Decoding Information in Cell Shape
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SUMMARY

Shape is an indicator of cell health. But how is the
information in shape decoded? We hypothesize
that decoding occurs by modulation of signaling
through changes in plasma membrane curvature.
Using analytical approaches and numerical simula-
tions, we studied how elongation of cell shape
affects plasma membrane signaling. Mathematical
analyses reveal transient accumulation of activated
receptors at regions of higher curvature with
increasing cell eccentricity. This distribution of acti-
vated receptors is periodic, following the Mathieu
function, and it arises from local imbalance between
reaction and diffusion of soluble ligands and recep-
tors in the plane of the membrane. Numerical simula-
tions show that transient microdomains of activated
receptors amplify signals to downstream protein
kinases. For growth factor receptor pathways,
increasing cell eccentricity elevates the levels of acti-
vated cytoplasmic Src and nuclear MAPK1,2. These
predictions were experimentally validated by chang-
ing cellular eccentricity, showing that shape is a
locus of retrievable information storage in cells.

INTRODUCTION

Many cellular factors affect spatial dynamics of signaling. The
presence of the lipid rafts in plasma membrane (Allen et al.,
2007; Lingwood and Simons, 2010; Pike, 2009), cytoskeleton
network (Ahmed et al., 2007; Allen et al., 2007; Deshpande
et al., 2006; Iglic et al., 2006; Ten Klooster et al., 2006; Lacayo
et al., 2007; Lingwood and Simons, 2010; Pike, 2009), scaf-
folding proteins (Allen et al., 2007; Lingwood and Simons,
2010; McMahon and Gallop, 2005; Pike, 2009; Westphal et al.,
2000), and location of intracellular organelles (Ahmed et al.,
2007; Campello and Scorrano, 2010; Deshpande et al., 2006;
Freche etal., 2011; Iglic et al., 2006; Ten Klooster et al., 2006; La-
cayo et al., 2007) all play important roles in controlling the spatial
as well as temporal dynamics of signaling. But what about cell
shape? It is well established that cell shape is controlled by
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both physical properties of the plasma membrane and the
biochemical reactions involving membrane components and
the underlying cytoskeleton, most often the actin filament
network (Dobereiner et al., 2004; Dubin-Thaler et al., 2004,
2008; Giannone et al., 2007; Mogilner and Keren, 2009; Xiong
et al., 2010). The intracellular signaling network activated by
extracellular ligand binding to receptors in plasma membrane
utilizes multiple signaling pathways containing small GTPases
to regulate the actin cytoskeleton and thus control cell shape
(Rangamani et al., 2011). So the shape of cells can be consid-
ered as a repository of information that flows through the cell
signaling network. Is this information retrievable? If so, what
could be the mechanisms of retrieval? These questions,
although very fundamental in cell biology, also have translational
relevance. For more than 100 years, the field of pathology has
had as one of its major foci the observation of cell shape and tis-
sue organization to identify disease states. This is done with pre-
cision, albeit in an empirical manner. If we were to understand
how information in cell shape can be retrieved and utilized by
cells, then there is the possibility that we can identify the mech-
anisms that relate cell shape to disease states.

The central hypothesis for this study is that cell shape can con-
trol signal transduction at the plasma membrane. By doing so,
the information stored in cell shape can be retrieved and used
to modulate cellular responses to extracellular signals. Such a
hypothesis is impossible to answer solely by experimentation,
as changing cell shape by plating cells on patterned surfaces
affects cytoskeleton organization and dynamics (Ahmed et al.,
2007; Allen et al., 2007; Deshpande et al., 2006; Iglic et al.,
2006; James et al., 2008; Ten Klooster et al., 2006; Lacayo
et al., 2007; Lingwood and Simons, 2010; Pike, 2009) that in
turn regulate cell signaling. Hence, a theoretical approach is
essential to determine whether cell shape can regulate signal
transduction at the plasma membrane.

The fusiform shape is often associated with transformed cells.
An early experimental study showed that cell shape controls pro-
liferation (Folkman and Moscona, 1978). These experimental
observations, in conjunction with our hypothesis, allowed us to
formulate the following question: could the curvature of the
plasma membrane result in the spatial gradients of activated
signaling components in the plane of the membrane? To answer
this question, we used reaction-diffusion formulations with ho-
mogeneous initial conditions and analyzed the effect of shape
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of the boundary on the spatial distribution of activated signaling
components in the plane of the plasma membrane and subse-
quently in the cytoplasm as a function of time. We focused on
ellipses as cell shapes because neoplastic transformation leads
to cells acquiring a fusiform shape that is close to an ellipsoid
(Figure S1 available online) (Campello and Scorrano, 2010; Kim
et al., 1999; McMahon and Gallop, 2005). To determine whether
cell shape by itself can modulate plasma membrane signal trans-
duction, our mathematical model and numerical simulations did
not include cytoskeletal regulation of membrane signaling or the
presence of lipid rafts in the membrane. In the following sections,
we briefly describe a mathematical model in both two and three
dimensions and use it to generate numerical simulations and
predictions. We then show that the predictions from the numer-
ical simulations can be observed experimentally.

RESULTS

Mathematical Model for Membrane Gradients of
Activated Signaling Components

Consider the following reaction, where A is a component in solu-
tion (extracellular or cytoplasmic component) and X is a mem-
brane component. When A binds to X on the membrane, it forms
B, which is also a membrane component. This is shown in
Figure 1A.

Kon

A+X B (Equation 1)

Koff

In the cytoplasm, A is free to diffuse. X and B are limited to the
plasma membrane and are free to diffuse along the plane of
the membrane. The dynamics of A in the cytoplasm are gov-
erned by

dCx

7 = DAVZCA

(Equation 2)

where C, is the concentration of A (in molecules/um®), and D, is
the diffusion coefficient (um?/s) of A.

The boundary condition accounts for the balance between
diffusive flux and reaction rate at the boundary. This is given by

DA(n VCA) = 7konCA|agNX +koffNB (Equation 3)

where kop, (um®s~'molecules™") and k. are the reaction rate
constants (s~"), Ny and N are the concentrations of X and B
on the membrane, respectively (in molecules/ pm?), n is the
unit normal to the membrane at every point along the curve,
and Ca|,q is the concentration of A at the boundary.

Similarly, membrane components X and B satisfy the following
equations

N

TtX:DXvZNX — konCA|aQNX +koffNB (EqUatiOn 4)
ONg 5 )
i DgV*Ng +konCalyoNx — kottNg (Equation 5)
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where Dy and Dg are the diffusion coefficients of X and B,
respectively. Accordingly, Nx and Ng must satisfy periodic
boundary conditions because the domain is closed. We assume
that X has a uniform distribution in the membrane initially with a
value Ny, (molecules/pm?), and A has a uniform cytoplasmic dis-
tribution of C 40 (molecules/pm?®). Initially, the density of B is zero
along the membrane.

We solved the above system of equations for a spherical and
ellipsoidal geometry using separation of variables and analyzed
the role of curvature in the generation of gradients of Ng in the plane
of the membrane. The solution to the system of equations evolves
similarly in both coordinates except the final form of the equations.

In many cases, only one surface of the cell is exposed to the
stimulus. Therefore, simplification to a two-dimensional (2D)
system is reasonable. For further simulations, we used the 2D
geometry because it allows us to study the effect of curvature
variation along a single axis. However, all results can be readily
extended to three-dimensional (3D) models, and although the
quantitative behavior of the membrane and cytoplasmic com-
ponents may vary depending on the eccentricity and size of
the ellipsoid, the angle-dependent wave function remains intact.
In the case of a first-order reaction, we can obtain analytical
solutions to the reaction-diffusion system as Mathieu functions
in elliptic coordinates and Bessel functions (Arscott, 1964) in
polar coordinates. We only show the final equations in the ellip-
tical coordinates system here, and the complete derivation is in
the Supplemental Information.

In elliptical coordinates, the final equations for radial and
angular coordinates take the following form:

U

e (I — 2w cosh(2u))U=0
uw

(Equation 6)
2
g — (I — 2w cosh(2v))V =0

(Equation 7)
v

Here, U(u) and V() are the radial and angular functions for Ng,
respectively; n is the equivalent of the radius for the ellipse,
and u = up defines the ellipse; v is the angle going from 0° to
360°. The quantities / and w are given as

YDa

2
= (32 sinh? o +%) B Ds) (Equation 8)

aZYDA .
== Equation 9
= 4Dy — Da) (Eq )

where a is the distance between the two foci of an ellipse, and y
is the effective reaction rate in spatial coordinates at the bound-
ary (see Supplemental Information). Equations 6 and 7 are the
modified Mathieu and the Mathieu differential equation, respec-
tively (McLachlan, 1947). There is no analogous solution like the
m = 0 (see Equation S33) mode for the angular dependence,
V(v). The solution to the Mathieu functions is a series summation
of sines and cosines, and it inherently has an angular depen-
dence. The solution to these equations was computed
numerically.
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Figure 1. Simulations of the Effect of Membrane Curvature on the Transformation of Homogeneous Initial Distribution of Signaling Com-

ponents to Transient Inhomogeneities in the Membrane and the Cytoplasm

(A) Signaling from the cytoplasm to the membrane. (i) The cytoplasmic component A binds to the plasma membrane to form membrane component B. A is free to

diffuse in the cytoplasmic volume, whereas B has lateral mobility in the plane of the membrane. The cartoon below the reaction scheme illustrates that, in an

ellipsoid, all 2D cross-sections passing through the center yield ellipses. (i) Membrane surface distribution of B in 3D at 10 and 30 s in a sphere and two ellipsoids.
(legend continued on next page)
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Numerical Simulations

Partial differential equations resulting from the reaction diffusion
system were solved numerically using the Virtual Cell suite (Loew
and Schaff, 2001). The volume component A can be present
either in the cytoplasm (Figure 1A) or extracellular space (Fig-
ure 1B). In either case, interaction with the membrane depends
on the local curvature. Therefore, we conducted simulations
for two conditions: (1) when component A is in the cytoplasm
(Figure 1A) and (2) when A is in the extracellular space
(Figure 1B).

