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Beyond microtubules: The cellular environment
at the endoplasmic reticulum attracts proteins
to the nucleus, enabling nuclear transport

Seok Joo Chae,'” Dae Wook Kim,® Oleg A. Igoshin,*>¢’ Seunggyu Lee,”® and Jae Kyoung Kim'-#/7*

SUMMARY

All proteins are translated in the cytoplasm, yet many, including transcription factors, play vital roles in the
nucleus. While previous research has concentrated on molecular motors for the transport of these pro-
teins to the nucleus, recent observations reveal perinuclear accumulation even in the absence of an energy
source, hinting at alternative mechanisms. Here, we propose that structural properties of the cellular envi-
ronment, specifically the endoplasmic reticulum (ER), can promote molecular transport to the perinucleus
without requiring additional energy expenditure. Specifically, physical interaction between proteins and
the ER impedes their diffusion and leads to their accumulation near the nucleus. This result explains why
larger proteins, more frequently interacting with the ER membrane, tend to accumulate at the perinu-
cleus. Interestingly, such diffusion in a heterogeneous environment follows Chapman’s law rather
than the popular Fick's law. Our findings suggest a novel protein transport mechanism arising solely
from characteristics of the intracellular environment.

INTRODUCTION

In eukaryotic cells, transcription factors and other proteins that function in the nucleus are translated throughout the cytoplasm but must be
translocated across the nuclear membrane.' The translocation of proteins is regulated by the nuclear pore complexes, which are localized in
the nuclear envelope.”” To reach the vicinity of the envelope, nuclear proteins must traverse the cytoplasm. This mainly occurs via intracellular
transport mechanisms facilitated by cytoskeletal filament systems, including microtubules and actin, with the assistance of cytoskeletal
motors.®"'Y Moreover, actomyosin contraction can also contribute to protein transport by generating cytoplasmic flow."' These mechanisms
consume adenosine triphosphate (ATP) to fuel motor proteins or contract myosin fibers.*™"!

Recent studies have shed light on an as-yet-unidentified alternative mechanism that operates passively (i.e., without consuming ATP).
Specifically, exogenous particles like nanoparticles and particulate matter, accumulate in the perinuclear region upon entering cells.'” '
This perinuclear accumulation was still observed when the energy source (ATP) for the motor proteins was depleted (Figure 1()." Moreover,
recombinant EGFP-dynactin can migrate toward the nucleus and accumulate in the perinuclear region even without its microtubule
binding motif (Figure 1(ii).'® Altogether, these studies support the existence of the transport mechanism independent of microtubule-based
transport. Interestingly, the accumulation depends on temperature, i.e., decreasing as the temperature decreases (Figure 1(iii))." These char-
acteristics suggest that the unknown mechanism leading to perinuclear accumulation is likely based on diffusion. Notably, diffusion is not
homogeneous across the cell. In particular, the endoplasmic reticulum (ER), a cellular organelle surrounding the nucleus, is known to impede
diffusion.'® This observation raises the question of whether the heterogeneous diffusive environment in the cytoplasm leads to the migration
of proteins toward the nucleus.

Our study uncovers that the structural characteristics of the intracellular environment that lead to heterogeneous diffusion of proteins also
enable proteins to migrate toward the nucleus. Specifically, our agent-based model (ABM) simulation reveals that such migration occurs due
to the ER, which impedes protein diffusion. Notably, our ABM also predicts that larger proteins interact with the ER more frequently, leading
to their increased accumulation at the perinucleus compared to smaller ones. Indeed, when we analyzed all the proteins whose sizes and
subcellular localization are known simultaneously, we found that perinuclear and nuclear proteins tend to have larger radii than cytoplasmic
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Figure 1. Perinuclear accumulation of protein occurs without consuming ATP
Proteins that need to be transported to the nucleus typically rely on motor proteins powered by ATP for their transport. However, surprisingly, exogenous particle

can accumulate in the perinuclear region even when the ATP is depleted @, suggesting an alternative transport mechanism. Furthermore, disruption of
microtubule binding does not impede this accumulation. Specifically, removing the binding motif of dynactin, a protein assisting dynein in transportation,
does not hinder its movement toward the nucleus (ii)."” Notably, such accumulation was weakened when the temperature was lowered (ii)."* This indicates
that the accumulation may have a diffusive character. Reprinted by permission from Rockefeller University Press: Journal of Cell Biology 2007 (https://doi.
0rg/10.1083/jcb.200608128)."

proteins. This passive mechanism offers an energy-efficient alternative for transporting proteins. Furthermore, we found that the diffusion of
proteins in a heterogeneous cellular environment can be effectively described using a partial differential equation (PDE) based on Chapman’s
law, rather than the conventional Fick’s law that is typically employed to describe diffusion in the cell. This result suggests that employing
Fick's law to explain diffusion in the presence of physical interactions within a cell might not provide accurate results. Taken together, these
findings shift our understanding of protein transport, demonstrating that passive mechanisms can be remarkably efficient and that the cell’s
own architecture plays a crucial role in guiding protein movement.

