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Emerin, a nuclear membrane protein with important biological roles in mechanotransduction and
nuclear shape adaptation, self-assembles into nanometer-size domains at the inner nuclear mem-
brane. The size and emerin occupancy of these nanodomains change with applied mechanical stress
as well as under emerin mutations associated with Emery-Dreifuss muscular dystrophy (EDMD).
Through a combination of theory and experiment we show here that a simple reaction-diffusion
model explains the self-assembly of emerin nanodomains. Our model yields quantitative agreement
with experimental observations on the size and occupancy of emerin nanodomains for wild-type
emerin and EDMD-associated mutations of emerin, with and without applied forces, and allows
successful prediction of emerin diffusion coefficients from observations on the overall properties of
emerin nanodomains. Our results provide a physical understanding of EDMD-associated defects in
emerin organization in terms of changes in key reaction and diffusion properties of emerin and its
nuclear binding partners.

Emerin is a largely disordered protein predominantly
located at the nuclear envelope (NE) in mammalian cells
and in cells of various other eukaryotic organisms [1, 2]. It
is a major contributor to the maintenance of nuclear me-
chanics, as it participates in the transduction of mechan-
ical signals across the nucleus double membrane [3, 4].
Emerin mostly resides in the inner nuclear membrane
(INM), where it interacts with multiple nuclear binding
partners (NBPs) and NE components of the Linker of
Nucleoskeleton and Cytoskeleton (LINC) complexes, to
transfer on the nuclear matrix forces that are generated
by the cytoskeleton and that travel through the nucleus’s
outer and inner membranes via LINC complexes [5–10].
Mutations in emerin that impact its interactions with
NBPs and its self-assembly into nanodomains, such as
∆95-99, Q133H, or P183H mutations [1, 5, 11–13], cor-
relate with abnormal responses of the NE to mechanical
stress [5]. In cells exposed to extensive forces, such as
skeletal and cardiac cells, these aberrant responses result
in Emery-Dreifuss muscular dystrophy (EDMD) [14].

Numerous studies have highlighted the significance
of emerin’s disordered region for its biological function
in nuclear mechanics [5, 11–13]. This region mediates
emerin self-assembly as well as binding to NBPs that reg-
ulate the nuclear architecture, including lamins, nuclear
actin, LINC complex proteins and other molecular part-
ners [1, 15]. The expected structural flexibility of its dis-
ordered region likely allows emerin to adopt various con-
formations that, in turn, modulate emerin’s self-assembly
and its engagement with different NBPs at the INM.
Biochemistry studies have indeed indicated that wild-
type (WT) emerin is associated with two different nucle-
oskeletal neighborhoods at the NE [16] and recent single-
molecule imaging studies have revealed that, at steady
state, it distributes into rapidly- and slowly-diffusing
emerin populations, the latter forming stable INM nan-
odomains characterized by elevated emerin concentra-

tions [5]. Those imaging studies also showed that ade-
quate nuclear responses to mechanical challenges induced
by cell micropatterning require controlled changes in
the diffusion properties and spatial organization of both
types of emerin complexes [5]. In effect, compared to WT
emerin, the aforementioned EDMD-inducing emerin mu-
tants display either insufficient or excessive self-assembly
into nanodomains, both of which result in defective nu-
clear shape adaptations against force [5]. Modulation
of the self-assembly of emerin into INM nanodomains is
therefore a central determinant of NE response to forces
as it prevents deleterious nucleus deformations typically
observed in EDMD.

The spatial patterns of emerin observed at the INM,
the distinction between slowly- and rapidly-diffusing
emerin complexes, and the observed dependence of
emerin nanodomains on emerin diffusion are reminiscent
of molecular patterns resulting from reaction-diffusion
processes [17–19]. A slowly-diffusing particle species
thereby interacts with other molecules so as to locally ac-
tivate increased molecule concentrations, while a rapidly-
diffusing particle species inhibits increased molecule con-
centrations. In this Letter we combine theory and experi-
ment to explain the self-assembly of emerin nanodomains
in terms of such a reaction-diffusion model of emerin com-
plexes. After validating our model for WT emerin under
no mechanical stress, we employ our model to under-
stand how and why WT emerin nanodomains respond
to force application. We then use our model to estab-
lish how defects in nanoscale organization for EDMD-
associated emerin mutants correlate with changes in key
reaction and diffusion properties of emerin and its NBPs.
Our results suggest that the self-assembly and plastic-
ity of emerin nanodomains result from the interaction of
slowly-diffusing emerin complexes that can locally bind
other emerin, and rapidly-diffusing emerin complexes
that inhibit increased molecule concentrations through
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steric constraints.

Modeling emerin nanodomains.—Superresolution mi-
croscopy experiments on emerin nanodomains report
the diffusion coefficients of rapidly- and slowly-diffusing
emerin populations at the INM, the size of emerin nan-
odomains, and their molecular density along the INM
[5, 21]. The question thus arises to what extent the ob-
served emerin densities along the INM can be accounted
for based on the measured emerin diffusion coefficients
together with the observed nanodomain sizes. We have
addressed this question through a simple model of emerin
diffusion in heterogeneous media [20, 21]. We find that
this model yields, with no adjustable parameters, the ob-
served localization of WT emerin to nanodomains, with-
out the need to invoke cellular structures that confine
emerin to particular membrane regions. These results
suggest that the observed distributions of emerin along
the INM can be understood quantitatively from emerin’s
diffusion properties, which we take as our starting point
for modeling the self-assembly of emerin nanodomains.

Slowly-diffusing emerin is thought to interact with
NBPs so as to facilitate binding to other emerin, while
rapidly-diffusing emerin also interacts with NBPs but is
not thought to produce higher-order emerin structures
[5]. In our model of emerin nanodomain self-assembly we
therefore allow for slowly- and rapidly-diffusing emerin-
NBP complexes at the INM to have distinct emerin and
NBP binding properties. We denote these two types of
emerin-NBP complexes by A and I with diffusion coeffi-
cients νA and νI > νA, respectively. We assume that the
slowly-diffusing A complexes can transiently bind other
emerin or NBPs to locally increase the concentration of A
and I. In contrast, we assume that the rapidly-diffusing
I complexes do not bind other emerin or NBPs but can
crowd the INM. Thus, A complexes locally activate in-
creased concentrations of A and I, while I complexes in-
hibit increased concentrations of A and I through steric
constraints, such that the formation of A and I is signifi-
cantly enhanced in membrane regions with elevated con-
centrations of A complexes. To see how these reaction-
diffusion properties of emerin can yield nanodomain self-
assembly via a Turing mechanism [17, 22], consider a ran-
dom distribution of I and A complexes along the INM.
If, at some INM location, there is a local excess of A
over I, then A will tend to locally increase the concen-
trations of both A and I. Since I complexes diffuse away
more rapidly, this produces a positive feedback elevating
the concentration of emerin molecules at that INM loca-
tion. Eventually, a steady state is reached when enough
I complexes are drawn in to balance the local population
of A complexes, producing a stable pattern of emerin
nanodomains.

To quantify the above mechanism for emerin nan-
odomain self-assembly it is necessary to specify reactions
for I and A complexes, for which we employ experiments
on WT emerin [5]. While we show here that the emerin-

NBP interactions captured by I and A complexes at the
INM are sufficient to produce the observed emerin nan-
odomains, we also note that the rapidly- and slowly-
diffusing emerin populations seen in experiments most
likely encompass more than just these two types of molec-
ular complexes, which a more detailed model would take
into account. Based on observations that, before it accu-
mulates at the INM, emerin also distributes in the endo-
plasmic reticulum and outer nuclear membranes where
no NBP are present, we assume that I and A complexes
in the INM can both assemble from or dissociate into a
pool of emerin and NBPs that lack the molecular require-
ments to form I or A complexes. For simplicity, we take
the spontaneous assembly of I and A complexes partici-
pating in emerin nanodomain formation to be negligible

compared to their spontaneous disassembly, I
f1−→ ∅ and

A
g1−→ ∅ with disassociation rates f1 and g1, a model

assumption that can easily be lifted [21].

