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Living systems relay information across membrane interfaces to coordinate compartment functions.
We identify a physical mechanism for selective information transmission that arises from the sigmoidal
response of surface-bound particle densities to spatial features in adjacent external structures through a
nonuniform binding energy. This mechanism implements a form of spatial thresholding, enabling the
binary classification of external cues. Expansion microscopy measurements of nuclear pore complex
distributions in S. arctica show signatures of such physical thresholding.
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Living systems process information to adapt and respond
to their environment [1–5]. Theoretical principles under-
lying biological information processing have been identi-
fied in gene regulation [6,7], biochemical signaling [8–14],
and cell-fate patterning [15–22]. Yet beyond molecular
circuits, physical interactions, mechanical properties, and
geometrical relations also impact how living materials
process information [23–32]. Physical degrees of freedom
influence how cells navigate complex environments
[33–37], internalize pathogens [38–40], or coordinate
subcellular processes [24,41,42]. For example, migrating
cells respond to gradients in the elastic properties of
structures in their environment (durotaxis [43,44]), or the
density of binding sites for specific adhesion molecules
(haptotaxis, [43,45–47]) using biophysical interactions
between adhesion molecules, cell membrane, cytoskeleton,
and external binding sites to read out information about
external spatial heterogeneities. However, the principles
underlying such physically mediated signal processing are
not well understood [48,49]. In particular, how physical
interactions shape the encoding and transmission of spa-
tially resolved mechanical signals is unclear.
In this Letter, we focus on physical interactions of

surface-embedded particles at the interfaces of biological,
membrane-enclosed systems [Fig. 1(a)]. We investigate
how the spatial distribution of such particles selectively
encodes information stored in the features of surrounding
external structures, e.g., the proximity of binding sites,

which can subsequently change internal cellular states such
as polarity [50]. We identify how nonlinear relations due to
particle interactions control the flow of information across
the interface, whereby the interface itself functions as an
information-processing layer in a hierarchical architecture.
Specifically, we find that particle interactions of the

simplest type—short-range repulsion—create sigmoidal
mappings between an input potential field and output
particle distribution, providing a physical mechanism for
binary thresholding reminiscent of thresholding filters in
computer vision [65]. By deriving explicit expressions for
the gain and threshold parameters of the filter, we identify
how the system’s physical properties, i.e., the effective size
of the surface-embedded particles and their typical con-
centrations, control the transfer of information. We identify
an optimal information-processing regime and find that
diverse interface-associated protein complexes and macro-
molecular structures in cells operate within this regime.
In particular, we experimentally measure the predicted
sigmoidal distribution of nuclear pore complexes in the
envelope of Sphaeroforma arctica nuclei [66], which form
in response to interactions with the surrounding cytoske-
leton [67]. Our results indicate that physical thresholding
could facilitate information transmission in the co-
ordination of biological processes across cellular and
subcellular interfaces.
Repulsive particle interactions binarize binding energy

profiles—We consider diffusive particles on a membrane,
which interact with the environment by attaching to and
detaching from adjacent binding sites. The densities of
particles ρi in the bound (i ¼ b) and unbound (i ¼ u) states,
with state energies ϵi, evolve according to mass-conserving
reaction-diffusion equations [68–70]

∂tρi ¼ ∇ · ½Di∇ρi þ βDiρi∇ðEþ ϵiÞ� þRi ð1Þ
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driven by a mean-field interaction potential EðρÞ, which
depends on the total density ρ ¼ ρb þ ρu, with the inverse
thermal energy scale β ¼ ðkBTÞ−1 and, in general, density-
dependent diffusion coefficients Di [71]. The reaction
terms describe transitions between the two states according
to Ru ¼ −Rb ¼ koffρb − konρu. To investigate how spatial
heterogeneities in the environment influence the particle
distribution, we consider nonuniform attachment rates
kon ¼ koffe−βϵ, in which ϵðrÞ ¼ ϵbðrÞ − ϵu is a particle-
environment binding energy field, with ϵu generally
assumed spatially uniform.
From Eq. (1) and assuming no-flux boundary conditions,

we obtain the equilibrium total density [[59,72] Sec. A]

ρ ¼ 1

l2
e−βEðρÞ

�
1þ e−βϵðrÞ

�
; ð2Þ

where the integration constant l is a length scale set by the
conservation of the total particle number N over the whole
membrane area A according to

N ¼
Z
A
dAρ: ð3Þ

This constraint determines the average separation distance
between particles across the whole surface d̄ ¼ ffiffiffiffiffiffiffiffiffiffi