RESULTS
The cellular environment at the ER leads to perinuclear accumulation

The diffusion process within the cytoplasm is not uniform due to the presence of cellular organelles and macromolecules. Among these or-
ganelles, the ER surrounds the nucleus with a maze-like structure (Figure 2A). A previous study suggested that due to the ER, the movement of
particles around the nucleus is hindered, and the diffusion significantly slowed down around the nucleus.'® Furthermore, the diffusion coef-
ficient was decreased as the ER density increased. '® Intriguingly, when the ER was disassembled, the diffusion coefficient near the nucleus was
comparable to that in the peripheral cytoplasm (Figure 2B)."®

To explore how proteins move in a heterogeneous diffusive cytoplasm due to the ER, we utilized an ABM, which has previously been used
to track molecule movement in various biological systemsB’% (see STAR methods for details). Protein molecules were introduced into the
cytoplasm and were set to move randomly in different directions at each time step, simulating diffusive movement. Additionally, we incor-
porated the ER structure surrounding the nucleus, which impeded protein diffusion. We modeled that this hindrance of protein diffusion
stems from protein binding to the ER membrane upon collision with it (see STAR methods for details).

Interestingly, ABM simulation revealed that as the protein size increases, more proteins accumulate in the perinuclear region (Fig-
ure 2C). Specifically, as the radius of protein increases, the portion of protein accumulation at the perinucleus increases (Figure 2D). This
is because larger proteins collide more frequently with the ER membrane than smaller proteins despite lower diffusion coefficient of
larger proteins (Figure S1). Notably, proteins with a radius of ~10 nm exhibit 2.2 times more collisions in the perinuclear region,
compared to proteins with a radius of ~2 nm (Figure S1). The higher collision frequency leads to a steeper decline in the diffusion co-
efficient of larger proteins at the perinucleus compared to their smaller counterparts (Figure 2E), consistent with a previously observed
experiment by Reisch et al.: ER impedes the diffusion of nanoparticles more as their size increases (Figure 2F)."” Our findings indicate
that the ER selectively impedes the diffusion of proteins depending on their sizes, which leads to size-dependent perinuclear
accumulation.
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Figure 2. The endoplasmic reticulum (ER) hampers the diffusion of large-sized protein near the nucleus, resulting in migration toward the nucleus
(A) The complex structure of ER can impede the diffusion of protein molecules near the nucleus.

(B) The diffusion coefficient of a quantum dot near the nucleus was much lower compared to the peripheral cytoplasm. When the ER was degraded, the diffusion
coefficients became similar throughout the entire cell. The figure is obtained by analyzing Figures 3 and 5 in a previous study.'®

(C and D) To mimic diffusion in the presence of the ER, an agent-based model (ABM) describing intracellular diffusion was utilized. In particular, we located
obstacles with narrow intervals (dark gray region) near the nucleus to describe ER (C). When a protein collided with an obstacle, the protein could bind to
the obstacle and become immobile, thereby restricting its movement. This restriction in movement affected larger proteins more than smaller ones since
larger proteins more frequently collide with the ER (Figure S1) and thus larger proteins more likely to be accumulate near the nucleus (D). In (C), proteins and
obstacles are magnified 20 times for better visualization while biologically realistic sizes are used in the simulation for (D) (see STAR methods for details).

(E) The perinuclear diffusion coefficient relative to cytoplasm decreases with increasing protein radius. Protein diffusion coefficients were estimated from their
mean-squared displacement (MSD) using the Einstein relation (MSD = 4Dt).

(F) Consistent with the ABM simulation, diffusion of larger nanoparticles is more likely to be disrupted by the ER compared to that of smaller particles.'’