When imaging WT emerin, rapidly-diffusing emerin
are primarily observed outside emerin nanodomains of
diameter 22 ± 11 nm while slowly-diffusing emerin are
primarily found inside nanodomains [5]. We thus assume
that I complexes can diffuse over a length scale of at least
∼ 33/2 nm over their lifetime at the INM, so that they
can readily diffuse out of emerin nanodomains, while,
consistent with A complexes being nearly immobile at
the INM [5], A complexes stay localized to a molecular
length scale, which we set at ∼ 1 nm. From the root-
mean-square displacements 2

√
νI/f1 and 2

√
νA/g1 we

thus estimate f1 ≈ 30 s−1 and g1 ≈ 40f1 for the diffusion
coefficients νI ≈ 2×10−3µm2/s and νA ≈ 3×10−4µm2/s
measured for WT emerin [5]. These values of f1 and g1
can be changed by > 50% in our model to obtain WT
emerin nanodomains with similar properties.

At the most basic level, single A complexes may pro-
duce local increases in emerin concentration at the INM
by facilitating the formation of I and A complexes,

A+∅ f2−→ A+ I and A+∅ g2−→ 2A. Furthermore, the ex-
perimental phenomenology of emerin nanodomains sug-
gests that A complexes can form higher-order oligomers
[5]. We therefore allow for a higher-order reaction in
which two A complexes facilitate the formation of an-

other A complex, 2A + ∅ g3−→ 3A. We estimate the val-
ues of the reaction rates f2, g2, and g3 from f1 and g1.
In particular, experiments on WT emerin indicate that
nanodomains are predominantly composed of A, rather
than I complexes [5], suggesting that f2 < f1. We set
here f2 = f1/2 for WT emerin. Due to the slow diffu-
sion of A complexes, the leading-order dissociation and
assembly rates of A complexes must be approximately
equal to each other so that a non-trivial steady state can
be achieved, and we thus set g2 = g1 for WT emerin. Fi-
nally, we assume that, as specified mathematically below,
higher-order reactions have a smaller propensity to occur
than lower-order reactions. We therefore set g3 = g2/10
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for WT emerin. Other choices for the values of f2, g2,
and g3 give similar results for WT emerin provided that
f2 ≲ f1, g1 ≈ g2, and g3 ≪ g2.

We quantify the fractional area coverage of I and A
complexes at a particular INM location (x, y) and time
t by the fields I(x, y, t) and A(x, y, t) with 0 ≤ I ≤ 1
and 0 ≤ A ≤ 1, where the upper bounds on I and A
account for steric constraints. We rescale the rates of all
reaction and diffusion processes locally increasing I or A
by a steric factor S = 1− I −A so as to ensure that 0 ≤
I+A ≤ 1. At the mean-field level, the fields I and A are
then governed by the reaction-diffusion equations [22–25]

∂I

∂t
= F (I, A) + νI∇ · [(1−A)∇I + I∇A] , (1)

∂A

∂t
= G(I, A) + νA∇ · [(1− I)∇A+A∇I] , (2)

where the polynomials F and G describe the aforemen-
tioned reaction dynamics of I and A complexes,

F (I, A) = −f1I + f2SA , (3)

G (I, A) = −g1A+ g2SA+
g3
2Ā

SA2 , (4)

and we denote the values of I and A at the homoge-
neous steady state F = G = 0 by Ī and Ā, respectively.
The factor 1/2 in the last term in Eq. (4) arises because
this term describes a second-order reaction involving two
(indistinguishable) A complexes [25]. Furthermore, we
rescale g3 in Eq. (4) by the characteristic value A = Ā so
as to permit direct numerical comparisons of g2 and g3,
which allows us to fix g3 in terms of g2 so that g3 ≪ g2
even though these two parameters are associated with
reactions of different order. Note that Ī and Ā depend
on all reaction rates in the model [21]. Together with
Eqs. (3) and (4), the reasoning above fixes all parame-
ter values in Eqs. (1) and (2) for WT emerin. To study
the self-assembly of emerin nanodomains we numerically
solve Eqs. (1) and (2) starting from random initial con-
ditions about (I,A) =

(
Ī , Ā

)
[21].

Organization of WT emerin.—We validate our
reaction-diffusion model of emerin nanodomain self-
assembly based on experimentally measured diffusion co-
efficients νI and νA of WT emerin at the INM [5]. For the
parameter values described above, Eqs. (1) and (2) yield,
starting from random initial conditions, spontaneous self-
assembly of emerin nanodomains [see Fig. 1(a)]. We
quantify the size of these nanodomains through a lin-
ear stability analysis to calculate the characteristic nan-
odomain diameter ℓ implied by Eqs. (1) and (2) [21]. We
find ℓ ≈ 20 nm in the steady-state of the system, which
agrees with the nanodomain diameter measured for WT
emerin, ℓ = 22±11 nm [5], and the numerical solutions in
Fig. 1(a). In agreement with experimental observations
we find that the emerin populations in WT nanodomains
are dominated by the slowly-diffusing A complexes rather

3

have a smaller propensity to occur than lower-order re-
actions. We therefore set g3 = g2/10 for WT emerin.
Other choices for the values of f2, g2, and g3 give similar
results for WT emerin provided that f2 . f1, g1 ⇡ g2,
and g3 ⌧ g2.

We quantify the fractional area coverage of I and A
complexes at a particular INM location (x, y) and time
t by the fields I(x, y, t) and A(x, y, t) with 0  I  1
and 0  A  1, where the upper bounds on I and A
account for steric constraints. We rescale the rates of all
reaction and di↵usion processes locally increasing I or A
by a steric factor S = 1 � I � A so as to ensure that
0  I + A  1. At the mean-field level, the fields I and
A are then governed by the reaction-di↵usion equations
[25, 27, 31, 32]

@I

@t
= F (I, A) + ⌫Ir · [(1�A)rI + IrA] , (1)

@A

@t
= G(I, A) + ⌫Ar · [(1� I)rA+ArI] , (2)

where the polynomials F and G describe the aforemen-
tioned reaction dynamics of I and A complexes,

F (I, A) = �f1I + f2SA , (3)

G (I, A) = �g1A+ g2SA+
g3
2Ā

SA2 , (4)

and we denote the values of I and A at the homoge-
neous steady state F = G = 0 by Ī and Ā, respectively.
The factor 1/2 in the last term in Eq. (4) arises because
this term describes a second-order reaction involving two
(indistinguishable) A complexes [27]. Furthermore, we
rescale g3 in Eq. (4) by the characteristic value A = Ā so
as to permit direct numerical comparisons of g2 and g3,
which allows us to fix g3 in terms of g2 so that g3 ⌧ g2
even though these two parameters are associated with
reactions of di↵erent order. Note that Ā depends on all
reaction rates in the model [30]. With the description of I
and A reaction processes in Eqs. (3) and (4), the reason-
ing above fixes all parameter values in Eqs. (1) and (2) for
WT emerin. To study the self-assembly of emerin nan-
odomains we numerically solve Eqs. (1) and (2) starting
from random initial conditions about (I, A) =

�
Ī , Ā

�
[30].

WT emerin.—We validate our reaction-di↵usion
model of emerin nanodomain self-assembly based on ex-
periments on WT emerin [1]. For the parameter values
described above, Eqs. (1) and (2) yield, starting from
random initial conditions, spontaneous self-assembly of
emerin nanodomains [see Fig. 1(a)]. We quantify the
size of these nanodomains through a linear stability anal-
ysis to calculate the characteristic nanodomain diame-
ter ` implied by Eqs. (1) and (2) [30]. We thus find
` ⇡ 20 nm in the steady-state of the system, which
agrees with the nanodomain diameter measured for WT
emerin, ` = 22 ± 11 nm [1], and the numerical solutions
in Fig. 1(a). In agreement with experimental observa-
tions we find that the emerin populations in WT emerin

FIG. 1. Numerical solutions of Eqs. (1) and (2) with Eqs. (3)
and (4) for (a) WT emerin, (b) WT? emerin, (c) Q133H
emerin, and (d) P183H emerin. All solutions correspond to
steady states of Eqs. (1) and (2) with Eqs. (3) and (4) ob-
tained from random initial conditions at t = 0. The left,
middle, and right density maps show A(x, y, t), I(x, y, t), and
A(x, y, t)+I(x, y, t) at t = 100⌧ , respectively, where the char-
acteristic time scale ⌧ follows from a linear stability analysis
and is given by (a) ⌧ ⇡ 6 s, (b) ⌧ ⇡ 16 s, (c) ⌧ ⇡ 3 s, and
(d) ⌧ ⇡ 30 s [30]. The values of the reaction and di↵usion
parameters in Eqs. (1) and (2) with Eqs. (3) and (4) were
chosen as explained in the main text. Scale bars, 20 nm.