We conducted simulations using 3D geometries. When the
volume component A is present in the cytoplasm, there is
no spatial variation of membrane component B along the
membrane for a sphere. However, as the eccentricity of the
ellipsoid increases, the membrane distribution becomes curva-
ture dependent at early times. In this case, the concentration
of B is lower at the tip than at the body (Figure 1A, ii). In an ellip-
soid, there are surface gradients along all three axes because
every cross-section passing through the center of an ellipsoid
is an ellipse (see Figure 1A, i, inset).

The system of equations for the 2D reaction-diffusion model
was implemented using an elliptical geometry with eccentricity
0.999, and the concentrations of A and B were computed as a
function of time (Figure 1A, iii). This geometry was chosen as it
is similar in shape of elongated cells characteristics of those
that have undergone neoplastic transformation (see Figures
S1A-S1C) (Kalluri, 2009; Kalluri and Zeisberg, 2006; Young
et al., 2006). At time zero, as per the initial conditions, C, is
homogeneous in the cytoplasm, and N is zero on the membrane
(Figure 1A, iii). At 30 s, both C4 and Ng demonstrate a concentra-
tion gradient (Figure 1A, iii). Furthermore, the reaction flux also
shows an angular dependence (Figure 1A, iii). The angular
dependence of N varies in time during the course of the simu-
lation (Figure 1C, v). The angular dependence of the membrane
gradient is a result of the Mathieu functions. In fact, the first mode
of the Mathieu sine function shows the same periodicity and
qualitative behavior (McLachlan, 1947) as that of the membrane
gradient of Ng.

When A is present in the extracellular space, the curvature
dependence is reversed (Figure 1B). As expected, a spherical
geometry does not exhibit any spatial variation of B along the
membrane. As the eccentricity of the ellipsoid increases, the cur-
vature-dependent gradients can be observed transiently (Fig-
ure 1B, ii). The membrane gradient exhibits a Mathieu cosine
function (Figure 1B, iii). This is because the surface-to-volume
relationships are reversed. Therefore, depending on the location
of the volume component (cytoplasmic or extracellular), the
regions of high curvature (6 = 0) will have minimum or maximum
concentration, respectively. We also tested whether the shape of
the outer bounding box (similar to extracellular space) would

affect the membrane pattern, and we see that, when A is present
in the extracellular space (such as a ligand for a membrane
bound receptor), the shape of the outer bounding box does
not qualitatively affect the nature of the membrane gradient
(Figure S1D).

When the reaction pathway is unidirectional toward the
membrane—that is, extracellular ligand binding the receptor
(Figure 1B) or the intracellular component binding the receptor
(Figure 1A)—the effect of curvature is as described by the theo-
retical analysis. However, when both intracellular and extracel-
lular components bind the membrane-bound receptor, the effect
of curvature will depend on the relative rates of reaction and con-
centrations of the reactions (extracellular species A — mem-
brane species B « intracellular species C). This effect can be
explained by a simulation (Figure S1E) in which both an extracel-
lular and a cytoplasmic component bind simultaneously (within
our timescale) to the membrane. Because signal transduction
at the cell surface almost always involves near-simultaneous
binding of ligand to the receptor on the outer surface and cyto-
plasmic signaling components on the inner surface, we tested
and found that simultaneous binding of cytoplasmic and extra-
cellular components to the membrane can also result in curva-
ture-dependent membrane gradients of B (Figure S1E). Thus, a
homogeneous initial distribution can be converted into a
signaling microdomain by the curvature of the membrane (i.e.,
cell shape). In addition to curvature, the directionality of the reac-
tions is also important for curvature-dependent gradients of
components restricted to the boundary (i.e., plasma membrane).

Mechanism Underlying Dynamics of Membrane

Gradient of Signaling Components

Local Competition between Reaction and Diffusion

What is the physical basis for this differential distribution along
the boundary (i.e., the plasma membrane)? The process of free
diffusion works toward homogenizing concentration gradients;
i.e., Fickian diffusion eliminates concentration gradients over a
length scale. On the other hand, chemical reactions are occur-
ring everywhere along the cell membrane, and the local
surface-to-volume ratio establishes concentration differences
along the membrane. The balance between these two processes
is represented by the Thiele modulus (®), a dimensionless num-
ber. The Thiele modulus is used in chemical engineering to char-
acterize processes that involve reaction diffusion on immobilized
surfaces such as catalyst pellets. In those cases, the typical
length scale is the size of the catalyst pellet. In the case of ellip-
tical cell shapes, the radius of curvature is the natural choice for
length scale. The radius of curvature, R, captures how curved
the membrane is at any given point and is distinct from the dis-
tance from the center of the ellipse to the membrane. The radius
of curvature is defined as the radius of the osculating circle that

The needle-shaped cell shows a transient spatial inhomogeneity in the membrane concentration of B. The dimensions of the shapes are shown on the panels.
Initial concentration of A in the cytoplasm is 2 M, and initial distribution of B on the membrane is 0 molecules/um?. The values of a, b, and ¢ are the semiprincipal
axes of the ellipsoid and determine its shape. For a sphere, a = b = ¢ = radius of the sphere. (i) Simulations of the distribution of signaling components in 2D
geometry. Shown are the initial distribution of A (2 1M in the cytoplasm) and B (0 molecules/um?), concentration of A in the cytoplasm at 30 s, molecular density of
B on the membrane at 30 s, and reaction rate along the membrane at 30 s, and angular dependence of membrane density of B at different times follows a Mathieu

sine function.

(B) Same as in (A) except species A is in the extracellular space. The surface-to-volume relationship is reversed, and this results in a Mathieu cosine function.

See also Figure S1.
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Figure 2. Angular Dependence of Local Thiele Modulus in Elliptically Shaped Cells
(A) Local Thiele modulus varies along the angle in an ellipse and results in competing reaction and diffusion processes along the membrane. The range of the local
Thiele modulus also increases with increasing eccentricity of the ellipse. Inset shows a reference ellipse with the different angles marked. The red circle shows the

osculating circle that determines the radius of curvature at the point 6 = 0.

(B) The global timescales from analysis and numerical simulations follow similar dependence on eccentricity. Note that the simulation includes the timescale of

the reaction, whereas the analysis is based on size and diffusivity alone.

(C) The fold change in component B along the membrane is calculated by normalizing the membrane concentrations by the value of B at 6 = 0. The fold change in
B depends on the eccentricity of the ellipse, and as the ellipse becomes more elongated (compare e = 0.9 to £ = 0.999), the fold change in B increases.

can be drawn at each point along the curve; it is the inverse of
curvature. At 6 = 0, the ellipse is highly curved, and a small circle
(red circle in Figure 2A, inset) will fit in this circle. Hence, R, is
small here.

Kon

Docar = Re (Equation 10)

B

The competing processes of reaction and diffusion can be
demonstrated by computing the local Thiele modulus (Equation
10 and Figure 2A). At 6 = 0, R, is small, therefore @, is small.
Along the circumference of the cell, @,y varies from ~0.1,
(a diffusion-limited regime) to >1,000 (a reaction-limited regime).
Hence, the gradient of A in the cytoplasm follows the membrane
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gradient because closer to 6 = 0, reaction dominates, and closer
to 0 = w/2, diffusion dominates.

As aresult, the local reaction rate along the boundary depends
on the local curvature (Figures 1A, iii, and 1B, iii). Consider § =
0 in Figure 2A; here, the local surface-to-volume ratio is high
because curvature is high. Therefore, the contribution of reaction
alone (per membrane unit area) is small—more A gets converted
to B at the membrane, and there is a depletion of A in the local
volume with a minor increase in N. In this local region, the pro-
cess is diffusion limited because the reaction depletes A much
faster than diffusion of A from the inside of the cytoplasm. In
contrast, at # = n/2, the distance for A to travel from the center
to the membrane is smaller; therefore, the process is less diffu-
sion limited. When A is present in the extracellular space, the sur-
face-to-volume ratio relationships are reversed (more at 6 = 0,



less at # = 7/2), and this is captured in the volume gradient of A,
the membrane gradient of B, and the local reaction rate
(Figure 1B).

Global Timescales and Effect of Eccentricity

How do the temporal characteristics of distribution at the bound-
ary (i.e., plasma membrane) arise? The transient membrane in-
homogeneities resulting from the shape of the cell are governed
by a global timescale that captures the time required for the
gradient to be abolished. We estimate the time required for
gradient elimination as the difference between diffusion time at
the major axis (r1) and time at the minor axis (rp) (Equation 11).

2 2
r2—rs

t=
4D,

(Equation 11)

The diffusion-limited “supply vs. demand” causes gradient for-
mation, and thus the difference in diffusion times is a good indi-
cator of the characteristic gradient relaxation time. We compare
the computed timescale with the time required to achieve Ng(6 =
0) = Ng(6 = ©/2) in the simulations (Figure 2B) and see that the
dependence of the timescale on eccentricity is similar. The simu-
lation time includes reaction lifetime and diffusion time, although
the analysis is only considering the diffusion.