(G) Aligning with the ABM simulation, proteins which are localized in the perinucleus and the nucleus (blue) have larger sizes, while proteins that are localized in
the cytoplasm (red) have smaller sizes. The protein size was determined using the Stokes radii (i.e., hydrodynamic radii) from previous studies.'®* See also
Figure S1 and Table S1.
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To further validate the size-dependent perinuclear accumulation with experimental data, we comprehensively analyzed all the proteins
with known sizes and intracellular distribution (Table S1). Specifically, we compared the Stokes radius of proteins'®%?/~** based on their sub-
cellular localization, as annotated in previous experiments.>>*® The proteins localized in the perinucleus or the nucleus have Stokes radii larger
than proteins localized in the cytoplasm (Figure 2G), consistent with the model prediction.

An effective PDE can recapitulate the perinuclear accumulation of proteins
Even though our ABM explains size-dependent accumulation of proteins in perinuclear region (Figure 2), it is challenging to mathematically
analyze it. To enable mathematical analysis, we aimed to convert the ABM to a PDE that accounts for the perinuclear accumulation of proteins
without explicitly modeling ER geometry. For this, we utilized a simple microscopic model where proteins freely diffuse in the cytoplasm but
become immobile upon binding to cellular components, such as the ER (see STAR methods for details). Under the assumption that the bind-
ing and unbinding are faster than the diffusion (see STAR methods for details), we can derive that this effective diffusion of proteins impeded
by the binding can be described by Chapman'’s law, i.e., the probability of finding a protein p(x, t) at a given position x and time t is governed
by the following equation (Figure 3A; see STAR methods for details):
Pl - (PP D)

where D(x) is the effective diffusion coefficient at x. Note that Chapman'’s law is distinct from the commonly used Fick’s law (Figure 3A).

The effective diffusion coefficient, D(x), accounts for how protein diffusion is impeded by physical interactions. In the absence of such in-

teractions, D(x) remains constant throughout the cytoplasm, resulting in a homogeneous distribution of D(x) (Figure 3B). Conversely, when
protein interacts with the ER near the nucleus, D(x) in this region becomes smaller than that of the peripheral cytoplasm, leading to a het-
erogeneous distribution of D(x) across the cytoplasm. Notably, proteins with larger radii more frequently interact with the ER (Figure S1),
causing increased hindrance of diffusion compared to proteins with smaller radii (Figure 2E). Thus, D(x) for larger proteins near the nucleus
decreases more than that of smaller proteins. To explore the impact of size-dependent D(x) on protein movement and accumulation near the
nucleus, we investigated moderately and highly heterogeneous D(x) (Figure 3B).

In the homogeneous environment, perinuclear accumulation did not occur (Figure 3C). On the other hand, in heterogeneous
environments, proteins gather near the nucleus (Figures 3D and 3E), resulting in a higher concentration (i.e., higher p(x, t) near the nucleus).
Furthermore, p(x, t) near the nucleus is higher in the highly heterogeneous environment compared to the moderate heterogeneous environ-
ment. Notably, unlike Chapman’s law, the PDE based on conventional Fick’s law cannot capture perinuclear accumulation even in a highly
heterogeneous environment (Figure 3F).

To understand why only Chapman's law, not Fick’s law, leads to perinuclear accumulation, we analyzed the flux (i.e., the amount of protein
flows) of PDEs in the highly heterogeneous environment (Figure 3G). In Fick's law, the flux (DVp) is directly proportional to the concentration
gradient, causing proteins to migrate from regions of high concentration to regions of low concentration. This flux leads to a steady state with
a uniform concentration distribution (Figure S2). In contrast, Chapman’s law incorporates an additional drift term (pVD) that arises from the
gradient of the effective diffusion coefficient in its flux (DVp + pVD) (Figure 3G(i))."° Since the drift term heads toward the nucleus, proteins
begin to gather near the nucleus from their initial homogeneous concentration distribution (Figure 3G(ii)). As proteins gather near the nucleus,
the diffusive flux (DVp) directs proteins outward from the nucleus (Figure 3G(iii)), opposing the drift term. Despite this opposition, the
drift term (pVD) remains stronger than the diffusive flux (DVp), causing the total flux (DVp + pVD) to still be directed toward the nucleus (Fig-
ure 3G(i). When the diffusive flux cancels out the drift term, the total flux becomes zero, resulting in a steady state with protein accumulation
near the nucleus (Figure 3G(i)). At the steady state (i.e., DVp+pVD = V(Dp) = 0), p(x, t) is inversely proportional to D(x), highlighting the
crucial role of physical interactions in perinuclear accumulation. Taken together, our findings suggest that Chapman'’s law is more suitable
than Fick's law for describing the existing experimental results on diffusion in cellular environments.*

An ABM, which corresponds to PDE, accurately captures the perinuclear accumulation