nanodomains are dominated by the slowly-di↵using A
complexes rather than the rapidly-di↵using I complexes
[Fig. 1(a)]. We obtained results similar to those shown
in Fig. 1(a) when we allowed for additional steric e↵ects
arising from a pool of emerin (or other molecules) not
accounted for through I and A complexes [30].
We establish further links between our model results

and experimental observations through the average frac-
tion of the nanodomain area covered by I and A com-
plexes, which we denote by c. To estimate c from nu-
merical solutions of Eqs. (1) and (2) we first find, for
a given nanodomain, the grid point associated with the

FIG. 1. Numerical solutions of Eqs. (1) and (2) with Eqs. (3)
and (4) for (a) WT emerin, (b) WT emerin under force
(WT⋆), (c) Q133H emerin, and (d) P183H emerin. All so-
lutions correspond to steady states of Eqs. (1) and (2) with
Eqs. (3) and (4) obtained from random initial conditions
at t = 0. The left, middle, and right density maps show
A(x, y, t), I(x, y, t), and A(x, y, t) + I(x, y, t) at t = 100τ , re-
spectively, where the characteristic time scale τ follows from
a linear stability analysis and is given by (a) τ ≈ 6 s, (b)
τ ≈ 17 s, (c) τ ≈ 3 s, and (d) τ ≈ 32 s [21]. The values of
the reaction and diffusion parameters in Eqs. (1) and (2) with
Eqs. (3) and (4) were chosen as explained in the main text.
Scale bars, 20 nm.

than the rapidly-diffusing I complexes [Fig. 1(a)]. We ob-
tained results similar to those shown in Fig. 1(a) when
we allowed for additional steric effects arising from a pool
of emerin (or other NBPs) not accounted for through I
and A complexes [21].

We establish further links between our model results
and experimental observations through the average frac-
tion of the nanodomain area covered by I and A com-
plexes, which we denote by c. To estimate c from numer-
ical solutions of Eqs. (1) and (2) we first find, for a given
nanodomain, the grid point associated with the maxi-
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mum of (I +A) in the steady state of the system. We
then average (I +A) over all grid points within a radius
ℓ/2, rounded to the nearest multiple of the grid spacing,
about this (local) maximum of (I +A). We carry out
this procedure for five nanodomains and average the re-
sults to obtain c. This last step was, strictly speaking,
not necessary, since c evaluated over a single nanodomain
and c evaluated over multiple nanodomains yield similar
results. We estimate c from experiments based on the
measured emerin numbers in nanodomains, the measured
diameter of nanodomains, and the INM area occupied
by emerin (≈ 1 nm2–4 nm2) [21]. We find c ≈ 0.1 from
Eqs. (1) and (2), with experiments on WT emerin giving
the values c ≈ 0.03–0.1 [21].

The above results show that Eqs. (1) and (2) yield a
WT emerin nanodomain diameter ℓ and fractional area
coverage c close to experimental estimates. However, a
few notable discrepancies between experiment and theory
deserve comment. First, we note that our model pro-
duces closely spaced nanodomains with a uniform size
and shape, while experiments show nanodomains with
irregular sizes and shapes that tend to be more widely
spaced than the nanodomains in Fig. 1(a) [5, 21]. This
discrepancy arises, on the one hand, from the mean-field
character of Eqs. (1) and (2), which neglect the intrinsic
noise associated with the reaction and diffusion processes
considered here. Such noise can produce irregular do-
main shapes, sizes, and spacings, and even result in nan-
odomain linkage [26]. On the other hand, we note that
the INM contains large membrane structures, such as
nuclear pore complexes, that restrict the membrane area
available for emerin nanodomain self-assembly and, thus,
increase the effective separation of emerin nanodomains
seen in experiments. Furthermore, the value of c pre-
dicted from Eqs. (1) and (2) is at the upper bound of the
range of values of c suggested by experiments. This dis-
crepancy likely arises because, due to a lack of detailed
experimental data on how emerin interacts with NBPs in
nanodomains, we only consider the size of emerin when
estimating c from experiments and thus effectively ne-
glect the finite size of NBPs [21]. As a result, our ex-
perimental estimates of c likely underestimate c. Similar
considerations apply to the scenarios we consider next.

Organization of WT emerin under force (WT⋆).—
Subjecting cells to nuclear mechanical stress using 10 µm
or 15 µm wide micropatterns induces an increase in
WT emerin nanodomain size by approximately three-
fold, from ℓ = 22 ± 11 nm to ℓ = 60 ± 13 nm [5].
Furthermore, force experiments indicate that for WT⋆

nanodomains the value of c is a fraction β ≈ 0.6 of the
value of c obtained for WT nanodomains. Experimen-
tal measurements further indicate that, possibly due to a
mechanical stress-induced disruption in the interactions
between emerin and NBPs, the diffusion coefficients νI
and νA are approximately doubled for WT⋆ emerin as
compared to WT emerin, with νI = 4× 10−3µm2/s and

νA = 6× 10−4µm2/s [5].

Adjusting νI and νA in our model to account for WT⋆

emerin while using the same reaction dynamics as for
WT emerin, we found that ℓ increased to ℓ ≈ 30 nm
with β ≈ 0.9. This suggests that the observed changes
in νI and νA can partially, but not fully, account for
the observed changes in the size and density of WT
emerin nanodomains under force. Considering the re-
duced experimental value of β for WT⋆ nanodomains,
we hypothesized that mechanical stress diminishes the
relative strength of higher-order interactions, which fa-
cilitate the assembly of emerin complexes in our model.
To test whether such a modification of the reaction dy-
namics can explain the observed changes in nanodomain
size and density we decreased g3 by 50% relative to g2, to
g3 = g2/20 [see Fig. 1(b)]. This modification increased
the nanodomain size to ℓ ≈ 50 nm with β ≈ 0.7. Decreas-
ing g3 further by 10% relative to g2 resulted in ℓ = 60 nm
and β ≈ 0.6. Thus, the observed increases in the emerin
diffusion coefficients together with a decrease in the rela-
tive strength of higher-order interactions seem to under-
lie the observed response of WT emerin nanodomains to
mechanical stress.

Organization of Q133H emerin mutant.—The Q133H
mutation of emerin was observed to yield nanodomains
of diameter ℓ = 19 ± 12 nm under no mechanical stress,
which is statistically identical to the nanodomain size
ℓ ≈ 20 nm associated with WT emerin, while the emerin
density in Q133H nanodomains was increased by approx-
imately 50% compared to WT emerin, β ≈ 1.5 [5]. Fur-
thermore, Q133H emerin was found to diffuse somewhat
more rapidly than WT emerin, with the diffusion coeffi-
cients νI ≈ 3 × 10−3 µm2/s and νA ≈ 4 × 10−4 µm2/s
[5]. Adjusting νI and νA in our model to account for
Q133H emerin but using the same reaction dynamics as
for WT emerin, we found that ℓ increased by 10% while
c remained approximately unchanged compared to WT
emerin. Thus, the observed changes in Q133H emerin
nanodomains seem to rely on changes in the emerin re-
action properties.

It has been proposed that the Q133H mutation of
emerin increases the potential of emerin-NBP complexes
to bind additional emerin [5]. We can quantify and test
this hypothesis by noting that, in our model, A com-
plexes represent emerin-NBP complexes that can bind
additional emerin. We therefore assume that the Q133H
mutation of emerin leads to a more pronounced depen-
dence of the reaction dynamics in Eqs. (3) and (4) on
reactions driven by A complexes, which we implemented
through a uniform percentage increase in the strength
of these reactions. Figure 1(c) shows model results ob-
tained with an increase by 30% in f2, g1, g2, and g3 com-
pared to WT emerin. In agreement with experiments,
we now find Q133H emerin nanodomains with a diam-
eter ℓ ≈ 20 nm and β ≈ 1.6. The agreement between
model results and experiments suggests that the observed
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changes in Q133H nanodomains result from more rapid
emerin diffusion together with an elevated propensity of
emerin-NBP complexes to bind additional emerin.