In the case of a circle, the only acceptable mode of solution is
when the mode number m is zero. This gives an exponential
decay as the time-dependent solution (Equation S22). In elliptical
coordinates, the mode numbers g (Equation S36) are not zero.
They capture the different oscillatory patterns of the harmonic
solutions of the Mathieu functions. Therefore, there are multiple
contributions to the time-dependent solution. Each of these
modes contributes to the final solution of the reaction-diffusion
equation, and each mode converges to steady state with its
own timescale. Areas that are closer to the zero point of the
long-lasting modes would converge to steady state earlier than
the others. As the eccentricity of the ellipse increases, more
modes are required, and the significance of the different time-
scales increases. Because relaxation time increases dramati-
cally with eccentricity, cell shape is a key determinant of how
long the transient inhomogeneity will last along the membrane.

Theincrease in the concentration of Ng depends on the eccen-
tricity of the ellipse (Figure 2C). As the eccentricity increases, the
curvature range gets wider and the gradient gets steeper. There-
fore, even if we start with the same concentration of a biochem-
ical species at all locations, the shape of the cell will dynamically
affect the spatial distribution of the activated signaling compo-
nentin response to a membrane-delimited biochemical signaling
event.

Model Predictions

Using our theoretical model, we make the following predictions
that may be tested in numerical simulations and experiments.
(1) A circular cell shape will have a homogeneous spatial activa-
tion of a membrane-bound receptor by a soluble ligand. Spatial
distribution of activated receptor depends on the local curvature
of the cell membrane. The persistence of a spatial gradient will
depend on the relative rates of the reactions. (2) The transient
spatial inhomogeneity at the plasma membrane can affect

Cell 154, 1356-1369, September 12, 2013 ©2013 Elsevier Inc.

downstream reactions in a biochemical signaling pathway. As
a result, there can be transient spatial gradients of the signaling
components in the cytoplasm. (3) The effect of local curvature
may also be seen in the cell nucleus. If the nucleus is elongated,
then signaling interactions at the nuclear membrane will show an
increase in activated signaling components in the nucleus.

In testing these predictions by numerical simulations, we had
to introduce two additional details to make the simulations real-
istic: (1) we assumed near-simultaneous binding of agonist to
receptor on the outside of the cell and recruitment of the appro-
priate signaling component from the cytoplasm and (2) inhomo-
geneous distribution of receptors as the starting condition,
based on our observations described below, that receptors
are present in higher density at the tips of elliptically patterned
cells.

Numerical Simulations and Experimental Testing

GPCR

We simulated the distribution of the bradykinin receptor, a Gg/11-
coupled receptor in circular and elliptical cells. We chose this re-
ceptor type because of the availability of good antibodies that
allow us to study the native receptor in the cell. In response to
activation by bradykinin, this receptor rapidly recruits B-arrestin
(Geraetal.,2011; Philip et al., 2007). The lists of reactions, kinetic
parameters, and diffusion coefficients are provided in Tables S1
and S2. As a starting point, we assumed that the initial distribu-
tion of the receptor was uniform (Figure 3A). Our simulations
showed that, at early times after simulation, the receptors had
a curvature-dependent distribution, with higher concentration
on the cell body and lower concentration on the tip.

To test the predictions of this model, we manipulated cell
shape by plating rat aortic smooth muscle A-10 cells on
patterned surfaces that were either circular or elliptical. The
plating of cells onto elliptical patterns always resulted in more
receptors at the tip (Figure 3E). We then tested whether a nonuni-
form initial distribution (Figure 3B) as seen in the plated cells
affected the spatial distribution of the receptor upon activation.
We found that a similar curvature-dependent inhomogeneous
receptor at early times after agonist addition could be seen, irre-
spective of the starting distribution (Figure 3B). Although we did
not explore the causes of the initial inhomogeneous initial distri-
bution, it is likely that this is related to plating in the presence of
serum followed by serum starvation, a protocol that is essential
for cells to adhere to the patterned surface. These predictions
were tested experimentally in micropatterned A-10 cells (see
Experimental Procedures).

The distribution of receptors in elliptical and circular cells is
shown in Figures 3C and 3D. Experimental measurements of
the receptor distribution in circular cells show that, before and
after stimulation, the cells had a uniform distribution of receptors
(Figure 3E). Experiments also showed that, in elliptical cells, the
distribution of receptors prior to stimulation was nonuniform. The
elliptical cells had higher receptor numbers at the tip than in the
cell body. This is similar to the initial distribution shown in Fig-
ure 3B. One minute after stimulus, the elliptical cells showed a
lower concentration of receptors in the tip than in the body (Fig-
ure 3E), similar to the predictions from the numerical simulations.
We compared the ratio of receptor numbers in the cell tip to the
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Figure 3. Numerical Simulations and Experiments on the Plasma Membrane Distribution of Bradykinin Receptor in Circular and Elliptical
A-10 Cells

Simulation of the spatial distribution of active bradykinin receptor at 1 min for a uniform initial distribution. The concentration of active bradykinin receptor is higher
in the body than in the tips. Please note that this simulation utilizes signaling components binding to the plasma membrane from both the outside (bradykinin) and
inside (B-arrestin) of the cell (see Figure S1E).

(A) Simulation of the spatial distribution of active bradykinin receptor at 1 min for a nonuniform initial distribution of the receptor.

(B) Representative circular cell used for analysis. Arrows indicate the region of the plasma membrane where body and tip measurements were taken.

(C) Representative elliptical cell used for analysis. Arrows indicate the region of the plasma membrane where body and tip measurements were taken.

(legend continued on next page)
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cell body in circular cells (Figure 3F) and elliptical cells (Figure 3G)
and found a good match between model predictions and exper-
imental observations.

Growth Factor Receptors

Growth factors such as epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF) activate the membrane-
bound receptors, which results in downstream recruitment of
adaptors such as SHC and the Grb2/Sos complex. Grb2/Sos
is an adaptor-guanine nucleotide exchange factor complex for
Ras and promotes the exchange of GDP for GTP on Ras leading
to MAPK1,2 activation (Asthagiri and Lauffenburger, 2001;
Bhalla et al., 2002; Fujioka et al., 2006; Hall, 2005). This pathway
has been extensively modeled (Bhalla and lyengar, 1999; Schoe-
berl et al., 2002). The complete set of reactions and parameters
is presented in Tables S3, S4, and S5. The receptor activation by
the ligand (present in the extracellular space) results in a mem-
brane gradient with regions of high curvature having higher con-
centrations of ligand-bound activated receptor (Figure S1D).
However, when the cytoplasmic components such SHC and
Grb2/Sos bind the activated receptor, the regions of lower cur-
vature now have a higher active EGFR concentration (Figures
4A and S1E).

When the initial membrane distribution of EGFR is uniform
(Figure 4A), the active receptor shows transient curvature
dependence, with higher receptor numbers at the cell body
than at the tip. This effect is also observed when the initial distri-
bution of EGFR is nonuniform as shown in Figure 4B. To test our
prediction that activated growth factor receptor is in homo-
geneously distributed in a curvature-dependent manner, we
conducted experiments using monkey kidney tissue-derived
COS-7 cells that were grown to circular and elliptical shapes
using microfabricated surfaces (see Supplemental Information).
Most cells fully complied with the induced geometries and took
ellipsoidal shapes (Figure S2). These cells were then transfected
with EGFR-eGFP, and fluorescence correlation spectroscopy
(FCS) was used to quantify receptor dynamics. Unstimulated
cells showed a significant difference in the number of molecules
(or concentration) between cell tip and body in elliptical cells
(Figure 4E). Upon EGF addition to the cell medium, we observed
an increased concentration of EGFR at the body and reduced
concentration at the tips (Figures 4D and 4E). Circular cells
showed no difference in receptor numbers in either control
case or upon EGF addition (Figures 4C and 4E). Comparing
the ratio of receptor number in the cell tip to cell body (Figures
4F and 4G) shows that the model predictions are validated by
the experimental measurements.

Experimentally determined diffusion coefficients of EGFR
between the body and the tip in stimulated elliptical cells differed
significantly. A similar difference was also seen in tips before
and after EGF stimulation (Figure S2E). Hence, we ran a set of
simulations varying the diffusion coefficient of EGFR. In the
experimentally observed range, we did not see a significant

effect of diffusion coefficients on EGFR microdomains (Fig-
ure S3A). Because the levels of the transfected EGFR-eGFP
are variable, we also ran a set of simulations to determine
whether EGFR microdomains varied with overall receptor con-
centration. No significant effect was found in the experimentally
observed range (Figure S3A).

The necessity of binding dynamics for the inhomogeneous
distribution was tested by determining the distribution of a
constitutively expressed yellow fluorescent protein (YFP)-
labeled plasma membrane marker. When we measured the
distribution of a YFP-labeled membrane marker (e-YFP-mem,
Clontech), which is a doubly palmotiylated fusion protein con-
taining residues 1-20 of GAP-43, no differences were found
between circular and elliptical cells (Figures S2F and S2G). Over-
all, these simulations and experiments validate the first predic-
tion from our mathematical analysis for two different types of
membrane receptors.

The curvature-dependent transient gradient of EGFR on the
membrane could have functional consequences for MAPK1,2
activation, which regulates gene expression in the nucleus to
trigger cellular proliferation. We simulated the EGFR signaling
pathway to MAPK1,2 activation and accumulation in the nucleus
and explored the consequences of circular versus elliptical
shapes. The concentration profiles of active Raf, MEK, and
MAPK1,2 in the cytoplasm are greater in the elliptical cell shape
than in the circular cell shape (Figure S4). We assumed elon-
gated nuclear geometries in elongated cells because trans-
formed cells have elongated nuclei (Dean et al., 2010).