Although the PDE based on Chapman’s law provides a simple way to account for the perinuclear accumulation, it can become cumbersome
for complex cell shapes and intracellular environments. In such cases, using ABM equivalent to PDE based on Chapman'’s law can be a
versatile alternative. Specifically, incorporating heterogeneous effective diffusion in ABM without explicitly modeling binding and unbinding
reactions unlike the ABM in Figure 2 can be an efficient way to simulate perinuclear accumulation of proteins within a heterogeneous diffusive
environment. Thus, we aimed to explore the conditions under which ABM becomes equivalent to the PDE based on Chapman'’s law, enabling
the reproduction of perinuclear accumulation of proteins within a heterogeneous diffusive environment (Figure 3A).

In ABMs, the diffusion of proteins is characterized by a random walk.”*® The step size of each step of random walk is proportional to the
square root of the effective diffusion coefficient.”" Since the effective diffusion coefficient varies within the cytoplasm (Figure 3B), the effective
diffusion coefficient can change even during a single step. Thus, different choices of step size can be made based on the position where the
effective diffusion coefficient is determined. For example, determination of the effective diffusion coefficient can be based on the current
position before the step or the position after the step. The choice of where to evaluate the diffusion coefficient results in distinct types of
random walk, leading to distinct dynamics. Notably, when the effective diffusion coefficient is evaluated at the current position, the random
walk becomes equivalent to the discretization of the Ito integral, and the dynamics of ABM follows Chapman'’s law? (Figure 4A). Therefore,
when this random walk scheme was incorporated into the ABM, perinuclear accumulation was observed over time in a highly heterogeneous
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Figure 3. A partial differential equation (PDE) based on Chapman’s law captures the movement of proteins toward the nucleus by heterogeneous
diffusion

(A) The hindered diffusion due to the physical interaction with the ER near the nucleus can be described by the PDE based on Chapman'’s law. This is different from
the PDE based on Fick’s law, which has been widely utilized to describe diffusion. Here, D(x) is the diffusion coefficient at the position x and p(x,t) is the
probability of finding the protein at the position x and the time t.

(B) Three different environments of diffusion coefficient.

(C—E) While the PDE based on Chapman’s law resulted in uniform concentration distribution in the homogeneous environment (C), proteins gathered near the
nucleus in heterogeneous environments (D and E).

(F) Fick’s law, which has been widely used to describe diffusion,®’*” did not exhibit perinuclear accumulation even in the highly heterogeneous environment.
(G) The flux of Chapman’s law (i) has two components: a drift term (pVD) resulting from the gradient of the diffusion coefficient (i) and a diffusive flux (DVp)
resulting from the concentration gradient (iii). In the heterogeneous intracellular environment, the drift term (i) directs proteins toward the nucleus. This
leads the diffusive flux (iii) to push proteins outward from the nucleus. While the drift term (i) remains stronger than the diffusive flux (i), the protein
continues to accumulate near the nucleus (t = 0, 50 s). Eventually, when the drift term (i) and the diffusive flux (iii) become similar in strength, the net flux
reaches the equilibrium, meaning there is no net movement of proteins. (t = 100 s). See also Figure S2.

diffusion environment (Figure 4B). Taken together, ABM utilizing the effective diffusion coefficient of current position of the protein can effec-
tively simulate protein diffusion in heterogeneous intracellular environments to capture perinuclear accumulation of proteins.

Such ABM framework can depict the diffusion in various intracellular environments. Specifically, the ABM can be easily adapted to describe
more realistic but complex environments, such as cells with the ER structure partially surrounding the nucleus (Figure 4C), or elliptical-shaped
cells (Figure 4D) (see STAR methods for details). Remarkably, even in these complex cell geometries, the ABM simulations replicate perinu-
clear accumulation (Figures 4C and 4D) observed in idealized cells (Figure 4B).
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Figure 4. ABM scheme that corresponds to Chapman'’s law results in the perinuclear accumulation of proteins
(A) For the ABM simulation, the step size of the protein movement is determined by the diffusion coefficient. When the diffusion coefficient varies over the
cytoplasm, the step size can vary depending on the position at which the diffusion coefficient is obtained. When the step size is determined by the
molecule’s current position, the dynamics of proteins is equivalent to Chapman'’s law.

(B) This ABM scheme was simulated in the highly heterogeneous environment, which is used in Figure 3E. Initially (t = 0 s), proteins were uniformly dispersed
throughout the cytoplasm. Over time, the proteins gradually accumulated near the nucleus (t = 50, 100 s).