Organization of P183H emerin mutant.—The P183H
mutation of emerin was observed to yield nanodomains
with a diameter ℓ = 35 ± 12 nm and an emerin den-
sity in nanodomains that was decreased by approxi-
mately 70% compared to WT emerin, β ≈ 0.3 [5]. Fur-
thermore, P183H emerin was observed to diffuse more
slowly than WT emerin, with the diffusion coefficients
νI ≈ 1 × 10−3 µm2/s and νA ≈ 1 × 10−4 µm2/s [5].
Adjusting νI and νA in our WT model to account for
P183H emerin but not changing any reaction rates, we
find ℓ ≈ 10 nm and β ≈ 1.1. Thus, similarly as for
Q133H emerin, the observed changes in P183H emerin
nanodomains seem to rely on changes in the emerin re-
action properties.

The P183H mutation of emerin is thought to decrease
the potential of emerin-NBP complexes to bind addi-
tional emerin [5]. Decreasing, in analogy to Q133H,
f2, g1, g2, and g3 by 30% compared to WT emerin we
find emerin nanodomains that were smaller and more
dense than the nanodomains observed in experiments on
P183H emerin, with ℓ ≈ 20 nm and β ≈ 0.7. We rea-
soned that, similarly as in the case of WT⋆ emerin, the
P183H mutation may produce a decrease in the relative
strength of higher-order interactions facilitating the as-
sembly of emerin complexes. Figure 1(d) shows model
results obtained for P183H emerin with, in analogy to
Q133H and WT⋆ emerin, a decrease in f2, g1, and g2
by 30% but a decrease in g3 by 60% compared to WT
emerin. In agreement with experiments, we find P183H
nanodomains with a diameter ℓ ≈ 30 nm and β ≈ 0.4.
Thus, the observed changes in P183H nanodomains ap-
pear to rely on a decreased propensity of emerin-NBP
complexes to bind additional emerin, together with a de-
crease in the relative strength of higher-order interactions
that facilitate the assembly of emerin complexes.

Organization of ∆95-99 emerin mutant.—In the ab-
sence of mechanical stress, the ∆95-99 mutation of
emerin was observed to yield an approximately ran-
dom emerin distribution across the INM, with little-to-
no nanodomain formation, and with diffusion coefficients
νI ≈ 1 × 10−3 µm2/s and νA ≈ 2 × 10−4 µm2/s for the
rapidly- and slowly-diffusing emerin populations [5]. We
hypothesized that, similarly to P183H emerin, the ∆95-
99 mutation of emerin decreases the potential of emerin-
NBP complexes to bind additional emerin. Taking, for
simplicity, the reaction dynamics of ∆95-99 emerin to be
identical to those of P183H emerin in Fig. 1(d), we find
that Eqs. (1) and (2) yield, for the diffusion coefficients
measured for ∆95-99 emerin, homogeneous I and A dis-
tributions and no nanodomains [see Fig. 2(a)]. Similar
results are obtained when the strength of the reactions in
Eqs. (3) and (4) driven by A complexes is decreased by as
little as 20% compared to WT emerin. Thus, we find that
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nanodomains result from more rapid emerin di↵usion to-
gether with an elevated propensity of emerin-NBP com-
plexes to bind additional emerin.

P183H emerin.—The P183H mutation of emerin was
observed to yield nanodomains with a diameter ` =
35 ± 12 nm and an emerin density in nanodomains that
was decreased by approximately 70% compared to WT
emerin, � ⇡ 0.3 [1]. Furthermore, P183H emerin was
observed to di↵use more slowly than WT emerin, with
the di↵usion coe�cients ⌫I ⇡ 1 ⇥ 10�3 µm2/s and
⌫A ⇡ 1 ⇥ 10�4 µm2/s [1]. Adjusting ⌫I and ⌫A in our
model to account for P183H emerin but not changing any
reaction rates, we find ` ⇡ 10 nm and � ⇡ 1.1. Thus,
similarly as for Q133H emerin, the observed changes in
P183H emerin nanodomains seem to rely on changes in
the emerin reaction properties.

The P183H mutation of emerin is thought to decrease
the potential of emerin-NBP complexes to bind addi-
tional emerin [1]. Decreasing, in analogy to Q133H, f2,
g1, g2, and g3 by 30% compared to WT emerin we find
emerin nanodomains that were smaller and more dense
than the nanodomains observed in experiments on P183H
emerin, with ` ⇡ 20 nm and � ⇡ 0.7. We reasoned that,
similarly as in the case of WT? emerin, the P183H mu-
tation may produce a decrease in the relative strength
of higher-order interactions facilitating the assembly of
emerin complexes. Figure 1(d) shows model results ob-
tained for P183H emerin with, in analogy to Q133H and
WT? emerin, a decrease in f2, g1, and g2 by 30% but a
decrease in g3 by 60% compared to WT emerin. In agree-
ment with experiments, we find P183H nanodomains
with a diameter ` ⇡ 30 nm and � ⇡ 0.4. Thus, the ob-
served changes in P183H emerin nanodomains appear to
rely crucially on a decreased propensity of emerin-NBP
complexes to bind additional emerin, together with a de-
crease in the relative strength of higher-order interactions
facilitating the assembly of emerin complexes.

�95-99 emerin.—In the absence of mechanical stress,
the �95-99 mutation of emerin was observed to yield
an approximately random emerin distribution across the
INM, with little or no nanodomain formation, and the
di↵usion coe�cients ⌫I ⇡ 1 ⇥ 10�3 µm2/s and ⌫A ⇡
2 ⇥ 10�4 µm2/s for the rapidly- and slowly-di↵using
emerin populations [1]. We hypothesized that, similarly
as P183H emerin, the �95-99 mutation of emerin de-
creases the potential of emerin-NBP complexes to bind
additional emerin. Taking, for simplicity, the reaction
dynamics of �95-99 emerin to be identical to those of
P183H emerin in Fig. 1(d) we find that Eqs. (1) and (2)
yield, for the di↵usion coe�cients measured for �95-99
emerin, homogeneous distributions of I and A complexes
[see Fig. 2(a)]. Similar results are obtained when the
strength of all reactions in Eqs. (3) and (4) driven by A
complexes is decreased by as little as 20% compared to
WT emerin. Thus, our results suggest that a decreased
propensity of emerin-NBP complexes to bind additional

FIG. 2. Numerical solutions of Eqs. (1) and (2) with Eqs. (3)
and (4) at t = 100⌧ as in Fig. 1 but for (a) �95-99 emerin
with ⌧ ⇡ 128s and (b) �95-99? emerin.with ⌧ ⇡ 65 s. Scale
bars, 20 nm. (c) Measured and estimated di↵usion coe�cients
of �95-99? emerin. The corresponding di↵usion coe�cients
of WT and �95-99 emerin are shown for comparison. T-test
for experimental results on unperturbed versus mechanically
stressed cells (**): p < 0.01.

emerin with, compared to P183H emerin, more rapid
di↵usion of A complexes underlie the failure of �95-99
emerin to self-assemble into nanodomains.

�95-99? emerin.—Under mechanical stress, the �95-
99 mutation of emerin was observed to yield, compared
to WT emerin, nanodomains with a substantially in-
creased diameter, ` = 75 ± 20 nm, and a substantially
decreased emerin density, � ⇡ 0.3 [1]. We can combine
these experimental observations with the model results
obtained above to arrive at estimates of the reaction and
di↵usion properties of �95-99? emerin. In particular,
based on our results for WT? emerin we expect mechan-
ical stress to weaken interactions between emerin and
NBPs so as to increase ⌫A and to decrease g3. In anal-
ogy to WT? emerin, we therefore increased ⌫A by a fac-
tor of two compared to �95-99 emerin in Fig. 2(a), to
⌫A ⇡ 4 ⇥ 10�4 µm2/s, and reduced g3 by 50%. We hy-
pothesized that the combined e↵ects of the �95-99 mu-
tation of emerin and mechanical stress largely decouple I
complexes from NBPs. This suggests a more pronounced
increase in ⌫I than in ⌫A for �95-99? emerin. Increas-
ing ⌫I from the value ⌫I ⇡ 1⇥ 10�3 µm2/s measured for
�95-99 emerin we find that a seven-fold increase in ⌫I ,
to ⌫I ⇡ 7⇥ 10�3 µm2/s, yields self-assembly of �95-99?

emerin nanodomains similar to those found experimen-
tally, with ` ⇡ 80 nm and � ⇡ 0.3 [see Fig. 2(b)].