The simulations show that the spatial distribution of MAPK1,2
in the cytoplasm (Figure 5A) and in the nucleus (Figure 5B) is
nearly homogeneous because of the high diffusivity of MAPK
in the cytoplasm. Further, average MAPK1,2 concentration in
the nucleus and the concentration of MAPK1,2 in the cytoplasm
are higher in the ellipse than in the circle (Figure 5C, i and ii). This
is because the nuclear shape is elongated in the elliptical cell,
which allows for a curvature-dependent reaction flux at the
boundary of the cytoplasm-nucleus interface, similar to that at
the extracellular space and the plasma membrane. The concen-
tration of activated MAPK1,2 also depends on the eccentricity of
the nucleus (Figure S4). In the ellipse, the activation of MAPK1,2
has a steeper initial increase when compared to the circle (Fig-
ure S5). The early increase in active MAPK1,2, combined with
the increase in time for dissipation of gradient in an ellipse, can
have a large impact on cellular decision-making processes
even for small increases in the concentration of MAPK1,2. There-
fore, transformed cells with the same number of growth factor re-
ceptors as normal cells can display enhanced levels of MAPK1,2
in the nucleus.

We experimentally tested the prediction that elliptical cells will
show higher MAPK1,2 activity in the nucleus as compared to cir-
cular cells. Initially, we did this in live-cell imaging experiments.
For this, COS-7 cells were transfected with a MAPK1,2 Forster

(D) Experiments determining levels of bradykinin receptor in the body or tip of circular and elliptical cells (n = 5). The normalized fluorescence intensity is compared
between circular cells and elliptical cells. Data + SD are shown. p values indicate statistical difference according to Mann-Whitney tests.

(E) Ratio of receptor intensity in cell tip to cell body in circular cells.
(F) Ratio of receptor intensity in cell tip to cell body in elliptical cells.
See also Tables S1 and S2.
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Figure 4. Numerical Simulations and Experiments on the Membrane Distribution of EGFR-eGFP in Circular and Elliptical COS-7 Cells

(A) Simulation of the spatial distribution of active EGFR-eGFP at 5 and 10 min. The concentration of EGFR is higher in the body than in the tips. Please note that this
simulation utilizes signaling components binding to the plasma membrane from both the outside (EGF) and inside (SHC and GRB2) of the cell (see Figure S1E).
The initial distribution of EGFR is uniform in this case.

(B) Simulations of the spatial distribution of active EGFR-eGFP at 5 and 10 min. The initial distribution of EGFR is nonuniform in this case. The concentration of
EGFR is higher in the body than in the tips.

(C) Representative circular cell transfected with EGFR-eGFP. Arrows indicate the region of the plasma membrane where body and tip measurements were taken.
(D) Representative elliptical cell used for FCS analysis. Arrows indicate the region of the plasma membrane where body and tip measurements were taken.
(E) Experiments determining levels of EGFR-eGFP in the body or tip of elliptical cells (n = 14). Numerical values were extracted from the autocorrelation function fit
to fluorescence correlation data for unstimulated data. Cells were measured after 12 hr of serum starvation; for stimulated data, measurements were started
immediately after addition of 100 ng/ml EGF and were completed within 8 min. Data + SD are shown. p values indicate statistical difference according to Mann-
Whitney tests.

(F) Ratio of receptor number at the tip to body in simulations and experiment in circular cells.

(G) Ratio of receptor number at the tip to body in simulations and experiment in elliptical cells.

See also Figures S2 and S3 and Tables S8, S4, and S5.
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Figure 5. Levels of Activated MAPK1,2 in the Nucleus of Circular and Elliptical Cells

(A) Simulations of the activation of MAPK1,2 in the cytoplasm. The concentration of MAPK1,2 in the cytoplasm follows the kinetics shown in Figure S4 —first
increasing and then attaining a steady value before decreasing. The spatial distribution of MAPK1,2 in the cytoplasm appears uniform because of the high
diffusion coefficient of MAPK1,2 in the cytoplasm. Later time points are shown for comparison with experiments

(B) Simulations of active MAPK1,2 in the nucleus. The concentration of MAPK1,2 increases with time in the nucleus. The spatial distribution of MAPK1,2 in the
nucleus appears uniform because of the high diffusion coefficient of active MAPK within the nucleus.

(C) (i) From simulations, the number of molecules of active MAPK1,2 in the nucleus is higher in elliptical cells when compared to the number of active MAPK in
circular cells. (i) The concentration of p-MAPK1,2 in circular and elliptical cells at 20 min is shown from simulations.

(D) Elliptical COS7 cells stimulated with EGF show an enhanced accumulation of phosphor- MAPK. p MAPK1,2 immunostained cells are shown as color-coded
grayscale images. Original pseudocolored images are shown in Figure S5.

(E) EGF-treated cells show a higher concentration of p-MAPK1,2 in elliptical cells than in circular cells. Fluorescence intensity ratios of nuclear p-MAPK1,2/
MAPK1,2 were plotted as mean + SEM (n = 15-31; p = 0.0069; one-tailed t test)

See also Figures S4 and S5.
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resonance energy transfer (FRET) probe that localizes to the
nucleus (Harvey et al., 2008) and were plated on coverslips
with microfabricated circular and elliptical wells. The cells were
serum starved overnight and then stimulated with EGF, and acti-
vated nuclear MAPK1,2 response was measured using FRET.
We found that, in elliptical cells, there was an increase in the level
of activated MAPK1,2 in the nucleus compared to circular cells
(Figure S5). However, these experiments were problematic
because the cells transfected with the FRET probe that functions
as a de facto dominant negative and plating on the engineered
surfaces resulted in a large number of unhealthy cells, leading
to variable responses (Figure S5, inset). Hence, we decided to
use an immunochemistry approach in which cells plated on
microfabricated surfaces were stimulated, fixed, and then
stained with phospho-MAPK1,2 antibodies. This approach
yielded much more reproducible observations. The nuclei of
elongated cells had significantly higher amounts of phospho-
to total-MAPK1,2. Representative pseudocolored images are
shown in Figure 5D, along with the quantification of the average
response in Figure 5E. The original images of the experiment in
Figure 5D are in Figure S5. We show that this increase in nuclear
MAPK1,2 activation is not due to changes in nuclear area
(Figure S5).

To further establish the general relevance of our findings, we
tested our model in another cell type, primary neonatal rat car-
diac fibroblasts, where activation of Src is stimulated by the
growth factor PDGF. Table S6 shows reactions and various
parameters, and experimental time course of p-Src is shown in
Figure S6. Whereas circular cells exhibit no spatial variation in
Src activation at any time (Figure 6A), elliptical cells generate
increased levels of activated Src at the tips where membrane
curvature is also higher (Figure 6C).

In order to test these predictions experimentally, primary car-
diac fibroblasts were grown on microfabricated surfaces, which
resulted in cells with elliptical (eccentricity = 0.99) or circular
(eccentricity = 0) shapes. Circular fibroblasts did not exhibit
any spatial inhomogeneity of Src activation at any time (Fig-
ure 6B); elliptical cells, however, showed a curvature-dependent
spatial activation of Src upon stimulation (Figure 6D). This spatial
gradient lasted for up to 30 min, demonstrating that the local
shape of the cell can induce transient spatial inhomogeneities
on the activation of downstream signaling components.

Comparing the concentration of phospho-Src in the cyto-
plasm shows that elliptical cells have a higher concentration of
phospho-Src than circular cells (Figure 6E). This behavior is
also observed in experiments, in which elliptical fibroblasts

show a higher concentration of phospho-Src when compared
to circular cells (Figure 6F). In the case of Src, the cytoplasmic
gradient is observed because Src may be associated with endo-
somal membranes and may not diffuse as fast as MAPK1,2 in
the cytoplasm (Kaplan et al., 1992). Thus, the activation of
Src through PDGF signaling also shows transient curvature
dependence.

DISCUSSION

This study provides evidence that cell shape can play arole inin-
formation processing as extracellular signals are transduced to
intracellular signals at the plasma membrane. This information-
processing capability arises from simple reaction-diffusion
kinetics of lateral mobility of proteins in the plane of the mem-
brane and their ability to selectively interact with partners in the
aqueous milieu either in the extracellular space, as is the case
for receptor agonists, or intracellularly with components in the
cytoplasm such as adaptors and exchange factors by receptor
tyrosine kinases. Because receptor tyrosine kinases stimulate
GTPases such as Rho, Rac, and Cdc42 to affect cell shape
and because cell shape can in turn modulate receptor signals
flowing through these GTPases, cell shape and growth factor
signals can act as a multiscale feedback loop. Such feedback
loops could play a role in reinforcing the transformed state, as
rate of proliferation can depend on cell shape (Folkman and
Moscona, 1978). Although the effects observed at the plasma
membrane are small in magnitude, the propagation of these dif-
ferences along the signaling pathway results in significant
changes in downstream effectors such as Src and MAPK such
that biologically meaningful effects are likely.

Using a combination of theory, numerical simulations, and
experiments, we show that local curvature of the cell can modu-
late information processing of biochemical signaling pathways.
The order of interaction between volume (extracellular and cyto-
plasmic) and surface (membrane-bound) components also plays
an important role in determining the spatial pattern. As shown in
Figure 1, in the simple case of one reaction, the resulting spatial
gradient can be either Mathieu sine or cosine function. The local
competition between reaction and diffusion combined with the
reaction direction can lead to a transient inhomogeneity of
membrane-bound components resulting solely from cell shapes.
This conclusion obtained from our mathematical analyses and
numerical simulations illustrates the nonintuitive knowledge of
biological mechanisms that can be obtained from theoretical
analysis.

Figure 6. Levels of PDGF-Activated Phospho-Src in Circle and Elliptically Shaped Cardiac Fibroblasts
(A) Simulations show that, in circular cells, homogeneous concentration of phospho-Src in the cytoplasm is obtained upon activation of the cells by PDGF.
(B) In experiments, circular cardiac fibroblasts grown in microfabricated grooves (n = 13-19) exhibit nearly uniform activation of Src near the plasma membrane,

as measured by quantitative immunofluorescence.