(C) To simulate the ER partially surrounding the nucleus, we selectively reduced the diffusion coefficient in specific perinuclear regions (blue). Even when the ER is
partially surrounding the nucleus, perinuclear accumulation still occurred.

(D) Besides, ABM provided a convenient approach for describing diffusion in cells of various shapes, including elliptical cells. Proteins again accumulated near the
nucleus in elliptical cells.

DISCUSSION

To maintain normal physiological processes within cells, it is crucial to effectively and selectively transport to the nucleus proteins translated in
the cytoplasm. Our research has shown that proteins can passively diffuse to accumulate near the nucleus without requiring active transport
mechanisms, such as transport by motor proteins along microtubules. This accumulation occurs because physical interactions between pro-
teins and the ER slow the diffusion at the perinucleus relative to the peripheral cytoplasm (Figures 2E and 3B). Larger proteins are more likely
to accumulate at the perinucleus (Figures 2C and 2D) because physical interactions occur more frequently as the size of the molecules
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increases (Figure S1). Our findings reveal that diffusion within a heterogeneous cellular environment enables the ATP-free transport of large-
sized proteins, contrasting with the conventional microtubule-based transport, which requires ATP as an energy source.®”’

In addition to the ER, the perinucleus is more crowded than the cell periphery because the perinucleus contains more organelles and
denser microtubule networks.”* This molecular crowding can also impede protein diffusion if proteins can bind to organelles or microtubules.
Since physical interactions occur more frequently as the size of the molecules increases (Figure S1), larger proteins are more likely to accu-
mulate at the perinucleus (Figures 2C and 2D). This provides insight for previous experimental observations: (1) proteins destined to reach the
nucleus often form complexes before translocating to the nucleus,*** (2) attaching specific moieties to anticancer drug particles, thereby
increasing their size, facilitates targeting to the ER,***” and (3) different types of particles, such as lipid and CaCO3 nanoparticles, whose
sizes are larger than typical proteins,” tend to accumulate in the perinuclear region.'*'* While we focused on proteins with sizes comparable
to the ER width (~20 nm), cells also contain significantly larger particles (3>20 nm) like vesicles and lysosomes."®*? These extremely large
particles might interact with actin filaments, whose mesh size is approximately 50 nm.** Investigating the diffusion of these extremely large
particles and their potential interactions with the cytoskeleton would be an interesting avenue for future work.

The ER consists of two main structural components: a tubular network structure in the cell periphery and a sheet structure near the nucleus.
While both structures contribute to the heterogeneity in diffusion coefficients of proteins,'® their effects differ significantly. The tubular
network results in the compartmentalization of the diffusion in the cell periphery, and the diffusion coefficient changes minimally due to a
sparse ER density.'® In contrast, the sheet structure is highly dense near the nucleus, and thus large proteins slow down as they approach

16

the nucleus (Figure 2E). © This suggests that the sheet structure is important for helping proteins move toward the nucleus, while the tubular

network likely has little effect on translocation.

-8 it is challenging to determine a priori the most appropriate diffusion law (e.g.,
Fick's law or Chapman's law) for modeling diffusion in heterogeneous environments.””“’ This challenge arises from the diverse physical
causes giving rise to heterogeneous diffusion, each manifested in distinct forms of diffusion equations.”” Consequently, a thorough under-
standing of the underlying physical phenomena governing heterogeneity is essential. Nevertheless, intracellular diffusion has been primarily
described by Fick’s law.>’~7¢"¢? Qur study suggests that describing protein diffusion with binding to cellular components like the ER (Fig-
ure 3B) is equivalent to the “trap model” in the previous work by Sokolov, resulting in Chapman'’s law.?” When such cellular components
impede the diffusion near the nucleus, the PDE based on Chapman'’s law but not Fick’s Law yields a non-uniform concentration distribution
in a steady state, and accurately describes the perinuclear accumulation (Figures 3C-3F). However, mathematical models describing circadian
clocks have adopted Fick's law to describe the diffusion of clock proteins,”*“? although a recent study showed that a clock protein is accu-
mulated at the perinucleus.?* Thus, utilizing Chapman'’s law to develop the circadian clock model would be more appropriate to investigate
the spatiotemporal dynamics of molecular circadian clock.”?4?%° Furthermore, it would be an interesting future work to investigate dy-

Among various types of PDEs describing diffusion,

namics of various biological oscillators based on transcriptional feedback loops requiring nuclear transport of transcriptional factors (e.g.,
p53 oscillator,*“*® NF-k b oscillator,”” and synthetic oscillator’®”%) when Chapman’s law is used rather than Fick’s law.