Proceeding as in Ref. [1] to measure emerin di↵usion
in mechanically stressed cells in 10 µm micropatterns, we
find slowly- and rapidly-di↵using �95-99? emerin popu-
lations with the di↵usion coe�cients ⌫A = 3.8 ± 0.3 ⇥

FIG. 2. Numerical solutions of Eqs. (1) and (2) with Eqs. (3)
and (4) at t = 100τ as in Fig. 1 but for (a) ∆95-99 emerin
with τ ≈ 128 s and (b) ∆95-99⋆ emerin with τ ≈ 65 s. Scale
bars, 20 nm. (c) Measured and predicted diffusion coefficients
of ∆95-99⋆ emerin. The corresponding diffusion coefficients
of WT and ∆95-99 emerin are shown for comparison. T-test
for experimental results on unperturbed versus mechanically
stressed cells (**): p < 0.01.

a decreased propensity of emerin-NBP complexes to bind
additional emerin with, compared to P183H emerin, more
rapid diffusion of A complexes seem to underlie the fail-
ure of ∆95-99 emerin to self-assemble into nanodomains.

Organization of ∆95-99 emerin under force (∆95-
99⋆).—Although diffusion coefficients for ∆95-99⋆ emerin
were not measured in previous experiments [5], it was
observed that mechanical stress, induced by placing cells
into 10 µm micropatterns, yields ∆95-99⋆ nanodomains
with an increased diameter, ℓ = 75 ± 20 nm, and a de-
creased emerin density, β ≈ 0.3, compared to WT (and
WT⋆) emerin [5]. We combined these experimental ob-
servations with our model results to estimate the reaction
and diffusion properties of ∆95-99⋆ emerin. In particular,
based on our results for WT⋆ emerin, we expect mechan-
ical stress to weaken interactions between emerin and
NBPs so as to decrease g3 and increase νA. In analogy to
WT⋆ emerin, we therefore reduced g3 by 50% compared
to ∆95-99 emerin in Fig. 2(a) and increased νA by a fac-
tor of two, to νA ≈ 4 × 10−4 µm2/s. We hypothesized
that the combined effects of the ∆95-99 mutation and
of mechanical stress largely decouple I from NBPs, such
that ∆95-99⋆ emerin shows a more pronounced increase
in νI than in νA. Upon increasing νI from the value
νI ≈ 1× 10−3 µm2/s measured for ∆95-99 emerin in the
absence of mechanical stress, we find that a seven-fold in-
crease in νI , to νI ≈ 7×10−3 µm2/s, yields self-assembly
of ∆95-99⋆ nanodomains similar to those found experi-
mentally, with ℓ ≈ 80 nm and β ≈ 0.3 [see Fig. 2(b)].

To test the robustness of our model and assess whether
our theoretical predictions of νA and νI for ∆95-99⋆

emerin align with experiments, we proceeded to exper-
imentally measure the diffusion coefficients of ∆95-99⋆

emerin at the INM for cells mechanically stressed on
10 µmmicropatterns, as in Ref. [5]. We found slowly- and
rapidly-diffusing ∆95-99⋆ emerin populations with νA =
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3.8± 0.3× 10−4 µm2/s and νI = 5.8± 0.1× 10−3 µm2/s,
respectively, similar to our theoretical predictions [see
Fig. 2(c)]. Interestingly, Eqs. (1) and (2) do not yield
emerin nanodomains for these specific values of νA and
νI if, as for WT⋆ emerin, g3 is reduced by 50% compared
to ∆95-99 emerin in Fig. 2(a), but Eqs. (1) and (2) do
yield ∆95-99⋆ nanodomains if g3 is reduced by (slightly)
less than 50%. For instance, decreasing g3 by 45%
compared to ∆95-99 emerin in Fig. 2(a) while setting
νA = 3.8 × 10−4 µm2/s and νI = 5.8 × 10−3 µm2/s,
Eqs. (1) and (2) yield emerin nanodomains similar to
those in Fig. 2(b) and found experimentally for ∆95-
99⋆ emerin, with ℓ ≈ 80 nm and β ≈ 0.3. These re-
sults suggest that the oligomerization of ∆95-99 emerin
is less sensitive to mechanical stress than that of WT
emerin, which is consistent with the ∆95-99 emerin mu-
tant being unable to induce adequate compliance of the
NE against mechanical stress [5]. Thus, the combined ef-
fects of more rapid diffusion of I and A complexes, with
a greater percentage increase in νI than in νA, and a
decrease in the relative strength of higher-order interac-
tions seem to underlie the observed force-induced tran-
sition from a random distribution of ∆95-99 emerin to
self-assembled emerin nanodomains [5].

Conclusion.—We have introduced here a simple physi-
cal model that provides a quantitative description of the
formation of emerin nanodomains at the INM. The model
predicts that the self-assembly of emerin nanodomains
can result from a Turing mechanism in which emerin
form slowly- or rapidly-diffusing complexes with NBPs
that activate or inhibit locally increased emerin concen-
trations at the INM, respectively. Our model suggests
that rapidly-diffusing emerin play a critical role in the
self-assembly of stable emerin nanodomains, as initially
implied by superresolution imaging experiments that
allowed a quantitative characterization of slowly- and
rapidly-diffusing emerin populations at the INM. On the
one hand, we showed how the measured diffusion prop-
erties of emerin give rise to the observed supramolecular
organization of emerin. On the other hand, our model es-
tablishes a connection between observed changes in the
supramolecular organization, and associated biological
roles, of emerin and modifications in key molecular prop-
erties of emerin. In particular, we identified key changes
in the reaction and diffusion properties of emerin underly-
ing the observed alterations of emerin nanodomains un-
der mechanical stress and EDMD-associated mutations
of emerin. The physical model described here provides
new avenues for the control of nanodomain self-assembly
for such mutated forms of emerin through modification
of emerin reaction or diffusion properties.
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SI. MEASUREMENT OF ∆95-99 DIFFUSION COEFFICIENTS UNDER MECHANICAL

STRESS AND CLUSTER MAPS

Figure S1 provides experimental data supplementary to that shown in Fig. 2(c) of the main

text. The experimental data in Fig. S1 and in Fig. 2(c) of the main text was obtained as follows.

Single molecule tracking of PA-TagRFP-∆95-99 emerin mutant by photoactivated localiza-

tion microscopy (sptPALM) at the nuclear envelope of human dermal fibroblasts (HDF) was

performed as previously described [1]. In brief, a pEGFP-N1 plasmid backbone encoding PA-

TagRFP-∆95-99 was transfected in HDF stably knocked-down for endogenous emerin by shRNA

using X-tremeGENE 360 (Roche) reagent. After 48h transfection, cells were trypsinized, and

plated on hexamethyldisilazane-activated glass coverslips (Marienfeld, #1.5, ��O25 mm) stamped

with 210 × 10 µm fibronectin-micropatterns and blocked with a 1% solution of Pluronic F-127.

Cells were allowed to spread on the micropatterns for 6 hours, after which they were briefly washed

in 37◦C Hank’s Balanced Salt Solution (HBSS) before sptPALM imaging at 37◦C in HBSS.