A=N
p

.
Equation (2) describes how the distribution of particles on
the membrane surface responds to heterogeneities in
mechanical and/or chemical properties of external struc-
tures, which give rise to a nonuniform ϵðrÞ. For example, an
effective Hookean interaction energy could characterize the
interactions of membrane-associated particles with external
structures at a variable separation distance such that the
nonuniform interaction energy captures spatial variations in
binding site proximity.
Interparticle interactions influence how the density (2)

responds to such external heterogeneities. Focusing on
steric interactions (Supplemental Material [59], Sec. B a),
we introduce an effective particle size d0, imposing that
each particle occupies an area d20, and obtain the mean-field
potential [Supplemental Material [59], Eq. (28)]

EðρÞ ¼ −kBT lnð1 − d20ρÞ ð4Þ
which corresponds to the chemical potential difference
between a volume-excluding lattice gas and the ideal gas
[73,74]. By construction, the length scale d0 determines the
maximum possible density of the particles ρmax ¼ 1=d20.
Although Eq. (4) assumes a volume-excluding lattice, the
resulting potential also approximates well short-range
repulsion arising, e.g., from curvature-mediated or shielded
electrostatic interactions [Fig. 1(b)].
The equilibrium particle distribution resulting from

Eqs. (2) and (4)

ρðrÞ ¼ 1þ e−βϵðrÞ

l2 þ d20ð1þ e−βϵðrÞÞ ; ð5Þ

corresponds to a sigmoidal mapping between the binding
energy field ϵðrÞ and the density ρðrÞ [Fig. 1(c)]. In fact, we
recover a Fermi-Dirac-like distribution, where the particle
density at different positions is akin to the occupation
number of energy levels, which are resolved along the
surface according to ϵðrÞ: particles occupy the most
energetically favorable spatial positions, given steric inter-
actions and subject to mass conservation, leading to regions
of high and low density. Therefore, the resulting particle
distribution sigmoidally filters external heterogeneities,
providing a physical mechanism for binarizing the bind-
ing-energy field. A cellular or subcellular interface could
thereby read out spatial variations in, for example, the
proximity of nearby structures.
The sigmoidal relation Eq. (5) is characterized by the

gain, γ ≔ maxðk∂ρ=∂ϵkÞ ¼ βl2=½4d20ðd20 þ l2Þ�, and the
threshold, ϵth ≔ argmaxðk∂ρ=∂ϵkÞ ¼ kBT ln ½d20=ðd20 þ l2Þ�,
[Fig. 1(c)], which depend on the two relevant length scales,
the effective particle size d0, and the average particle
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FIG. 1. The density of repulsive particles responds nonlinearly
to changes in binding energy. (a) Particles on the surface of a
membrane-enclosed compartment interact via a potential EðdÞ
that depends on their average separation distance d. Each particle
can be either bound (light green circles) to an external structure
(purple) or unbound (dark green circles), with binding rates set by
a nonuniform interaction energy field ϵ. (b) The mean-field
potential EðdÞ captures short-range repulsion due to steric effects
between particles of diameter d0, similar to curvature-mediated
interactions and shielded electrostatic repulsion ([51–58] and
Supplemental Material [59], Sec. B b). (c) Repulsive particle
interactions lead to a sigmoidal mapping between the particle-
environment interaction energy ϵ and the particle density ρ,
approaching the maximum density ρmax in contrast to ideal,
nonrepulsive particles. Vertical line and shaded triangle show the
threshold ϵth and gain γ of the sigmoid. (d) For an interaction
energy ϵðxÞ ¼ kBTð20x=L − 10Þ on a domain of length L, this
mapping produces sigmoidal equilibrium density fields [points
fromMetropolis-Hastings sampling (Supplemental Material [59],
Sec. C 1 a), shading denotes two standard deviations].
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separation d̄, set by the total number of particles N.
Note that through the integral over the entire membrane
surface, constraint Eq. (3) incorporates a global dependence
of the particle distribution on the interaction energy field
into the normalization constant l, whose explicit expression

follows l ∝
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d̄2 − d20

q
for uniform ϵ.