Previous studies of diffusion in heterogeneous environments, particularly focusing on highly crowded cellular environments, have high-
lighted the prevalence of subdiffusion’* "’ for various particles, including small labeled proteins, lipid and insulin granules, and virus parti-
cle.””~%° This subdiffusive behavior, characterized by slower-than-linear growth in displacement variance, suggests hindered transport and
potential inefficiencies in cellular processes. On the other hand, our study demonstrates how heterogeneous diffusion, specifically under
the influence of physical interactions with the ER, can facilitate directional protein transport toward the nucleus, as implied by Chapman’s
law. Consistently, heterogeneous diffusion was known to be beneficial for reducing the first-passage time of reaction events, even though
it slows down the overall dynamics of proteins.?’ Taken together, diffusion in heterogeneous environments can also contribute to efficient
cellular functioning.

Limitations of the study

We have comprehensively examined all the proteins for which both their sizes and subcellular localizations (i.e., locations of proteins) are
known, and this analysis supports that larger proteins tend to accumulate near the nucleus (Figure 2G). However, the scarcity of proteins
with known sizes and subcellular localizations restricts the generalizability of our conclusions. It would be an important topic to explore
how subcellular localization and proteins sizes are correlated across a broader range of proteins. Moreover, it is crucial to verify whether a
protein does not contain nuclear localization signal (NLS) when examining its subcellular localization, since proteins and particles with
NLS are reported to induce microtubule-based transport.?** To further strengthen our conclusion, it would also be helpful to investigate
whether smaller proteins can accumulate near the nucleus after fusing with fluorescent proteins, as these modifications can significantly in-
crease the size of |orotein.84
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Detailed methods are provided in the online version of this paper and include the following:
o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

O Lead contact
O Materials availability
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O Physical interpretation of Chapman’s law

O Numerical simulation for the PDE

O Simulating ABM based on Chapman'’s law
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Data and code availability

e This paper analyzes publicly available existing data from previous publications. The DOls are listed in the key resources table.
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METHOD DETAILS
ABM describing diffusion in the presence of the ER

To describe the heterogeneous diffusion in a cell, we utilized an ABM which describes the intracellular diffusion of proteins. Following pre-
vious studies,”"” we simplified the cell geometry as a two-dimensional circular shape with the radius of 10 um.® Within the cell, a circular
nucleus resided, sharing the same center and possessing a radius that is one-third of the cell radius (i.e., 3.33 um), so that the nucleus occupies
about 10% of the cell area.”® Furthermore, we incorporated the ER by introducing obstacles near the nucleus (Figure 2C). These obstacles
were distributed across 80 concentric layers. Starting from 3.58 um, each layer increased in radius by 0.25 um, reflecting the width of the
ER sheet structure.®” Within each layer, 1,000 uniformly distributed obstacles were uniformly distributed to mimic increased ER density as pro-
teins approached the nucleus. Each obstacle was modeled as a circle with a 0.0025 um radius.

A protein molecule was represented as a circle with the radius r. In our simulation, we varied r between 2 nm, corresponding to the radius
of carbonic anhydrase,”” to 10 nm, corresponding to the PER2 complex.®® The diffusion of proteins was described by using a random walk.
During each time step of length At, each molecule was moved in a randomly chosen direction with a step size 6. The angles of movement were
randomly sampled from the uniform distribution, ranging from 0° to 360°. The step size 6 was chosen to be sufficiently smaller than the protein
size to ensure precise and fine-scale movements. For example, for a protein with 10 nm radius, 6 was set to be 1.6 nm. For proteins with smaller
radii, the step size was adjusted by using the Stokes-Einstein equation (i.e., Docw;, andthus 6«%). The time step length (At) was determined by
using the Einstein relation 62 = 4DAt,"" where D is the diffusion coefficient. In this study, we utilized the known diffusion coefficient of PER2
protein (D = 0.2 um?/s)®’ and its radius of 10 nm,*® (i.e., 6 = 1.6 nm), resulting in At = 0.0000032s.

When proteins collided to an obstacle, they were repositioned to the point of collision. Subsequently, they bound to the obstacle with a
binding probability of T — exp(— kpingAt), where kpng is the binding rate. This approach, where proteins become immobile upon collision
with the ER surface, aligns with findings from a previous study that involved encountering a reactive membrane.®® Once bound, at each time
step, proteins could unbind with a probability of 1 — exp(— kynbingAt), Where kynping is the unbinding rate. In our simulation, kping and kunbind
were set to 1,562,500 /s and 625 /s, respectively.