Microscopy imaging was done by highly inclined and laminated optical sheet (HILO) microscopy

at the bottom nuclear membrane of cells, on an inverted Nikon Eclipse Ti-E microscope equipped

with a 100×/1.49 NA objective (Nikon), an iXon EMCCD camera (Andor), laser lines at 405 and

561 nm (Nikon), a multiband pass ZET405/488/561/647× excitation filter (Chroma), a quad-band

ZT405/488/561/647 dichroic mirror (Chroma) and a 600/50 nm emission filter (Chroma). Images

were acquired continuously at a frame rate of 40 ms per frame, using continuous photoactivation

and excitation of PA-TagRFP at 405 nm and 561 nm, and for no longer than 3 minutes per cell to

limit UV damage.
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FIG. S1. Emerin �95-99 mutant displays increased mobilities in response to nuclear mechanical stress at

levels predicted by our reaction-di↵usion model [see Eqs. (1)–(4) in the main text]. (a) Trajectory map of

individual �95-99 emerin at the nuclear envelope in a cell subjected to nuclear mechanical stress on a 10 µm

wide micropattern. The crumpling of the nuclear envelope characteristic of this mutated form of emerin is

visible. Scale bar, 5 µm. Inset: zoom on individual di↵usion trajectories of �95-99 emerin from the region

of interest. Scale bar, 500 nm. (b) Square displacement curves (r2i ) of �95-99 emerin di↵usive behaviors at

the endoplasmic reticulum (ER) and outer (ONM) and inner (INM) nuclear membranes fitted over the first

four values with a Brownian di↵usion model (red line). (c) Experimental di↵usion coe�cients (D, ± s.e.m.)

and population percentages for �95-99 emerin in non-patterned cells (unperturbed, 76944 trajectories, 14

nuclei) or after nuclear deformation on 10 µm wide micropatterns (perturbed, 73336 trajectories, 13 nuclei)

compared to the predicted di↵usion coe�cients of INM emerin in the perturbed state. T-test comparing

experimental unperturbed and perturbed states, NS: non-significant, **: p < 0.01. (d) Local cluster maps of

WT and �95-99 emerin after nuclear deformation and perturbation on 10 µm wide micropatterns. Cluster

search radius is 25 nm (L (r25)). M: “monomeric” membrane areas (containing primarily rapidly-di↵using

emerin), O: “oligomeric” nanodomains (containing primarily slowly-di↵using emerin). Scale bar, 250 nm.

Panel (c) is, in part, reproduced from the main text and shown here for completeness. [If that’s not too

complicated, would be good to correct typos in “pertubed” in legend in (c).]

FIG. S1. Emerin ∆95-99 mutant displays increased mobilities in response to nuclear mechanical stress at

levels predicted by our reaction-diffusion model [see Eqs. (1)–(4) in the main text]. (a) Trajectory map of

individual ∆95-99 emerin at the nuclear envelope in a cell subjected to nuclear mechanical stress on a 10 µm

wide micropattern. The crumpling of the nuclear envelope characteristic of this mutated form of emerin is

visible. Scale bar, 5 µm. Inset: zoom on individual diffusion trajectories of ∆95-99 emerin from the region

of interest. Scale bar, 500 nm. (b) Square displacement curves (r2i ) of ∆95-99 emerin diffusive behaviors at

the endoplasmic reticulum (ER) and outer (ONM) and inner (INM) nuclear membranes fitted over the first

four values with a Brownian diffusion model (red line). (c) Experimental diffusion coefficients (D, ± s.e.m.)

and population percentages for ∆95-99 emerin in non-patterned cells (unperturbed, 76944 trajectories, 14

nuclei) or after nuclear deformation on 10 µm wide micropatterns (perturbed, 73336 trajectories, 13 nuclei)

compared to the predicted diffusion coefficients of INM emerin in the perturbed state. T-test comparing

experimental unperturbed and perturbed states, NS: non-significant, ⋆⋆: p < 0.01. (d) Local cluster maps of

WT and ∆95-99 emerin after nuclear deformation and perturbation on 10 µm wide micropatterns. Cluster

search radius is 25 nm [L (r25)]. M: “monomeric” membrane areas (containing primarily rapidly-diffusing

emerin), O: “oligomeric” nanodomains (containing primarily slowly-diffusing emerin). Scale bar, 250 nm.

Panel (c) is, in part, reproduced from the main text and shown here for completeness.

Localization by 2D-gaussian fitting of the point spread function of each activated PA-TagRFP-

∆95-99 emerin emitter in each frame, trajectory linkage and tracking analyses were performed using

the software package SLIMfast in Matlab as previously described [1]. Trajectories with fewer than

three steps were discarded, and diffusion coefficients were estimated using a probability density of

square displacement (PDSD) analysis. For each time lag t, the PDSD curve was fitted with the



3

following model:

P
(
r2, t

)
= 1−

n∑

i=1

ai(t)e
−r2/r2i (t) ,

n∑

i=1

ai(t) = 1 , (S1)

where r2i (t) is the square displacement and ai(t) is the population density of i numbers of diffusive

behaviors at each time lag t. Since PA-TagRFP-∆95-99 emerin at the nuclear envelope of non-

micropatterned cells was shown to have four diffusive behaviors [1], we kept i = 4 for PDSD curve

fitting of PA-TagRFP-∆95-99 emerin on 10 µm wide micropatterns. Square displacement curves
(
r2i (t)

)
were extracted from PDSD analyses and reported with error bars determined using

r2i (t)√
N
,

where N is the number of analyzed trajectories per time lag.

The diffusion coefficients (D) representative of each of the four PA-TagRFP-∆95-99 emerin

subpopulations were determined by fitting each r2i (t) curves over the first four time lags using

OriginPro2022 software and a 2D Brownian diffusion model with position error,

r2 = 4Dt+ 4σ2 . (S2)

All diffusion coefficients D are reported in µm2s−1 ± standard error of fit value (± s.e.m.). Sta-

tistical comparisons between D values were done using two-tailed unpaired t tests. Population

percentages are derived from the averaged ai(t) values over the considered time lags. The number

of trajectories and nuclei analyzed for PA-TagRFP-∆95-99 emerin in 10 µm wide micropatterns

was 73336 trajectories in 13 nuclei, similar to those previously obtained for PA-TagRFP-∆95-99

emerin in cells that were not micropatterned [1] (76994 trajectories, 14 nuclei).

Custer maps of WT and ∆95-99 emerin on 10 µm wide micropatterns [Fig. S1(d)] were produced

from superresolution imaging data as previously described [1], using the Getis and Franklin L

function [2] and for a distance of 25 nm. In those maps, values L(r25) = 25 represent areas where

emerin is randomly distributed and values L(r25) = 70 represent areas with emerin local density

(70/25)2 ≈ 8-fold higher than expected for a random distribution.

SII. ESTIMATING EMERIN CONCENTRATIONS AT THE NUCLEAR ENVELOPE

In this section we provide a simple estimate of the area number density of emerin at the nuclear

envelope. On this basis, we then estimate the fraction of the nanodomain area covered by emerin.

In Fig. S2 we provide an example of an image showing the localization of WT emerin in cells under

no mechanical stress. The 21 yellow circles are regions of interest (ROIs) where we counted the total

number of emerin detections, after minor corrections to limit overcounting. For simplicity, we used
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Figure 5: An image of emerin localizations on the nuclear envelope. The 21 yellow circles are

ROI, each 1070 nm in diameter, where the total number of detections were counted with minor

corrections to limit over counting. Scale bar length = 1 µm.

22

FIG. S2. Emerin concentration at the nuclear envelope. The 21 yellow circles are ROIs, each about 1070 nm

in diameter, in which the total number of emerin were counted with minor corrections to limit over-counting.

Scale bar, 1 µm.

here cells under conditions that do not induce emerin clustering (SUN1 siRNA), so as to allow a

global understanding of emerin density at the nuclear envelope without having to separate clustered

and “free” emerin. From Fig. S2 we find that there are 3648 ± 429 emerin per 898746.5 nm2 of

nuclear envelope (we used 21 circular ROIs in Fig. S2, each about 1070 nm in diameter), yielding

about 4000± 500 emerin per µm2 of NE.

Based on the above estimates, we can calculate the fraction of the nanodomain area covered

by WT emerin under no mechanical stress [see Fig. 1(a) of the main text]. In this case, each

nanodomain is found experimentally to contain about eight times more emerin than random.