Particle size and total number tune information
transmission—Could cells use Eq. (5) to sense the prox-
imity of nearby structures? To investigate how the distance
between a membrane patch and an adjacent set of binding
sites can be conveyed by the particle density, we analyze
the transmission of information in the presence of
fluctuations.
In general, a noisy sigmoidal response can amplify an

input signal close to the threshold, while rendering small
energy variations unresolvable far from the threshold
[Fig. 1(d)]. Repulsive particle interactions may thereby
enable the selective transmission of information about inter-
action energies close to the threshold. When suitably opti-
mized, such an information bottleneck can pick up specific
task-relevant features of the input [75–78]. By controlling the
gain and threshold, the biophysical parameters d̄ and d0
determine the amplified signal range, similar to the tunable
resistors that shape the nonlinear mapping between input and
output voltages in electronic audio processing [79].
To investigate how these parameters influence the

compression of the original input, we first analyze the
channel noise arising due to the microscopic particle
dynamics. Discretizing space into boxes of area a indexed
by j ¼ 1; 2;…; B allows representing the particle and
energy fields as random vectors which take realizations
fρjg and fϵjg from a finite set of density values and
energy states [Fig. 2(a)]. Considering the limit of large
particle numbers in a coarse-graining area element a, we
approximate the conditional probability PðρjjfϵkgÞ of a
realization ρj given a set of binding energies by a Gaussian
distribution with mean ρ̄jðfϵkgÞ ¼ ρðϵj; lðfϵkgÞÞ given
by Eq. (5), and standard deviation σρðρ̄jðfϵkgÞÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 − d20ρ̄jðfϵkgÞ�ρ̄jðfϵkgÞ=a

q
, such that the probability

is conditioned on a realization of the entire binding
energy vector through the parameter l ([80] and
Supplemental Material [59], Sec. C 1). Metropolis-
Hastings sampling of particle distributions numerically
confirm these results ([81] and Supplemental Material
[59], Fig. 1 and Sec. C 1 a).
To evaluate the level of selective signal amplification

by the particle interactions, we compute the mutual
information between the random vectors fρjg and fϵkg,
given by

I ¼
X
fϵkg

X
fρjg

Pðfρjg; fϵkgÞ ln
Pðfρjg; fϵkgÞ
PðfρjgÞPðfϵkgÞ

; ð6Þ

in which the sums run over all possible realizations of
the input and output sequences ([114], Chapter 2;
Supplemental Material [59] Sec. C 2) The mutual informa-
tion quantifies how well an output density field distin-
guishes different input fields. As such, rather than
specifying one particular fϵkg, we must consider the
probability distribution over all possible input fields,
PðfϵkgÞ, which takes a system-specific form depending
on the statistics of binding energy variations across differ-
ent environments. We consider in the following a uniform
distribution over all realizations fϵkg from a finite input
range ϵmin < ϵth < ϵmax, where the minimum binding
energy ϵmin corresponds to the most favorable energy level,
and the maximum binding energy ϵmax corresponds to the

(c)

(a) (b)

FIG. 2. Repulsive particle interactions threshold binding energy
profiles. (a) We discretize the surface into B boxes of area a either
with (purple shading) or without (no shading) binding sites,
with ϕ the area fraction of the binding region. (b) The mutual
information between the external field and the particle density
profile shows a maximum as a function of d̄=d0, where the gain is
high and the threshold energy is kept within the input range
[computed for a system discretized into B ¼ 5 boxes with
a ¼ 10d20 as described in Supplemental Material Ref. [59],
Sec. C 2]. The optimal information transmission regime—in
which I is within 80% of its maximum—becomes larger as ϕ
is decreased. Icons label parameter values used in Fig. 1(d).
(c) The optimal information transmission regime is much larger
for an actinlike area fraction ϕ ¼ 10−2 [[59,82] Sec. D] (dark
orange) than for uniform 2D sheets (dark purple). Macromo-
lecular complexes in cells (colored icons, values from [ [59,83–
113] Table I]) indeed often associate with filamentous structures,
such as the actin cytoskeleton (e.g., AChR, E-Cadherin).
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least favorable input state, such that PðfϵkgÞ ¼Q
k PðϵkÞ ¼ N−B

ϵ , where Nϵ is the number of discrete
energy values from which the elements of fϵkg
are sampled. The joint probability Pðfρjg; fϵkgÞ is the
product of PðfϵkgÞ with the conditional probability
PðfρjgjfϵkgÞ ¼

Q
j PðρjjfϵkgÞ—where PðρjjfϵkgÞ is

approximated as discussed above. Numerical evaluation
of Eq. (6) for a range of parameter values reveals an
optimal regime of particle-mediated physical thresholding
[Fig. 2(b), Supplemental Material [59] Sec. C 2]. Filters
within this regime have gains large enough to overcome the
channel noise and threshold energies within the input range.
In addition to the system parameters d0 and d̄, this

