affinity of the ternary complex model in the range from 0 (blue) to ∼1 (green)
and � 2 (red); the black dashed line shows K ′/K�0 = 1. (d) For α = 1 and kx = 0 (black dots), 10−4 (light-orange), 10−3 (orange), and 10−2

(dark-orange), ligand-receptor binding curves are shown as a function of ligand stimulus L/K�0. (e) For α = 1 and kx = 0, 10−4, 10−3, and
10−2, overall affinities of ligand-receptor binding are shown as a function of G-protein stimulus G/Kg0. (f) Color represents the binding affinity
of the monovalent cell model as a function of α and G/Kg0, assuming kx = 0.001; the black dashed and solid lines represent K ′/K�0 = 1 in the
simplest ternary complex model and the monovalent cell model, respectively.

where L, B0, and n represent ligand concentration, maxi-
mum area density of the ligand-bound receptor, and the Hill
coefficient, respectively. K ′ denotes overall affinity of ligand-
receptor binding as a function of G-protein stimulus (G/Kg0)
from 10−3 to 103.

C. The simplest ternary complex model

The network diagram of the multiary complex model [see
Fig. 2(b)] converges to that of the simplest ternary complex
model (see Figure 1) as N = 1 and kx → 0. Overall ligand-
receptor binding states (M and GM) in the ternary complex
model can be written in the form of

B(L) = B0L

L + K ′ , (11)

where L and B0 represent ligand concentration and maxi-
mum area-density of the ligand-bound receptor, respectively.
Overall affinity of ligand-receptor binding as a function of
G-protein stimulus is given by

K ′ = K�0

(
1 + G/Kg0

1 + G/(αKg0)

)
, (12)

where G and α represent G-protein concentration and the
cooperativity factor that satisfies the relation α = Ka0/K�0 =

Kb0/Kg0, respectively [2]. If α = 1, there is no affinity
transition.

III. RESULTS

We compare the ligand-receptor binding curves between
the simplest ternary complex model (kx = 0) and the mono-
valent cell model (kx > 0 and N = 1). Figure 3 clearly shows
differences in the binding curves. In the simplest ternary com-
plex model, the cooperativity factor α in Eq. (12) plays a key
role in largely varying the overall affinities of ligand-receptor
binding in the high concentration range of G-protein stimulus
[see Figs. 3(a), 3(b), and 3(c)]. The affinities of the binding
curves shown in Figs. 3(a) and 3(b), can be decreased (K ′ <

K�0) or increased (K ′ > K�0) as a function of the cooperativity
factor (α). Such affinity transitions are also shown in Fig. 3(c),
varying from blue to red regions in the high G/Kg0 range.

To see the effects arising from the second-order interac-
tions in the monovalent cell model, the lumped parameter (kx)
can be varied from 0 to 10−2, assuming α = 1. Figures 3(d)
and 3(e), show that the overall affinity of the ligand-receptor
binding curves in the low concentration range of G-protein
stimulus can be increased (K ′ > K�0) as a function of kx. Such
affinity shifts are also shown in Fig. 3(f), represented by red
colored region in the low G/Kg0 range. In the absence of
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FIG. 4. Transition of the overall affinity in the multivalent cell
models is shown as a function of the lumped parameter kx , as-
suming α = 1 and G/Kg0 = 10−3. Each colored line represents
the monovalent (red), bivalent (blue), trivalent (green), tetravalent
(pink), and pentavalent (violet) models; the dashed black line denotes
K ′/K�0 = 1.

G-protein stimulus (G → 0), the overall network diagram of
the multiary complex model converges to the dimer forma-
tions of ligand-bound receptors [see Fig. 2(b)]. In particular,
the dimerization model satisfies a specific parameter con-
dition that gives rise to positive cooperativity (K�1 = K�2),
increasing the overall affinity of ligand-receptor binding [4,9].
Because of this cooperative characteristic, the monovalent cell
model displays the affinity transition in the low G/Kg0 range.

The affinity transitions can be also seen in higher-order
multivalent cell models: bivalent (N = 2), trivalent (N = 3),
tetravalent (N = 4), and pentavalent (N = 5). For α = 1 and
G/Kg0 = 10−3, Fig. 4 shows the affinity transitions in mul-
tivalent cell models as a function of the lumped parameter
kx. While the affinity in the multivalent cell models is always
unity if kx = 0 (K ′ = K�0; black dashed line), the affinity can
be increased through the increase of kx (K ′ > K�0; colored
lines). Also, affinity splitting between the monovalent cell
model (red line) and the higher-order multivalent cell mod-
els (blue, green, pink, and violet lines) becomes apparent in
the high kx range, depending on whether model parameter
conditions exhibiting positive or negative cooperativity [4,9].
A further analysis of the parameter conditions is required

to investigate physical sources that give rise to the affinity
splitting.