We implemented reflecting boundary conditions to prevent the protein from leaving the cytoplasm. That is, we repositioned proteins as
if they were elastically reflected by the boundary (cell membrane or the nuclear membrane). Specifically, proteins exceeding the cyto-
plasmic boundary (cytoplasmic membrane or nuclear membrane) are mirrored across the tangent line of the boundary at the collision point
with the boundary. Additionally, for the initial condition, protein began diffusion from a uniform distribution of the protein throughout the
cytoplasm.

Physical interpretation of Chapman'’s law

Since our mechanism of protein transport operates without the need for energy sources, such as ATP hydrolysis, we expect that steady state
distribution will correspond to the thermodynamic equilibrium. This steady state with non-uniform concentration distribution should result
from the energy difference between spatial locations. We postulate that the difference in energy level comes from the physical interaction
between proteins and the cellular organelles, including the ER.

To investigate this, we considered a one-dimensional diffusion of protein in the cytoplasm. Specifically, we considered a protein moving
along a linear chain of Nsites (i = 1 ~ N), where the chain represents the cytoplasm and each site is separated by an interval h. The protein
located at the site i can interact with cellular organelles, such as the ER, with a binding rate of kp and it can also detach from the organelles
with an unbinding rate of kg). If the protein at the site i is not bound, it can diffuse to the adjacent site (e.g., i+ 1 or i — 1) with a diffusion
coefficient of D. Denoting the probability of finding the bounded and unbounded protein at the site i at time t by pP(t) and p¥(t), respectively,
we obtain the following ordinary differential equation (ODE):

d ‘u D u u u i i) u
= (Pl — 2pt + pl) + kYR — K'pt,
b . .
dc?ti = KDpp kg, (Equation 1)

Here, we use the convention of p§ = p{ and p},; = P}, by imposing Neumann boundary conditions. Since we are primarily interested in
the probability of finding proteins at the i-th site, regardless of whether they are bound or not, we introduce a new variable p], the probability
of finding the protein at the site i, i.e., p] = p!+pP. Then, Equation 1 can be written as shown below:

do] D
o= G lely — P = 20 = PP) + (ol — P2, ,
Ao _ _ (Equation 2)
= —kpt+ k! (p] = ).

We assume that binding and unbinding reactions occur significantly faster than diffusion. Then p/ is affected by only slow diffusion,
whereas pP is affected by fast binding and unbinding reactions, leading to a complete timescale separation. This allows us to assume that
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p? reaches the quasi-equilibrium (the fast binding and unbinding equilibrium) at each site before p] changes appreciably (i.e., — k(di)pf’+

k}i)(piT — pP) = 0foreach ).”"”? Then, p? can be expressed by p] as pP = T Consequently, p! follows a reduced ODE shown below:
i+4
k()
do] D pl, 2p] . Pl ,
s <1+i<<"i> TG ek Fasten?
)
where Kég = + Taking the limit of infinitesimal interval (h—0), we obtain the following Chapman's law:
d
0
% = A(Der(x)p(x)), (Equation 4)

where Deg(x) = HK TR . To validate the model reduction, we compared whether the original model (Equation 1) and the reduced model
exhibit similar behavior. As long as the binding and unbinding occur significantly faster than the diffusion, the two models exhibit similar dy-
namics (Figure S3).

Numerical simulation for the PDE

After deriving the PDE based on Chapman’s law in the previous section, we solved the PDE numerically. Depicting diffusion within a cell accu-
rately using the standard finite difference method on a rectangular domain presents challenges because cells usually have a non-
rectangular shape and contain a nucleus where diffusion does not occur. To address this issue, we adopted an approach from a previous
study which described the diffusion under a domain with a complex geometry.” Specifically, we solved the PDE based on Chapman’s law

(?TF: = A(Dp)) in a rectangular domain Q = [— L,L] x [— L, L], where, L was set to be 1.1+ R¢, where R¢ is the radius of the cell. By letting

h =25 we obtained a uniform mesh with a set of grid edges as Q" = {(x,y):1 <i,j <N}, where x; = — L+(i — 1)hand y; = -

L+( — 1)h. Here, we used N = 100. At the edge (xi y), the boundary control function G;; was defined as G =

G;JG,'JH . Uti-

0 (otherwise) g T

{ T(Ry < ii(xi’)/j)ii < Re) , where Ry is the radius of the nucleus. In the grid edge, G is defined as GH i = GjjGijand G,
lizing G allowed us to utilize the finite difference method in a complex domain mimicking the cell by simply computing PDE in a rectangular
domain.”