(C) Simulations show that, upon activation, the concentration of phospho-Src leads to a curvature-dependent concentration gradient in the cytoplasm.
(D) In experiments, PDGF-activated phospho-Src in cardiac fibroblasts grown on elliptical cells (n = 12-14) shows a concentration gradient.
(E) Simulations show that phospho-Src in the cytoplasm has a higher concentration in elliptical cells when compared to the concentration of phospho-Src in

circular cells.

(F) Summary of experimental data of fold increase of phospho-Src upon PDGF activation for indicated times. Values are means of 12-20 independent cells from
two separate experiments and SEM (n = 12-20; *p < 0.001 when comparing ellipses and circles at the same time point; unpaired two-tailed t tests with Bonferroni

correction for multiple comparisons).
See also Figure S6 and Table S6.
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The predictions from our model were tested experimentally in
different cases. We tested the membrane distribution of recep-
tors for bradykinin and EGF. In both cases, we were able to
obtain a good match between the model prediction and the
experimental observations. The net result of the curvature-
dependent spatial inhomogeneity is that the concentration of
downstream cytoplasmic component (MAPK1,2 and Src) is
higher in elliptical cells than in circular cells. This observation
provides one part of the explanation why cells that have under-
gone neoplastic transformation can have a higher MAPK activity.

The composition of the plasma membrane is complex, con-
taining regional inhomogeneities in phospholipid and cholesterol
concentrations (Eggeling et al., 2009; Lingwood and Simons,
2010) that will alter the lateral mobility of proteins. Additionally,
the presence of membrane scaffolds and anchors that connect
membrane proteins to the cytoskeleton will also affect lateral
mobility. Given these regulatory processes, it would not be
possible to fully experimentally decipher what, if any, contribu-
tion cell shape alone can make to information processing. The
mathematical analyses and numerical simulations shown here
clearly demonstrate that the simple physico-chemical properties
of the system can enable cell shape to dynamically control infor-
mation processing as signal flows across the cell-surface mem-
brane. Because cell shape is often the result of prior signaling, in
addition to network regulatory motifs such as positive-feedback
loops (Bhalla and lyengar, 1999), cell shape can also be consid-
ered a locus of information storage within the cell.

EXPERIMENTAL PROCEDURES

Microfabrication

Circular or elliptical wells were microfabricated with standard photolithog-
raphy techniques (Qin et al., 2010). Briefly, glass coverslips were cleaned by
successive washes in boiling 25% Linbro 7 X surfactant and deionized water,
nitrogen dried, and treated with oxygen plasma. They were then spin coated
with a 500-nm-thick layer of SU-8 2000.5 resist, baked, exposed to UV light
on a mask aligner, developed, and rinsed according to the manufacturer’s in-
structions. The surface area for both elliptical and circular patterns was main-
tained constant at 2,000 pm?. The circular patterns had a diameter of 50 um.
The major axis (r1) and minor axis (rp) for elliptical patterns was 134 and
19 um, respectively.

Diffusion Measurements of EGFR-eGFP in COS-7 Cells
EGFR-eGFP is a kind gift from Dr. Linda Pike (Washington University School of
Medicine). Micropatterned coverslips were pretreated with 500 ug/ml Genta-
micin (Sigma) and 0.5% Pluronic F127 (Sigma) for 1 hr and washed with
distilled water three times. Cells were reverse transfected with Fugene HD us-
ing manufacturer’s instructions (Roche Diagnostics). Briefly, EGFR-eGFP and
Fugene HD were complexed in a 1:3 png DNA:uL Fugene ratio and incubated
with ~70,000 COS-7 cells in suspension. 36 hr posttransfection, cells were
incubated in serum-starving media (DMEM, 0.1% FBS) for 12 hr. At least
1 hr before stimulation, cells were treated with 10 mM NaNz, 2 mM NaF, and
5 mM 2-deoxy-D-glucose to prevent internalization of EGFR (Liu et al., 2007).
Fluorescence correlation spectroscopy (FCS) measurements were per-
formed on cells expressing EGFR-eGFP using a Zeiss LSM 510 Confocor-2
system equipped with 40x (N.A. 1.2) water immersion objective. eGFP was
excited using 488 nm Argon laser, and the focal volume was determined using
10 nM Rhodamine 6G solution (D = 2.8 x 10~® cm?/s). The focal volume was
focused on either the cell body, which was aligned with the nucleus, or on the
cell tip, which was designated as within 5 um from the apex of the cell shape
(Figure S5A). A z axis scan of the cells showed two peaks corresponding to the
basolateral and apical membrane populations of EGFR-eGFP (Figure S5B).
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The apical peak was chosen for FCS measurements. Each FCS trace was
measured for 20 s. EGFR was stimulated using 100 ng/ml of EGF. Measure-
ments were started immediately after EGF addition and were completed within
8 min. Time traces that showed a decrease or increase of intensity were not
used for analysis. Autocorrelation functions were analyzed using a two-
component, pseudo-2D diffusion model by modifying the 3D fitting routine
provided by the Confocor2 software and setting the structural parameter to
quasi-infinite: G(r) = 1 + 1/N{(1+7/7p) "[1+7(S?1p)] ~"?}, where 1 is the corre-
lation time, 7 is the average time a particle spends in the confocal volume, N
is the average number of molecules in the confocal volume, and S is the
structural parameter, where S is set to 100 (quasi-infinite) for 2D diffusion.
The diffusion coefficient, D, is calculated from the rp of a molecule using Ein-
stein relation for diffusion: 2 = 4D x 7p, where ris the radius of the observation
volume (Figure S2E). To quantify the number of EGFR-eGFP on the membrane,
N was obtained from the fit, which is the average number of receptors in the
confocal volume. To determine the concentration of receptors per unit area,
N was divided by the area of the beam waist obtained through the calibration
of the confocal volume with Rhodamine.

For details on mathematical modeling, simulations using Virtual Cell, the
parameters used in the simulations, and standard experimental procedures
please see the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, six
figures, and six tables and can be found with this article online at http://dx.
doi.org/10.1016/j.cell.2013.08.026.
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EXTENDED EXPERIMENTAL PROCEDURES

Mathematical Model for Inhomogeneous Distribution of Activated Signaling Components in the Plane of Plasma
Membrane

Consider the following reaction where A is a component in solution (extracellular or cytoplasmic component) and X is a membrane
component. When A binds to X on the membrane, it forms B, which is also a membrane component. This is shown in Figure 1A.

kOH
A+X == B (Equation S1)

Kott

In the cytoplasm, A is free to diffuse. X and B are limited to the plasma membrane and are free to diffuse along the plane of the
membrane. The dynamics of A in the cytoplasm are governed by

% =DaV?Cy (Equation S2)

where C,4 is the concentration of A (in molecules.um™3), D, is the diffusion coefficient (um?/s) of A.
The boundary condition takes into account that at the boundary the diffusive flux equals the reaction rate. This is given by

DA(n VCA) = _konCA ‘6QNX +koffNB (Equation SS)

where kon, (um®s~'molecules™") and k. are the reaction rate constants (s~'), Nx and Ng are the concentrations of X and B on the
membrane respectively (in molecules/ um?), n is the unit normal to the membrane at every point along the curve, and Calsq is the
concentration of A at the boundary.

Similarly, membrane components X and B satisfy the following equations

% =Dy V2N — konCalsoNx + kortNe (Equation S4)
aNB 2 .
a_t: DgV<N5g +konCA|aQNX — koffNB (EqUathn 85)

Accordingly, Nx and Ng must satisfy periodic boundary conditions because the domain is closed. We assume that X has a uniform
distribution in the membrane initially with a value Ny, (molecules.um™2), and A has a uniform cytoplasmic distribution of Cao
(molecules.um™3). Initially, the density of B is zero along the membrane.

We solved the above system of equations for a spherical and ellipsoidal geometry using separation of variables and analyzed the
role of curvature in the generation of gradients of Ny in the plane of the membrane. The solution to the system of equations evolves
similarly in both coordinates except the final form of the equations.

Separation of Variables

We use the separation of variables to write C4 as a function of time and space. As we will show, the spatial functions will depend on
the coordinate system that is used. First, we write Ca(r,t) = G(r)T(t), where G(r) is the spatial and T{(t) is the temporal dependence.
Equation 2 becomes

T VG .
7= DAT =—2 (Equation S6)
where A is a separation constant. This leads to
T(t)=cie™ (Equation S7)
2 A .
V°G+—G=0 (Equation S8)
Da

Eqgn. S8 is the Helmholtz equation for the spatial dependence of Ca.

A Note on Coordinate Systems

The Helmholtz equation is separable in ten coordinate systems including confocal ellipsoidal and spheroidal coordinates (Arscott,
1964). These coordinate systems are ideal to study the simplified geometries that represent the shapes numerous cell type in normal
(spheroidal) or neoplastically transformed (ellipsoidal) states (Figure S1). We can now solve the Helmholtz equation for the spatial
dependence of C4 in multiple coordinate systems to understand how cell shape can affect the spatial distribution of A, X and B.
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Spherical Coordinates
The spherical coordinate system is defined by (r, 6, ¢), where r €[0, «], 8 € [0,7] and ¢ €[0,2x].