IV. CONCLUSION

Many GPCRs in the cell membrane randomly collide
with each other, spontaneously taking the form of various
oligomers such as dimers, trimers, and tetramers. The role
of receptor oligomerization (or aggregation) in GPCR sig-
naling activations, however, has been elusive to date. In this
article, we constructed a multiary complex model to inves-
tigate biophysical effects arising from various unobserved
aggregated receptor states in GPCR signaling activations.
Our results from model simulations revealed that receptor
oligomerization functions to largely vary the overall affinity
of ligand-receptor binding in a regime which cannot be ruled
by cooperativity factor in the simplest ternary complex model.

A further challenge for our work is to include the modifi-
cation to the multiary complex models, such as the transitions
between inactive and active states of the receptor observables.
This was required in the past when the original ternary com-
plex models were modified to extended and cubic ternary
complex models [2]. Such model modification leads to a more
general modeling framework of GPCR signaling activations,
and is of relevance more broadly beyond receptor aggregation
presented here. This generalization raises questions of how
aggregation processes of active-inactive state receptors are
biophysically coupled with other signaling properties, e.g.,
the amplification and propagation of noisy signals [17,18],
and the physical limit and sensitivity to chemical concentra-
tion sensing in ligand-receptor binding [19–23]. Our work
sheds light on these interesting questions from the perspec-
tive of theoretical biophysics, and suggests concrete modeling
principles to explore general rules of receptor aggregation
governing signaling activities and properties in various signal
transduction systems.

ACKNOWLEDGMENTS

We would like to thank Yasushi Okada, Jun Kozuka, Mi-
chio Hiroshima, Kozo Nishida, Wei Xiang Chew, Suguru
Kato, Toru Niina, Koji Ochiai, Keiko Itano, Kotone Itaya,
Takuya Miura, and Kaoru Ikegami for their guidance and
support throughout this research work.

[1] A. De Lean, J. M. Stadel, and R. J. Lefkowitz, A ternary
complex model explains the agonist-specific binding properties
of the adenylate cyclase-coupled β-adrenergic receptor, J. Biol.
Chem. 255, 7108 (1980).

[2] T. Kenakin, Theoretical aspects of GPCR-ligand complex phar-
macology, Chem. Rev. 117, 4 (2017).

[3] T. Nishiguchi, H. Yoshimura, R. S. Kasai, T. K. Fujiwara,
and T. Ozawa, Synergetic roles of Formyl Peptide Receptor
1 oligomerization in ligand-induced signal transduction, ACS
Chem. Biol. 15, 2577 (2020).

[4] M. Watabe, S. N. V. Arjunan, W. X. Chew, K. Kaizu, and
K. Takahashi, Cooperativity transitions driven by higher-order

oligomer formations in ligand-induced receptor dimerization,
Phys. Rev. E 100, 062407 (2019).

[5] M. Hiroshima, C.-g. Pack, K. Kaizu, K. Takahashi, M. Ueda,
and Y. Sako, Transient acceleration of epidermal growth fac-
tor receptor dynamics produces higher-order signaling clusters,
J. Mol. Biol. 430, 1386 (2018).

[6] M. Hiroshima, Y. Saeki, M. Okada-Hatakeyama, and Y.
Sako, Dynamically varying interactions between heregulin
and ErbB proteins detected by single-molecule analysis
in living cells, Proc. Natl. Acad. Sci. USA 109, 13984
(2012); M. Hiroshima and Y. Sako, Regulation mecha-
nism of ErbB-heregulin interaction shown by single-molecule

032413-5

https://doi.org/10.1021/acs.chemrev.5b00561
https://doi.org/10.1021/acschembio.0c00631
https://doi.org/10.1103/PhysRevE.100.062407
https://doi.org/10.1016/j.jmb.2018.02.018
https://doi.org/10.1073/pnas.1200464109


MASAKI WATABE et al. PHYSICAL REVIEW E 102, 032413 (2020)

kinetic analysis in living cells., Biophys. Physicobiol. 53, 317
(2013).

[7] Y. Teramura, J. Ichinose, H. Takagi, K. Nishida, T. Yanagida,
and Y. Sako, Single-molecule analysis of epidermal growth
factor binding on the surface of living cells, EMBO J. 25, 4215
(2006).

[8] T. Uyemura, H. Takagi, T. Yanagida, and Y. Sako, Single-
molecule analysis of epidermal growth factor signaling that
leads to ultrasensitive calcium response, Biophys. J. 88, 3720
(2005).

[9] C. Wofsy, B. Goldstein, K. Lund, and H. S. Wiley,
Implications of epidermal growth factor (EGF) induced
egf receptor aggregation, Biophys. J. 63, 98 (1992); C.
Wofsy and B. Goldstein, Interpretation of Scatchard plots
for aggregating receptor systems, Math. Biosci. 112, 115
(1992).