Given that a random distribution of emerin at the nuclear envelope has a density of about 4000±
500 emerin per µm2 (see Fig. S2), that approximately 90% of the emerin measured at the nuclear

envelope is associated with the INM [1], and that, roughly, a single emerin molecule occupies an

area 1 nm2–4 nm2 at nuclear membranes [3], this brings the density of emerin inside nanodomains

to about 8–10 emerin per nandomain for the 20 nm diameter emerin nanodomains in Fig. 1(a). We

thus find that about 3–10% of the nanodomain area is covered by emerin, yielding c ≈ 0.03–0.1 for

WT emerin under no mechanical stress (see the main text).
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SIII. EMERIN DIFFUSION IN HETEROGENEOUS MEDIA

As discussed in the main text, experiments show that WT emerin cluster at the INM to form

stable nanodomains that tend to coincide with regions in diffusion maps with slowed-down emerin

diffusion (diffusion coefficient νslow ≈ 3 × 10−4µm2/s for WT emerin), while membrane regions

outside emerin nanodomains tend to show more rapid emerin diffusion (diffusion coefficient νfast ≈
2× 10−3µm2/s for WT emerin) [1]. We also note that about 90% of the WT emerin population at

the nuclear envelope is found to be localized to the INM with about 50% of the emerin population

at the nuclear envelope being associated with nanodomains, which means that about 56% of the

INM emerin are associated with nanodomains. Moreover, local cluster maps of emerin revealed

that WT emerin nanodomains roughly cover 20% of the INM area and that the relative density

of WT emerin inside nanodomains was increased about eight-fold compared to a random emerin

distribution. We show here that, treating the INM as a two-dimensional heterogeneous medium

with the observed differences in WT emerin diffusion coefficients, one finds at steady state a

fraction of emerin molecules inside nanodomains, Nslow, and a relative density of emerin inside

nanodomains, ⟨σslow⟩/⟨σfast⟩, that roughly agree with experiments on WT emerin. As pointed out

in the main text, these results suggest that the observed distributions of emerin along the INM can

be understood quantitatively from emerin’s diffusion properties, which we take as our starting point

for the reaction-diffusion model of emerin nanodomain self-assembly described in the main text.

Starting with the (stochastic) master equation (ME) for diffusion in heterogeneous media, we

follow here Ref. [4] to obtain exact analytic solutions for the steady-state distribution of emerin.

We assume, for now, that steric constraints arising from the finite size of emerin can be neglected,

an assumption that can easily be lifted [4]. Solutions of the ME at steady state correspond to zero

net emerin fluxes across the nanodomain boundaries, and yield a uniform (average) distribution of

emerin inside and outside nanodomains. In particular, analytic solution of the ME shows that, in

the steady state of the system, the fraction of emerin inside nanodomains is given by [4]

Nslow =

(
1 +

Γfast

Γslow

)−1

, (S3)

where Γslow and Γfast are the characteristic times randomly diffusing emerin molecules spend inside

and outside emerin nanodomains, respectively, with Γ = A/ν, where A is the area of the membrane

region characterized by the diffusion coefficient ν. We therefore have

Nslow =

(
1 +

Afast/Aslow

νfast/νslow

)−1

(S4)
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for emerin at the INM, where Aslow and Afast are the total INM areas occupied and not occupied

by emerin nanodomains, respectively. Noting from experiments [1] that emerin nanodomains cover

about 20% of the available INM area and that the diffusion coefficients are νslow = 3× 10−4 µm2/s

and νfast = 2× 10−3 µm2/s for WT emerin with no applied forces, Eq. (S3) yields Nslow ≈ 63% for

the steady-state fraction of WT emerin inside nanodomains at the INM with no applied forces. This

theoretical estimate aligns quite well with the corresponding experimental estimateNslow ≈ 56% [1].

The density of emerin inside and outside nanodomains is given ⟨σslow⟩ = NslowM/Aslow and

⟨σfast⟩ = NfastM/Afast, respectively, where M is the total number of emerin molecules at the INM

and Nfast = 1−Nslow. The relative density of emerin inside nanodomains is therefore given by

⟨σslow⟩
⟨σfast⟩

=
Nslow

Nfast

Afast

Aslow
. (S5)

Substitution of Eq. (S4) into Eq. (S5) results in ⟨σslow⟩/⟨σfast⟩ = νfast/νslow. Thus, the ME for

diffusion in heterogeneous media predicts that the relative emerin density inside nanodomains is

governed by the ratio of the emerin diffusion coefficients outside and inside emerin nanodomains [4].

For WT emerin, we thus predict ⟨σslow⟩/⟨σfast⟩ ≈ 7. Again, this prediction aligns quite well with

the corresponding value ⟨σslow⟩/⟨σfast⟩ ≈ 8 found experimentally at the INM [1].

Note that Eq. (S3) suggests that the steady-state fraction of emerin molecules concentrated

inside nanodomains only depends on the fraction of available INM area covered by emerin nan-

odomains and on the relative emerin diffusion coefficients inside and outside nanodomains, and

is independent of the detailed arrangement and shape of emerin nanodomains [4]. We also note

that steric constraints arising from the finite size of emerin molecules would somewhat decrease

the values of Nslow and ⟨σslow⟩/⟨σfast⟩ estimated above [4]. While the simple model of emerin dif-

fusion in heterogeneous media considered above is able to account for the observed localization of

WT emerin to nanodomains under no applied forces, it tends to be less successful for the nuclei

under force or the mutated forms of emerin considered in the main text. Also, by construction, the

model considered here is unable to predict the self-assembly or size of emerin nandomains, which

we address through the reaction-diffusion model described in the main text.

SIV. LINEAR STABILITY ANALYSIS AND NUMERICAL SOLUTION PROCEDURE

This section provides supplemental information on the physical model of emerin nanodomains

in Eqs. (1)–(4) of the main text,

∂I

∂t
= F (I, A) + νI

[
(1−A)∇2I + I∇2A

]
(S6)
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and

∂A

∂t
= G(I, A) + νA

[
(1− I)∇2A+A∇2I

]
, (S7)

where the polynomials F(I, A) and G(I, A) describe the reaction dynamics of I and A complexes.

As discussed in the main text, we impose here the constraint 0 ≤ I+A ≤ 1, which accounts for the

finite size of I and A complexes, on all reaction and diffusion processes [5–8]. This constraint pro-

duces the non-linear modifications to the standard diffusion terms νI∇2I and νA∇2A in Eqs. (S6)

and (S7).

For our model to support the self-assembly of emerin nanodomains via a Turing mechanism [5–

10], Eqs. (S6) and (S7) must exhibit a non-trivial, stable homogeneous fixed point, (I, A) =
(
Ī , Ā

)
,

F
(
Ī , Ā

)
= 0, G

(
Ī , Ā

)
= 0 , (S8)

with Ī ̸= 0, 1 and Ā ̸= 0, 1. In the absence of diffusion, random perturbations of this steady state

must decay over time, yielding the conditions [5, 6]

Tr[J̄] = I11 +A22 < 0 (S9)

and

Det[J̄] = I11A22 − I12A21 > 0 , (S10)

where the linear stability matrix

J̄ =


 I11 I12

A21 A22


 ≡




∂F
∂I

∣∣
(I,A)=(Ī,Ā)

∂F
∂A

∣∣
(I,A)=(Ī,Ā)

∂G
∂I

∣∣
(I,A)=(Ī,Ā)

∂G
∂A

∣∣
(I,A)=(Ī,Ā)


 . (S11)

Equations (S9) and (S10) ensure the stability of the reaction-only system under (small) perturba-

tions.

Next, we allow for diffusion of I and A complexes, which yields the joint conditions on the

reaction-diffusion processes in Eqs. (1)–(4) of the main text that must be satisfied to achieve a

Turing instability. Allowing for random perturbations of the I and A concentration fields about

I = Ī and A = Ā, it follows from Eqs. (S6)–(S8) that we must have [5, 6]

{
νI

[
A22

(
1− Ā

)
−A21Ī

]
+ νA

[
I11

(
1− Ī

)
− I12Ā

]}2 − 4νIνA
(
1− Ī − Ā

)
(A22I11 −A21I12) > 0

(S12)

and

νI
[
A22

(
1− Ā

)
−A21Ī

]
+ νA

[
I11

(
1− Ī

)
− I12Ā

]
> 0 (S13)
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for a Turing instability to occur in our model of emerin nanodomain self-assembly. Finally, we

note that an estimate of the characteristic length scale arising from a Turing instability, ℓc, can be

obtained from the midpoint of the band of unstable perturbation modes [5, 6],

ℓc =

√
8π2νIνA(1− Ī − Ā)

νI [A22(1− Ā)−A21Ī] + νA[I11(1− Ī)− I12Ā]
. (S14)

A. Reaction kinetics of emerin nanodomains

As explained in the main text, we consider here the reaction dynamics

F (I, A) = −f1I + f2SA (S15)

and

G (I, A) = −g1A+ g2SA+
g3
2Ā

SA2 (S16)

of I and A complexes, which yield the homogeneous fixed point

Ī =
(1− ĝ) ĝf2
f1 + ĝf2

, Ā =
(1− ĝ) f1
f1 + ĝf2

, ĝ =
2g1

2g2 + g3
. (S17)

Our reaction-diffusion model of emerin nanodomain self-assembly assumes that I complexes

act as inhibitors and A complexes as activators of increased I and A concentrations at the INM,

leading to I11 < 0 and A22 > 0 in Eq. (S11), respectively. Equations (S11) and (S15) thus yield

I11 = −f1 − f2Ā < 0 , (S18)

while Eqs. (S11) and (S16) yield

A22 = −g1 + g2
(
1− Ī − 2Ā

)
+ g3

(
1− Ī − 3

2
Ā

)
> 0 . (S19)

Note from Eq. (S10) that we must have I11A22 − I12A21 > 0 for a Turing instability to occur.