/X222 = (Y | o1 (Y )
r=\+y 2 0=cos” (7). ¢=tan”" () (Equation S9)
The spatial dependence can be further written using separation of variables as G(r) = R(r)®(¢)©(0). The Helmholtz equation in

Equation 8 becomes

rdR 2rdR 1070 coshdO 1D A, (Equation $10)
Rdr? "Rdr '@ ai "@singdd  BsinGdy? Di g

The above equation is separable and gives

1ad%® .
EW: -m? (Equation S11)

which has a solution of the form
®(¢) =Cpy cos(me) + Dy sin(md) (Equation S12)

The requirement for periodicity limits 2tm to integer values. Similarly, the r-dependent terms can be separated and equated to a
constant

rPd?R 2rdR A '
§W+§E+D—Ar2 =n(n+1) (Equation S13)

Multiplying throughout with R and solving the resulting spherical Bessel equation gives us

R(r) = Al (kr) + B'np(kr) (Equation S14)

where k = (\/D )", j(kr) and n,(kr) are spherical Bessel functions of the first and second kind. This leaves us with the ® terms that are
dependent on both separation constants m and n.

d?’® cosfd® m? )
W+W7€+ {n(n+1)fm}®—0 (Equation S15)

The above equation is the associated Legendre differential equation for h = cos(6). The solution is given by associated Legendre
functions, which play an important role in spherical harmonics. The solution does not diverge for non-negative integer values of n
and for m values in the range —-n < m < n. Furthermore, it can be shown through numerical methods that for any uniform initial dis-
tribution of A and X, the spatial distribution of B is uniform at all times (Figure 1).

Ellipsoidal Coordinates

The ellipsoidal coordinate system is given by «, 3, v as

x=p?Isn(a)sn(B)sn(y).y = — p?lp"'cn(a)en(B)en(y),
z=ilp'~'dn(a)dn(B)dn(y)

(Equation S16)

where sn, cn and dn are Jacobi elliptic functions, / is a constant and p is the modulus of elliptic functions.

A complete derivation of the solution of the Helmholtz equation in ellipsoidal coordinates can be found in (Arscott, 1964). We
present the key points here to highlight the evolution of the concentration gradient in the plane of the membrane. The ellipsoidal
coordinate system is given by «, §, v as defined in Eqn. S16. In these coordinates, the Laplacian is given by

ad a a 4 d (HxH3 0 .
V2=E+W+@:(H1H2H3) Z@( H1 @) (Equatlon 817)

a8y

H4, H, and Hj are the scale factors. The Helmholtz equation (Egn. S8) can now be separated in these new coordinates as G(w, 8, v) =
A()B(B)C(vy). The Helmholtz equation now reduces to
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B A" 4/2
> (snP(a) —sn?(B)) '(sn?y —snPa) () P _g (Equation S18)
A((X) DA
a, B,y
AB,C
Further simplification shows that A(«), B(8) and C(y) satisfy the same equation of the type
d’w 2an? o :
v (a+bp®sn®(z) +qp*sn’(z))w=0 (Equation S19)

where one can solve for the arbitrary function w(z) with a, b and g as parameters that depend on the separation constants.

This equation is the ellipsoidal wave equation. The solution to this equation is non-trivial and takes the form of ellipsoidal wave func-
tions, which are doubly periodic. Therefore, G(e, 6, 7v) is a product of three ellipsoidal wave functions. The solution can only be con-
structed numerically (Arscott, 1981; Arscott and Darai, 1981) (Figures 1A and 1B, iii).

For simplicity, we assume that the membrane components X and B have the same diffusion coefficient, i.e., Dy = Dg = Dy. This
allows us to have local conservation of X and B along the membrane. Then, the membrane density of B is given by

Dx (n . VG) |6Q + konG‘aﬂNXO
KonGl3q T (t) + Kot

Ng=T(t) (Equation S20)

Realistic cell shapes in three dimensions can be mathematically represented as ellipsoids. Our results can be easily extended to a 3-D
system where they would be elliptical harmonic functions (Stratton, 1935a, 1935b). Consider the special case where the ellipse is
rotated about its semi-minor axis to result in an oblate spheroid — the solution to the reaction-diffusion equation yields the oblate
spheroidal wave functions. In contrast, when the ellipse is rotated about its semi-major axis, resulting in a prolate spheroid, the con-
centration distribution is given by prolate spheroidal wave functions.

Derivation of Mathieu Functions in Two Dimensions for Reaction-Diffusion Taking Place in Ellipsoidal Cell Shapes
Separation of Variables

We begin by analyzing the system in polar coordinates (r, 6, t), where r is the radial coordinate, 6 € [0, 2], and t is time. Using sep-
aration of variables, we can write Ca(r,6,t) = G(r)H(6)T(t) and Eqn. S4 becomes

T _ V3(GH .
?:DA (C(EH) ) = — Acircle (Equation S21)
Where Agircle is @ separation constant. This leads to
T(t) =cqe teircet (Equation S22)
V2(GH) + % (GH)=0 (Equation S23)
A

Egn. S8 is the Helmholtz equation for the spatial dependence of C4. The boundary condition (Equation 3) gives us

SDAH(O)T(H)(n-VG) ;0= — %G|BQH(0)T(1‘) +KorfNp (Equation S24)
We then get
Ng(0,t) = acireieH(O) T (1) (Equation S25)
Where

o = (SDaN VG g +onGla)
circle (koffs)

. (Equation S26)

Therefore, N is a projection of the angular and temporal dependence of C, on the membrane scaled by o.
Using Eqn. S25 in Egn. S21,

a 2
;: DB¥ ko + KonCllan (Equation S27)

Satcircie
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Define

konG )
Ycircle = — |:'so.na—blQ - koff:| (Equatlon 828)
circle
Therefore,
T V’H  m?D ,
T+ Yoice = DBT: R 2 (Equation S29)

where Ry is the radius of the circle and must be an integer to satisfy the periodicity of the solution. This gives us

- ('Yclrc/s+ 2 )t
T(t)=Toe 0 (Equation S30)
Comparing Egn. S5 and Egn. S13, we get
2
Acircle = Yeircle mR—gB (Equation 831)

The separation of G and H gives

G G A
P—tr+—r’=m?

G G D, (Equation S32)

-m? (Equation S33)

Therefore, we get a Bessel equation for G(r) and an eigenvalue problem for H(6). The initial distribution of C, is homogeneous and
therefore, the acceptable mode of the solution is ‘m = 0’ resulting in homogeneous concentration profile in a circular domain.

Elliptical Coordinates

We use elliptical coordinates to solve the equations in an elliptical geometry. The coordinates are given by x = acosh(yw)cos(v), y =
asinh(y)sin(v), where ‘a’ is the distance between the two foci of the ellipse, n is an non-negative real number and v €[0, 2x]; t is
time. Using these coordinates, we write Ca(w,v,t) = V(»)U(wF(t) and we find that

(SZDA(n'VU) loa +k0nU‘aQ)

Qellipse = (k ﬂS) (Equation S34)
Ol
And
KonU| .
Yellipse = — {ﬁm::: - koff:| (Equation S35)
The equation for Ng becomes
V'(v) _ 2

£ Yelipse = Dbaz (SN (ug) + SIE VW)~ q (Equation S36)

Furthermore, we can show that

2
‘;_LZ/ — (I — 2w cosh(2u))U=0 (Equation S37)
w
% ) :
52+ (I = 2wsinh(2v)V =0 (Equation S38)
Here
\ a? YDa .
/= a2 sinh? +—) = Equation S39
( w5 B (Eq )
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_ a?yDa .
“~4(Ds - Dg) (Equation S40)

and po is the value of p at the boundary. Eqns. S37 and S38 are the Mathieu differential equation and modified Mathieu differential
equation respectively. The solution of these equations results in the Mathieu sine and cosine functions.

Near-Simultaneous Binding of Cytoplasmic and Extracellular Volume Components to the Membrane

Most often signaling components bind to the plasma membrane from both the extracellular space and from the cytoplasm. A typical
example is agonist binding to the transmembrane receptor on the extracellular surface. This binding event is almost instantaneously
followed by recruitment of intracellular proteins such as scaffolds or other signaling molecules such as B-arrestin to the cytoplasmic
surface of the agonist occupied receptor protein. In Figure S1, we show a simple model where an extracellular molecule (agonist) and
a cytoplasmic molecule (e.g., scaffold) bind to the membrane (receptor) simultaneously. The resulting curvature dependence on the
membrane depends on the relative rate of the binding reactions and the simulations are shown in the main paper Figures 3 and 4.

Using Virtual Cell Suite for Numerical Simulations

We used the Virtual Cell Suite for conducting the numerical simulations of the different biochemical signaling networks. The Virtual
Cell framework is an intuitive and easy to use system for solving both ordinary and partial differential equations models representing
biochemical reaction networks. Further, Virtual Cell models can incorporate in-plane diffusion of membrane species, a critical feature
required for us to test the model in this study. The reaction network was specified using the physiology interface of the program and
spatial applications were developed to solve the partial differential equations for the system. In addition to the reactions and the asso-
ciated parameters, we specified the geometry associated with the system. Because the geometry was specified, the program was
able to compute the compartmental volumes and sizes. As noted in the tables below, we also provided the diffusion coefficients for
the different species. The partial differential equations model resulting from the different signaling networks contain different time
scales (kinetics versus diffusion). We used the fully-implicit finite volume regular grid solver with variable time stepping to solve these
systems equations. The finite volume method represents the partial differential equations as algebraic discretization equations at the
mesh points, which exactly preserves the conservation laws. The time dependent solver used is the Sundials stiff solver CVODE.
Because the time dependent solver is a stiff solver, it can handle multiple time scales that arise in the system of equations because
of kinetics and diffusion. The relative error tolerance for time stepping was set to 10~7 and the absolute tolerance was setto 10~°. The
mesh for spatial discretization was set up such that the x element in the ellipse was 0.18 nm and the y element was 0.1 nm. This mesh
size was determined based on convergence of the numerical solution. Making the mesh finer than this did not change the simulation
results. All models described here are available publicly under public models by ‘prangamani’.