We denote the discrete approximation p(x;, y;, nAt) as pf;. Then, we can define the discrete differential operator V4 as follows:

o _ Pi+1j — Pij
Vd,xp,-%’j - h )

Vd,ypxﬂ,ﬁ% = w (Equation 5)
Furthermore, to calculate V4 atthe boundary, the value of pf; at ghost points located outside of the domain also required (i,j = 0 or N+ 1).

To determine values out of the domain, we utilized the Neumann boundary condition. Specifically, we set V4, (p"’# ) =0fori= 0,N+ 1and

de(pw ) =0forj = 0,N+1. The boundary condition and boundary control function G ensures the conservation of p(x, t) over time, i.e.,

[ p(x, t)dx remains constant over time.”” Finally, the PDE based on Chapman'’s law can be written as the following:

n+1 n
pi] p','

At Y- Vd' (GVde)‘._j = G de

1
n n
E i1 Di%,,'P,%,- Gl**jvdx Dif%‘jpi—%,j +G; ivd}’

ij+3 ’J*zpiﬁ-—

(Equation 6)

n
= Gij_yVay | Dijspii s | |

for1 <i,j < N, where h=0.2 um and At = 0.00004 s were used. To determine G, the same value of Ry and Rc as in the ABM are used. Using
the PDE (Equation 6), we obtained the solution of Chapman'’s law in Figure 3.

To describe the diffusion with the existence of physical interactions, we have utilized various effective diffusion coefficients at (x,y), D(x,y).
A homogeneous case described by using D(x) = 0.2um?/s. For moderately and highly heterogeneous cases, we employed functions that

2
decrease as the protein approaches the nucleus. Specifically, we used D(x,y) = 0.2- (O 27+0.72+ W) um?/s and D(x,y) = 0.2+
fN f
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2
<0.09+O.91 W) um? /s to describe moderately heterogeneous and highly heterogeneous cases, respectively. Here, ry is the radius
XY =) +ry

of the nucleus, and ||(x, y)]| is the distance between the protein and the cell center.

Simulating ABM based on Chapman’s law

To simulate an ABM equivalent to Chapman'’s law, we introduced a variation in the protein’s movement (Figures 4B-4D). Specifically, the pro-
tein molecule at position (x, y) moves by a step size §(x, y) in a random direction. The step size of the protein was determined by the diffusion

coefficient of the current position. We modeled the decrease in the step size by using a Hill function: 6(x,y) = 0.2+ (0.1 +W> um,
X, —IN N

where ry is the radius of the nucleus, and ||(x, y)|| is the distance between the protein and the cell center. This choice of step size of the same
form of Hill function to PDE (6% « D) ensures that the ABM aligns with the highly heterogeneous environment. As the protein approaches the
nucleus, the step size decreases to be 10% of the maximum value (=0.02 um). The length of time of step At was obtained by using the relation
62M = 4DAt, where 0y is the maximum value of the step size and D is the diffusion coefficient of PER2 protein (D = 0.2 p.mz/s).87

In Figures 4C and 4D, we have extended the ABM to describe cells with diverse geometries. To model the ER structure partially surround-

O =) =+,
O ={6:60° <0 <210° or 270° < @ <360°}is and 1o(x) is the indicator function of O. In Figures 4D and A cell was represented by an ellipse
with a semi-major axis of 15 um and a semi-minor axis of 10 um, centered at the origin (Figure 4D). The nucleus was depicted as a circle with a

ing the nucleus in Figure 4C, we implemented the following step size function: 6(x,y) = 0.2+ <O.1 +M) To[arctan(¥)] um, where

radius of 3.33 um, centered at (=5 um, 0 um).

QUANTIFICATION AND STATISTICAL ANALYSIS

In this study, the Einstein relation in two-dimensional domain (MSD(t) = 4Dt)*" was utilized to determined the diffusion coefficients of pro-
teins. Specifically, in Figure 2B, the diffusion coefficients of proteins in the cytoplasm and the perinucleus were obtained by fitting the data to
MSD(t) = 4Dt + ¢, by using the mean MSD of quantum dots, following the previous study.'® Similarly, in Figure 2E, the diffusion coefficients
of proteins from the ABM simulation were also obtained by the fitting MSD(t) = 4Dt, where MSD was calculated from the trajectories of
protein of protein diffusion in the cytoplasm and perinuclear region.
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