Since I11 < 0 and A22 > 0, this means that I12 and A21 must have opposite signs. In our reaction-

diffusion model of emerin nanodomain self-assembly, we do not have any reactions in which I

complexes stabilize A complexes. Equations (S11) and (S16) therefore mean that

A21 = −
(
g2 +

g3
2

)
Ā < 0 . (S20)

Equations (S11) and (S15) then yield

I12 = f2
(
1− Ī − 2Ā

)
> 0 . (S21)

For emerin nanodomain self-assembly to occur through a Turing instability in Eqs. (1)–(4) of the

main text, the reaction rates f1, f2, g1, g2, and g3 in Eqs. (S15) and (S16) must satisfy for given,

measured νI and νA the constraints in Eqs. (S9), (S10), (S12), (S13), and (S18)–(S21).
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FIG. S4. Summary table of predictions (red) of our reaction-di↵usion model and corresponding experimental

results [3] (orange) for systems of WT, WT⇤,Q133H, P183H, �95-99, and �95-99⇤ emerin. The di↵usion

coe�cients of I and A emerin-NBP complexes are denoted by ⌫I and ⌫A, the characteristic diameter of the

nanodomains is denoted by ` (see Sec. SIII B for details), the fraction of emerin nanodomain area covered

by I and A complexes is denoted by c (see Sec. SIII B for details), and its ratio to that of the WT emerin

system is represented by �. NND: No nanodomains.

ings between nanodomains, likely due to disruptions in the noisy INM environment [3]. So, when

comparing our model’s results on (I +A) outside emerin nanodomains to experimental findings,

it’s important to focus on closely spaced nanodomains. Experimentally observed emerin density

maps, albeit somewhat blurred by rendering e↵ects, suggest that emerin density is notably higher

between closely spaced emerin nanodomains. Together with our model’s more stringent steric con-

straints on I and A, which tend to overestimate the local emerin density due to being composed of

both emerin and NBPs rather that just emerin, this could explain why our model shows somewhat

elevated values of (I +A) outside emerin nanodomains compared to experimentally observed mean

emerin concentrations outside these nanodomains.

To calculate the average joint concentration of (I +A) inside emerin nanodomains, c, we first

find, for a given nanodomain, the grid point associated with the maximum of (I +A) in the steady

state of the system. We then average (I +A) over all grid points within a radius `/2, rounded to

the nearest multiple of the grid spacing, about this (local) maximum of (I +A). We repeat this

FIG. S3. Summary of predictions of our reaction-diffusion model (red) and corresponding experimental

results (orange) for WT, WT⋆,Q133H, P183H, ∆95-99, and ∆95-99⋆ emerin. NND: No nanodomains.

B. Numerical implementation

The reaction and diffusion processes considered in our model imply, via the Turing mecha-

nism for nonequilibrium pattern formation, the characteristic length scale ℓc in Eq. (S14), which

we corroborate through numerical solutions of our reaction-diffusion equations. The correspond-

ing characteristic diameter of emerin nanodomains, ℓ, is given by ℓ ≈ ℓc/2. The characteristic

time scale for the self-assembly of emerin nanodomains, τ , can be estimated as τ ≈ ℓ2c/νA, where

νA < νI is the diffusion coefficient of the slowly-diffusing particle species in our model (i.e., the

A complexes). For our numerical solutions of Eqs. (1) and (2) in the main text we employed the

DifferentialEquations library in Julia [11, 12]. We compared numerical solutions obtained with a

range of solvers implemented in this library—including BS3, Tsit5, Runge-Kutta, and GMRES—

and found similar results. We obtained the numerical solutions in the main text using the GMRES

solver. We used periodic boundary conditions with a system size 400 × 400 nm2, which is signifi-

cantly larger than the size of emerin nanodomains observed in experiments [1]. Smaller system sizes

approaching the size of emerin nanodomains can yield finite-size artifacts in the emerin patterns

generated by our model. We used a 150 × 150 grid for our numerical solutions, and checked that

a finer grid produced similar results.

Figure S3 summarizes the values of νI and νA for each scenario considered in the main text,

as well as the corresponding values of ℓ and c obtained from our reaction-diffusion model and

measured experimentally. The numerical solutions in Figs. 1 and 2(a,b) of the main text were

obtained from initial conditions that were perturbed randomly about the homogeneous steady

state, (I, A) =
(
Ī , Ā

)
, with the random perturbations being drawn from a uniform distribution
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over [−0.0005, 0.0005]. For each scenario considered in the main text, the reaction rates in our

model fix the values of Ī and Ā and satisfy the constraints for a Turing instability in Eqs. (S9),

(S10), (S12), (S13), and (S18)–(S21), with the exception of our solutions for the ∆95-99 emerin

system under no mechanical stress, which does not yield a Turing pattern.

SV. CROWDING EFFECTS ARISING FROM A BACKGROUND POOL OF EMERIN

Our reaction-diffusion model of emerin nanodomain self-assembly assumes that I and A com-

plexes can both assemble from or dissociate into a pool of emerin and NBPs that lack the molecular

requirements to form I or A complexes. To test to what extent steric constraints arising from such

a “background” pool of emerin (or other NBPs) might affect emerin nanodomain self-assembly, we

allowed in our model of I and A reaction and diffusion processes for a modified steric repulsion term

S = (1− I −A−m), where m is the fractional INM area occupied by this background emerin con-

centration. To estimate m, we note that there are about 4000 emerin per µm2 of nuclear envelope

(see Sec. SII) and that about 40% of the emerin population at the nuclear envelope are observed to

be diffusing rapidly at the INM. Assuming that a single emerin molecule occupies an area of about

2 nm2 at nuclear membranes [3] and that about half of the rapidly-diffusing emerin at the INM

belong to the pool of emerin lacking the molecular requirements to form I or A complexes, we thus

have m ≈ 0.2%. Inserting m = 0.002 into our model for WT emerin under no mechanical stress

and leaving all other model parameters unchanged we found emerin nanodomains that were about

10% smaller in diameter and with β ≈ 1.2 compared to the results in Fig. 1(a) of the main text.

Using values of m smaller or not much greater than m = 0.002 also yielded similar results as in

Fig. 1(a) of the main text. We tested whether additional steric effects arising from a pool of emerin

(or other NBPs) not accounted for through I and A complexes could effectively be compensated in

our reaction-diffusion model by decreasing the assembly rate of I (“crowder”) complexes. Indeed,

setting m = 0.002 in our model for WT emerin under no mechanical stress and decreasing f2 by

20% yielded results that were nearly identical to those in Fig. 1(a) of the main text.

SVI. SPONTANEOUS SELF-ASSEMBLY OF I AND A COMPLEXES

To test to what extent our model predictions change if one allows for the spontaneous formation

of I or A complexes, we extended our reaction scheme in Eqs. (3) and (4) of the main text to allow

for the reactions ∅ f0−→ I and ∅ g0−→ A with the reaction rates f0 and g0, respectively. We thus
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modified Eqs. (3) and (4) of the main text so that these expressions take the form

F (I, A) = f0SĪ − f1I + f2SA (S22)

and

G (I, A) = g0SĀ− g1A+ g2SA+
g3
2Ā

SA2 , (S23)

respectively, with

Ā =
(1− ĝ) (f1 − ĝf0)

f1 + ĝ (f2 − f0)
, Ī =

(1− ĝ) ĝf2
f1 + ĝ (f2 − f0)

, ĝ =
2g1

2 (g0 + g2) + g3
. (S24)

For the WT and mutant emerin systems with and without applied forces considered in the main

text, we found that including finite f0 ≲ 0.1f1 and g0 ≲ 0.1f1, while decreasing f2 and g2 slightly

so as to compensate for the increased assembly of I and A complexes, produced results similar to

those in Figs. 1 and 2(a,b) of the main text.
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