Simulation of Bradykinin Receptor Activation

The bradykinin receptor is a G protein coupled receptor and is coupled to Gg/11. Here we focus on a simple model of receptor acti-
vation by ligand binding. Upon ligand binding, G protein coupled receptors are phosphorylated almost immediately by G protein
receptor kinase (GRK) and bound by B-arrestin (Lefkowitz, 1993; Liggett, 2011). A detailed model for GRK mediated regulation of
GPCR signaling using the B2-adrenergic receptor system has been described (Vayttaden et al., 2010). Here, we only focus on the
activation of the receptor by ligand binding and immediate downstream effects leading to B-arrestin binding. We have assumed
the parameters of GRK and B-arrestin for the bradykinin receptors are the same as those for the p2-adrenergic receptors. The
reactions, kinetic parameters, initial concentrations and the diffusion coefficients are shown in Tables S1 and S2.

Simulation of EGF Signaling in Circular and Elliptical Cells
The reactions and parameters used in this application are outlined in Tables S3, S4, and S5. We set up the reaction-diffusion sim-
ulations in the Virtual Cell suite. We then used a circle and ellipses of varying eccentricities to generate the geometries that were
used in the simulations. In all the geometries, the cytoplasmic volume was maintained constant. The simulations shown in Figures
4 and 5 of the main text correspond to an ellipse of eccentricity 0.999. For the simulations that included the nucleus, we traced nuclei
of different eccentricities (0.9, 0.99 and 0.999) within the ellipse of eccentricity 0.999 and mapped the location of nuclear MAPK to the
nuclear domain. The nuclear concentration of active MAPK is shown as number of molecules. The ratio of cytoplasmic to nuclear
volume was 13:1, similar to the value shown in (Fujioka et al., 2006) for Cos-7 cells. The ratio of nuclear to cytoplasmic volume varies
depending on cell type. The conversion from M to molecules in the nucleus was carried out as 1 uM = 600 molecules/pm?® * 12 um?,
where 12 um? is the volume of the nucleus. We varied the ratio of cytoplasmic to nuclear volume (1:1, 3:1, 5:1) to investigate the effect
of this ratio of nuclear MAPK activation (Figure S4). For these simulations, both the cell and the nucleus had eccentricities of 0.999.
Decreasing the volume of the nucleus by increasing the ratio of cytoplasmic to nuclear volume reduced the number of active
molecules of MAP kinase present in the nucleus.

In this model, MAPK is dephosphorylated in the cytoplasm by a protein tyrosine phosphatase (PTP). The nuclear transport (k;,) and
efflux (kout) of MAPK is modeled as a first order flux with an influx rate of 1.0 s~ and efflux rate of 0.1 s~ (Table S1). We do not include
the MAPK phosphatase reaction in the model, which is why the concentration of active MAPK is high even at 1 hr. Inclusion of this
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loop may change the quantitative results of active MAPK concentration but will not change the qualitative effect of curvature on the
concentration profile.

The simulations show that the average concentration of activated Raf in the cytoplasm is higher in the ellipse than in the circle (Fig-
ure S4A). The Raf cytoplasmic concentration differences are “transferred” to the downstream MEK activation (Figure S4B) and
MAPK activation (Figure S4C). The advantage that the elliptical plasma membrane confers on the cytoplasmic MAPK activation is
further enhanced by the inner nuclear boundary for an elliptical cell with elliptical nucleus (Figure S4D). Because most elongated cells
appear to have elongated nuclei the amplification of the small differences in the cytoplasm is maintained from the curvature depen-
dent plasma membrane gradient to the nuclear translocation. Thus, the physical shape of both the cell and the nucleus determine the
overall processing capability of signal transferred from the extracellular space to the nucleus.

The cytoplasmic concentration of MAPK begins to asymptote toward its steady state value around 30 min or so (Figure S4C). The
nuclear MAPK concentration on the other hand takes longer to reach steady state (Figure S4H) and this time depends in part on the
ratio of ki, to Kot

In the cytoplasm (Figures S4F and S4G), the gradients are minimal in the radial direction. This is because the diffusivity of MAPK in
the cytoplasm is 7 um?/s and active MAPK diffuses rapidly across the cytoplasm. The corresponding time scale for MAPK diffusion in
the cytoplasm is given by 7 =12 /(4Dyapx. )- In a circle, the length scale L is the radius (5 pm) and the corresponding length scale in the
ellipse is the semi-major axis (23 pum). For the circular shape 7ce < 1 s and for the elliptical cell, 7¢jjpse = 18.75 s. This is why there is no
observable cytoplasmic gradient at longer times (Figure S4G).

PDGF Stimulated Src Activation

If the effect of cell shape on propagation of signals in the cytoplasm is general, then curvature-mediated effects should be seen in
different cell types. We simulated the phosphorylation of Src in the cytoplasm of cardiac fibroblasts. Table S6 provide the reactions
and parameters for this system of reactions. The kinetic parameters for this set of reactions were varied to fit the time course of Src
activation observed in experiments (Figure S6). The spatial distribution of active receptors is elliptical cells is shown in Figure S6. The
cytoplasmic concentration of phospho-Src in these simulations is shown in Figure 6. Elliptical cells show a curvature dependent con-
centration of phospho-Src (Figure 6D), whereas circular cells do not show a curvature dependent activation profile of phospho-Src
(Figure 6C).

Cell Culture
A-10 cell line (rat aortic smooth muscle cells) from ATCC and COS-7 monkey fibroblast cell line were maintained at 37°C in 5% CO, in
DMEM (GIBCO) supplemented with 10% FBS (Gemini) and 1% Penicillin-Streptomycin (GIBCO).
Patterned coverslips were incubated with 0.5% Pluronic F127 for 3 hr. Coverslips were then washed and cells were plated in
DMEM supplemented with 10% FBS. After 4-6 hr, cells were serum starved overnight in DMEM supplemented with 0.1% BSA.
Primary neonatal rat cardiac fibroblasts were a kind gift from Dr. Kevin D. Costa (Mount Sinai School of Medicine, New York, NY).
Cells were isolated from P1-3 rats, grown in DMEM supplemented with 10% neonatal bovine serum and used within three passages.

FRET

Patterned cells were transfected with nuclear EKAR (1 pg) and lipofectamine 2000 (Invitrogen) in OPTI-MEM following manufacturer’s
instructions. After 4-6 hr, cells were serum starved with 0.1% BSA DMEM overnight. In a temperature controlled imaging chamber
with recirculation, cells were imaged with a 40X objective in a Zeiss Axio Observer inverted microscope fitted with a QuantEM
camera. Fluorophores were excited using a Colibri LED illumination system. CFP was illuminated with a 455 nm LED and a CFP
cube (EX BP 436/25, BS FT 455, EM BP 480/40); YFP was excited with a 505 nm LED and a YFP cube (EX BP 500/25, BS FT
515, EM BP 535/30). FRET was monitored with the 455 nm LED and a FRET cube (EX BP 436/20, BS FT 455, EM BP 535/30). Fluo-
rescence intensity ratios for FRET/CFP were plotted as a function of time.

Quantitative Imaging of Bradykinin-2 Receptor and Plasma Membrane Marker
A-10 cells which endogenously express Bradykinin 2 Receptor (BsR)were seeded on the micropatterned coverslips which had been
pre-treated with 0.5% pluronic, at a density of 70,000 cells/35-mm dish. Before fixing, cells were serum-starved for 12 hr in serum-
starving media (DMEM, 0.1% FBS). Bradykinin-2 Receptor (B2R) was stimulated with 0.1 uM bradykinin for 1 min. Cells were fixed for
20 min with 3% paraformaldehyde, 0.1% glutaraldehyde in phosphate buffered saline (PBS). Cells were then permeabilized with
0.2% Triton X-100 for 5 min and blocked with 3% bovine serum albumin. Cells were incubated with polycolonal anti-B;R (Santa
Cruz Biotech, sc-15050) at a concentration of 20 pg/ml for 48 hr at 4°C, followed by incubation with polyclonal Alexa 647 secondary
antibody (Invitrogen) for 30 min. After washing, coverslips were mounted using Vectashield mounting media (Vector Laboratories).
To determine the distribution of a membrane marker, A10 cells were transfected with pEYFP-Mem (Clontech), which is a doubly
palmitoylated fusion protein consisting of residues 1-20 of GAP43. Cells were transfected with Lipofectamine 2000 using manufac-
turer’s instructions (Invitrogen). Briefly, 70,000 cells were incubated with the Lipofectamine-DNA complex at a ratio of 0.5 ug pEYFP:
1.5 pl Lipofectamine 2000 for 5 hr and then incubated in complete antibiotic free media (DMEM with 10% FBS). Transfected cells
were detached and seeded on the micropattern coverslips after 24 hr and were allowed to attach to the micropattern for at least
18 hr. Cells were then fixed for 20 min with 3% paraformaldehyde, 0.1% glutaraldehyde in PBS.
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Imaging was performed using Zeiss Concofor Il confocal laser scanning microscope equipped with a 40x (N.A. 1.2) objective and
643 nm HeNe laser. Z-stack images were taken using a slice thickness of 0.5 um.

Images were analyzed using Imaged. Briefly, small regions of interest (ROIs) of the same size (0.7 um circles) were selected on
either the tip of the cell (within 5 um from the cell tip) or the body of the cell (middle of the cell). This was done for over 10 ROlIs.
The intensities were averaged, and then normalized by dividing the average intensities of the region by the average intensity of
the entire cell. Comparison of the normalized intensities was performed using Rank-sum test using SigmaPlot (Jandel Scientific, Inc.).