[10] M. Yanagawa, M. Hiroshima, Y. Togashi, M. Abe, T.
Yamashita, Y. Shichida, M. Murata, M. Ueda, and Y. Sako,
Single-molecule diffusion-based estimation of ligand effects on
G protein-coupled receptors, Science Signaling 11, eaao1917
(2018); M. Yanagawa, T. Yamashita, and Y. Shichida, Com-
parative fluorescence resonance energy transfer analysis of
metabotropic glutamate receptors: Implications about the
dimeric arrangement and rearrangement upon ligand bind-
ings, J. Biol. Chem. 286, 22971 (2011); M. Yanagawa and
Y. Shichida, Dimerization of G protein-coupled receptors:
Molecular mechanism of the interprotomer communication,
Seikagaku 83, 949 (2011).

[11] H. Guo, S. An, R. Ward, Y. Yang, Y. Liu, X.-x. Guo, Q. Hao,
and T.-r. Xu, Methods used to study the oligomeric structure
of G-protein-coupled receptors, Biosci. Rep. 37, BSR20160547
(2017).

[12] G. Milligan, G protein-coupled receptor dimerisation: Molec-
ular basis and relevance to function, Biochim. Biophys. Acta,
Biomembr. 1768, 825 (2007).

[13] G. E. Breitwieser, G protein-coupled receptor oligomerization:
Implications for G Protein activation and cell signaling, Circ.
Res. 94, 17 (2004).

[14] M. Bai, Dimerization of G-protein-coupled receptors: Roles in
signal transduction, Cell. Signalling 16, 175 (2004).

[15] K. Kaizu, K. Nishida, Y. Sakamoto, S. Kato, T. Niina, N.
Nishida, N. Aota, M. Koizumi, and K. Takahashi, E-Cell Sys-
tem version 4 (2019); W. X. Chew, K. Kaizu, M. Watabe,
S. V. Muniandy, K. Takahashi, and S. N. V. Arjunan, Surface
reaction-diffusion kinetics on lattice at the microscopic scale,
Phys. Rev. E 99, 042411 (2019); Reaction-diffusion kinetics on
lattice at the microscopic scale, ibid. 98, 032418 (2018).

[16] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevE.102.032413 for the source code of the mul-
tiary complex model.

[17] M. Ueda and T. Shibata, Stochastic signal processing and trans-
duction in chemotactic response of eukaryotic cells, Biophys. J.
93, 11 (2007).

[18] T. Shibata and K. Fujimoto, Noisy signal amplification in ultra-
sensitive signal transduction, Proc. Natl. Acad. Sci. USA 102,
331 (2005).

[19] T. Mora and I. Nemenman, Physical Limit to Concentration
Sensing in a Changing Environment, Phys. Rev. Lett. 123,
198101 (2019).

[20] K. Kaizu, W. de Ronde, J. Paijmans, K. Takahashi, F. Tostevin,
and P. R. Ten Wolde, The Berg-Purcell limit revisited, Biophys.
J. 106, 976 (2014).

[21] B. Hu, W. Chen, W. J. Rappel, and H. Levine, Physical Limits
on Cellular Sensing of Spatial Gradients, Phys. Rev. Lett. 105,
048104 (2010).

[22] W. Bialek and S. Setayeshgar, Physical limits to biochem-
ical signaling, Proc. Natl. Acad. Sci. USA 102, 10040
(2005),.

[23] H. C. Berg and E. M. Purcell, Physics of chemoreception,
Biophys. J. 20, 193 (1977).

032413-6

https://doi.org/10.2142/biophys.53.317
https://doi.org/10.1038/sj.emboj.7601308
https://doi.org/10.1529/biophysj.104.053330
https://doi.org/10.1016/S0006-3495(92)81572-2
https://doi.org/10.1016/0025-5564(92)90090-J
https://doi.org/10.1126/scisignal.aao1917
https://doi.org/10.1074/jbc.M110.206870
https://doi.org/10.1042/BSR20160547
https://doi.org/10.1016/j.bbamem.2006.09.021
https://doi.org/10.1161/01.RES.0000110420.68526.19
https://doi.org/10.1016/S0898-6568(03)00128-1
https://doi.org/10.1103/PhysRevE.99.042411
https://doi.org/10.1103/PhysRevE.98.032418
http://link.aps.org/supplemental/10.1103/PhysRevE.102.032413
https://doi.org/10.1529/biophysj.106.100263
https://doi.org/10.1073/pnas.0403350102
https://doi.org/10.1103/PhysRevLett.123.198101
https://doi.org/10.1016/j.bpj.2013.12.030
https://doi.org/10.1103/PhysRevLett.105.048104
https://doi.org/10.1073/pnas.0504321102
https://doi.org/10.1016/S0006-3495(77)85544-6