optimal regime also depends on the spatial organization of
interaction sites, which in biological systems are often
irregular. While for uniform binding-site densities below
the maximum particle density, the maximum transmitted
information is reduced (Supplemental Material [59],
Fig. 2), some nonuniform binding-site distributions can
increase information transmission, and extend the optimal
regime to a broader range of parameters. To identify,
in particular, how information transmission is influenced
when particles bind to structures such as cytoskeletal
filaments, we consider binding sites confined to parallel
lines that cover a fraction ϕ of the total membrane surface
[Fig. 2(a), Supplemental Material [59] Sec. C 3] [115]. We
find that lowering ϕ allows effective information transfer
with fewer particles in the 2D membrane compared to the
case of uniform binding sites [Fig. 2(b)], because—so long
as the readout mechanism preserves the reduced dimen-
sionality of the binding site geometry—the nonbinding
region acts as a particle bath that buffers the particles used
in the binding regions. As such, decreasing ϕ has a similar
impact as decreasing d̄, i.e., increasing the number of
particles in the membrane [Fig. 2(b)]. In cellular contexts,
protein line densities associated with such quasi-1D struc-
tures indeed influence many subcellular processes such as
the generation of tension by motor proteins along filaments,
or molecular events at cell-cell contact lines [116–120].
These optimal parameter regions for information trans-

mission raise the question of where real surface-associated
protein complexes and other macromolecular structures in
biological cells fall. Bioimaging technologies are starting
to overcome the challenges associated with visualizing
nm-scale spatial arrangements of proteins along interfaces
[121,122], and, in some cases, effective particle sizes and
typical cellular concentrations have been reported or can be
inferred from other measurements (Supplemental Material
[59], Table I). Indeed, we find that proteins known to
associate with actin fibers or bundles (AChR [123–125], E-
Cadherin [126], TCR [127], ICAM-1 [128,129]) fall within
the region in which information transmission from fila-
mentous networks with an actinlike area fraction is optimal,
whereas some proteins known to bind between neighbor-
ing cell membranes (connexons [130,131]) or subcellular

membraneous structures (ERMES [99,132]) have sizes and
surface densities that position them where information trans-
mission is highest for uniform interaction sites [Fig. 2(c), dark
orange and dark purple regions, respectively; Supplemental
Material [59], Sec. D]. Precisely characterizing the informa-
tion transmission capabilities of a particular system requires
experimentalmeasurements of the binding site geometry for a
given readout mechanism.
Physical thresholding at the nuclear envelope—For large

macromolecular structures, only a relatively small number
of particles is required to form extended maximum-density
regions. As a specific experimental example, we focus
on nuclear pore complexes (NPCs) [133]. These protein
complexes, approximately 100 nm in diameter, are
embedded within the nuclear envelope—an intracellular
membrane that forms the physical and regulatory interface
between the cytoplasm and the nuclear interior [134,135].
In addition to controlling nucleocytoplasmic transport,
NPCs interact with the extranuclear cytoskeleton to
regulate intranuclear states, including gene expression
[136–139]. Yet how the spatial distribution of NPCs
influences information transfer between cellular and
nuclear states remains unclear [140–145].
We measure how nuclear pore complex distributions

respond to different configurations of the extranuclear
microtubule cytoskeleton using expansion microscopy and
immunostaining of S. arctica nuclei [Fig. 3(a),
Supplemental Material [59], Fig. 3 and Sec. E, [146] ]
[67,147]. Quantifying the separation distance h between
individual microtubule filaments and the nuclear surface
reveals increasing height profiles from their anchor point
at the pole towards the nucleus equator [Fig. 3(b)]. We
estimate the NPC density profiles along the filament
arc length by taking averages across clusters of similar
filaments and fitting Eq. (5) to this data, assuming that
the effective binding energy profiles arise from the combi-
nation of a fixed interaction energy, ϵNPC ¼ 25kBT, and an
effective Hookean elastic contribution, such that the bind-
ing energy field is given by ϵðsÞ¼ ϵNPCþλNPCðh−h0Þ2=2,
with effective spring constant λNPC and resting spring
length h0 ¼ ð84� 15Þ nm (measured independently from
electron microscopy images) [Fig. 3(c), Supplemental
Material [59] Fig. 3] [148]. This assumption implies that
heterogeneities in the interactions between NPCs and micro-
tubules arise in this system primarily due to differences in the
proximity of filaments to the nuclear envelope. We thereby
obtain estimates for the effective NPC size d0;NPC¼
ð260�50Þ nm, and the spring constant characterizing the
elastic interaction between NPCs and microtubule filaments
λNPC ¼ ð0.04� 0.03Þ pN nm−1 (Supplemental Material
[59], Table III). Our estimates of theminimal NPC separation
distance—which we further corroborated using focused
ion beam-scanning electron microscopy imaging—are larger
than their diameter, suggesting additional nonsteric repulsion
effects, for example due to curvature-mediated interactions
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arising fromnuclear-envelopedeformations close to theNPCs
[Fig.3(d)] ([67,149],SupplementalMaterial [59],Sec.E 2and
Table II).
Computing the transmitted information given a surface

area fraction corresponding to that of the microtubule (MT)
filaments at the nuclear envelope in this system (ϕ ¼ 0.21)
reveals that their effective size and total number allow these
NPCs to efficiently threshold the MT proximity profiles
[Fig. 3(e); Supplemental Material [59], Sec. C 3].

Together, these results suggest that NPCs form sigmoidal
density profiles along microtubule filaments due to their
large effective size and fixed number [67,150–153]. We
propose that the thresholded readout of filament proximity
could coordinate intranuclear functions, consistent with
observations that microtubule-nucleus interactions influ-
ence, e.g., chromatin organization, gene expression, and
mitotic remodeling [66,67,154–159].
Conclusions and outlook—In summary, we find that

simple physical interactions at the interfaces of membrane-
enclosed cellular compartments lead to the selective trans-
mission of information, permitting the binary classification
of surface regions. In particular, we report that short-range
repulsion between membrane-embedded particles, such
as arising from shielded electrostatic repulsion [160] or
membrane-mediated interactions [51,161,162], produces a
sigmoidal mapping between nonuniform external energies
and the particle densities that form in response. We show
how the nonlinear amplification of environmental hetero-
geneities is controlled by the effective interaction range of
the particles and their total number relative to the surface
size, and we identify a regime of optimal information
transmission for this physical thresholding, as determined
by the gain and threshold of the sigmoid. Indeed, many
surface-associated subcellular structures fall within the
optimal regime based on their sizes and typical cellular
concentrations, and our own measurements of S. arctica
nuclear pore complex distributions reveal sigmoidal
density profiles associated with extranuclear microtubule
filaments. Interestingly, membrane-associated proteins
often interact with irregularly shaped structures such as
filamentous networks leading to quasi-1D interactions
that facilitate the capacity for physical thresholding
[163,164]. How coupling between structures of different
effective dimensions influences biological processes and
functions has also been investigated in the context of
chemical reaction networks [165,166] and macromolecu-
lar assembly [167].
Thresholding filters are used in control circuits, bandpass

filters, and neural networks, e.g., to introduce nonlinear-
ities, and compress outputs [168,169]. It will be interesting
to investigate how sigmoidal particle distributions interact
with downstream cellular processes, aiding pattern recog-
nitionlike functions of compartment surfaces. The selective
transmission of information at the cell surface could guide,
for example, directed movements in response to external
gradients in mechanical or chemical properties.
Analyzing other types of particle interactions could

reveal whether more complex transformations are possible
that would permit operations such as edge detection or
object recognition. We anticipate that our increasing
technical ability to measure molecular patterns in cells at
the sub-μm scale will enable the discovery of new physical
information processing modalities through which cells and
subcellular structures perceive their complex surroundings.

(a) (b)

(d)(c)

(e)

FIG. 3. Nuclear pore complexes (NPCs) form sigmoidal line
densities along extranuclear microtubule filaments in S. arctica
nuclei. (a) Ultrastructure expansion microscopy shows the spatial
organization of immunofluorescently labeled microtubules (pur-
ple) and NPCs (green) on an S. arctica nucleus (maximum
intensity projection) (Supplemental Material [59], Sec. E 1 b).
(b) The shortest separation distance between the nuclear envelope
(NE) and the microtubule (MT) filaments increases as a function of
the arc length s away from the microtubule organizing center at the
pole. Light purple: individual tracks for one of five clusters. Dark
purple: rational-exponential reparameterization of these tracks
(Supplemental Material [59], Sec. E 2 a). (c) Fitting (solid line)
the measured NPC line density (dots) for the MT cluster in (b) with
Eq. (5) yields parameter estimates for the effective spring constant
λ and for the minimum NPC separation distance d0 (Supplemental
Material [59], Table III). Shaded area: 95% confidence interval.
Other fitted profiles shown in Supplemental Material Ref. [59],
Fig. 3. (d) Left: fit values for the minimum NPC separation d0
compare well with independent measurements of d0 from electron
microscopy (EM) imaging, dashed line denotes the diameter of the
complex 120 nm. Right: an example EM image with labeled
features. (e) The fitted d0 value, and the average NPC separation
distance d̄ measured from the data, indicate that NPC distributions
can efficiently threshold microtubule proximity, given the mea-
sured filament density in this system ϕ ¼ 0.21� 0.03.
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