Quantitative Inmunofluorescence

Cos-7 cells were stimulated with EGF (10 ng/ml) for 20 min and fixed with 4% paraformaldehyde supplemented with 4% sucrose.
Cells were then permeabilized for 5 min with Triton-X and blocked with 5% normal goat serum (Vector Labs). Cells were incubated
overnight with polyclonal anti-dually phosphorylated MAPK antibodies and monoclonal MAPK antibodies (Cell Signaling), followed
by Alexa 488 or Alexa 564-conjugated secondary antibodies (Invitrogen). After washes, cells were counterstained with Hoechst
33259 (Invitrogen) and mounted using ProGold (Invitrogen). Fixed cells were imaged in a Zeiss Meta510 inverted confocal micro-
scope using a 40X objective. Fluorophores were excited with an Argon laser at 488 nm, or HeNe at 543 nm. Hoechst dye was excited
with a UV diode at 405 nm. 1024x1024 images were obtained. In ImagedJ the Hoechst image was used to delimit the nuclear region.
DIC was used to delimit the cell periphery.

Similarly, cardiac fibroblasts were serum starved overnight, stimulated with 10 ng/ml PDGF for 0, 5, 10 or 30 min, and rapidly fixed
with 4% paraformaldehyde supplemented with 4% sucrose. They were then stained for phospho-Src using phospho-Y416 primary
(Invitrogen) and Alexa 488-conjugated secondary antibodies as described above and imaged on a Leica SP5 DMI inverted laser
scanning confocal microscope. Because all elliptical and circular cells had the same exact shape, and were imaged at the same
time under same settings (both cell shapes were side-by-side on the same coverslip), the images of individual cells could be aligned
and numerically averaged to produce a quantitative mean immunofluorescence intensity level for a given cell shape. Centroids of
microfabricated wells were digitally aligned with the guidance of SU-8 resist autofluorescence (in the UV channel), and phospho-
Src intensity (in the 488nm channel) for the entire well area was averaged (pixel-by-pixel) using Matlab (Mathworks, Natick, MA).

Parameters for Bradykinin Receptor Activation Pathway as Shown in Tables S1 and S2

The initial values of the Bradykinin receptor were assumed to be in the same range as the number of EGFR (see Figure 4). Arrestin is
known to reduce the lateral mobility of GPCRs. The diffusion coefficient of B,R was measured in (Philip et al., 2007). We used the
smaller values of the diffusion coefficient for the arrestin bound receptor as discussed in (Philip et al., 2007; Slepak and Hurley,
2008). For the cytoplasmic components, we assumed a faster diffusion coefficient than the membrane components because of
3D diffusion.

Calculation of Diffusion Coefficients for Complex with EGFR as Shown in Table S5

The diffusivity of EGFR in the membrane is shown in Figure S2E. The molecular of EGFR is 134 kDa. Because EGFR dimerizes upon
ligand binding, we use a molecular weight of 268 kDa as a standard for these calculations. The diffusivity of EGFR dimer was used
from (Bhalla et al., 2002; Kholodenko et al., 1999). For calculating the membrane diffusivities of complexes of the adaptor proteins
with Shc, we used the following relationship: diffusivity is inversely proportional to the square root of the molecular weight. We use the
diffusivity of EGFR as the reference value and calculate the diffusivities as

Dy M, .
b, \Im, (Equation S41)

For Ras, we assume that the addition of a phosphate in the GDP-GTP exchange does not modify the diffusivity in the plane of the
membrane. For cytoplasmic components (Shc, Sos, Grb2, Ras-GAP), we used the diffusivity of MAP kinase (MW 42 kDa) as the refer-
ence and calculated their diffusivities based on the above formula.

Reactions and Parameters for PDGF Signaling

These reactions were developed based on Figure 2 of Bjorge et al. (2000) and also Roskoski (2005) and Storm et al. (1990). This set of
parameters gave the best match with respect to experimental time scales of Src activation as shown in Figure 6F. Our goal was to
match the time of maximal activation in particular.
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Figure S1. Geometry and Influence of Outer Boundary Shape, Related to Figure 1

(A) Original microscopy images from (9).
(B) Outlines are traced on the cell boundaries to obtain the cell shape. The scale bar on (A) and (B) is 50 um.
(C) Idealized geometries approximated from (B) to obtain mathematically tractable shapes for analysis. The circle is 5 um in radius and the major axis of the ellipse

is 46 um and minor axis is 2 um. In all simulations, the area of the cell was held constant.
(D) Shape of the outer boundary does not affect the qualitative behavior of the membrane gradient. The elliptical cell is enclosed in an elliptical extracellular space

of same eccentricity (0.999) but larger size. This extracellular shape is in comparison with that used in Figures 1A and 1B. The shape of the outer bounding box

changes the concentrations quantitatively, but the angular dependence of the concentration of B does not change.
(E) Simultaneous binding of cytoplasmic and extracellular molecules to the membrane: when an extracellular molecule A binds to a membrane component and a

cytoplasmic molecule C binds to the membrane component to form B, the relative rate constants can determine the regions where the concentration of B is high
along the membrane. (i) Schematic of the locations of A, B and C, (ii) membrane concentration of B at 15 s and (jii) at 30 s.
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Figure S2. Experimental Measurements of EGFR Diffusivity, Related to Figure 4

(A and B) Top (A) and side (B) views of 3D reconstructions of fixed COS-7 cells expressing EGFR-eGFP. Confocal Z-stack images were obtained using Olympus
Fluoview 1000 with optical sections of 0.5 um. 3D reconstructions were performed using the Imaged plugin, “3D Viewer” (Schmid et al., 2010).

(C) Diffusivity measurements of EGFR-eGFP in COS-7 cells. Representative image of COS-7 cells expressing EGFR-EGFP. Focal volumes for FCS measure-
ments were centered on either cell body (designated as the median of the cell, yellow crosshair) or cell tip (1-5 um from the apex of the cell, white crosshairs).
(D) Z-scan of a cell showing two peaks for both apical and basolateral membranes. The apical side was chosen for measurements.

(E) Diffusion measurements from FCS in stimulated and unstimulated elliptical cells. Data and SD are shown n = 14 for both unstimulated cells and stimulated cells
for elongated cells.

(F) Distribution of membrane marker-eYFP in A10 cells. Comparison of normalized intensities of membrane marker-eYFP in A10 cells in the tip and body of
ellipsoid cells. Data shown are average + SEM (n = 10 cells).

(G) Representative images of ellipsoid cells showing the distribution of membrane marker-eYFP.
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A Varying EGFR diffusivity
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Figure S3. Effect of Varying Diffusion Coefficients and Initial Number of Receptors on EGFR Gradients in the Plane of the Membrane, Related
to Figure 4

(A) We conducted simulations with different diffusion coefficients of EGFR based on the experimental observations. The different diffusion coefficients did not
change the effect of membrane curvature on the receptor distribution. Increasing the diffusion coefficients decreased the difference between maximum and
minimum values of the receptors on the membrane. The time required for the spatial distribution to homogenize was longer for smaller diffusion coefficients as
calculated in Figure 2B.

(B) Because the receptor density often varies in cells (Figure 3C), we ran simulations with different receptor densities to determine the effect of receptor numbers
on gradients in the plane of the membrane. The effect of curvature on local accumulation of receptors did not change above a threshold with different receptor
densities. When the receptor density was low (100 molecules/pum?, the spatial gradient of EGFR equilibrated by 300 s, see panel A). In all other cases gradients are
clearly visible.
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Figure S4. Flow of Signal through Raf and MEK to MAP Kinase in the Cytoplasm, Related to Figure 5

(A—C) Spatial average of the cytoplasmic concentrations of activated forms of (A) Raf, (B) MEK and (C) MAP kinase from the numerical simulations are shown as a
function of time. The elliptical cell shape has a larger average concentration of Raf than a circle at earlier time points. This difference in concentration is maintained
for the active MEK and MAP kinase concentrations.

(D) MAPK concentration gradients in the cytoplasm and nucleus from numerical simulations are shown at early and late times. Cytoplasmic MAPK gradient is
shown for 120 s and 180 s. Active MAPK is large in regions of high curvature. As active MAPK is transferred to the nucleus, there is a depletion of cytoplasmic
MAPK concentration near the nuclear boundary. However, the concentration gradients are small, because MAPK diffuses rapidly in the cytoplasm.

(E) Nuclear concentration gradient of MAPK is shown at 120 and 180 s. The spatial gradient follows the curvature dependent gradient similar to the cytoplasmic
MAPK gradient.

(F) MAPK activation is sustained over long time periods in the cytoplasm. Active MAPK concentration is shown for 10, 20 and 30 min. Because the diffusivity of
MAPK is large, it is hard to visualize a spatial gradient in the cytoplasm at later times, but it can be seen that the cytoplasmic gradients are minimal.

(G) The activation of cytoplasmic MAPK is shown in the circular cell shape at 10, 20 and 30 min. The numerical value of the cytoplasmic concentration is shown in
parentheses next to the time point.

(H) Effect of varying cytoplasmic to nuclear volume ratio on MAPK accumulation in the nucleus. We varied the ratio of cytoplasmic to nuclear volume with both
cytoplasmic and nuclear eccentricities maintained as 0.999. Decreasing the nuclear volume (increasing the ratio of cytoplasmic to nuclear volume) reduces the
number of molecules of active molecules of MAP kinase that are present in the nucleus. This is because the volume of the nucleus is smaller and therefore, fewer
molecules will be present.
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Figure S5. Live-Cell Imaging of EGFR-Induced Nuclear MAPK Activity, Related to Figure 5

(A) Patterned COS?7 cells overexpressing the MAPK activity FRET reporter EKAR were imaged in response to EGF (10 ng/ml) stimulation. Fluorescence intensities
of FRET and CFP channels are plotted as a ratio, normalized to the baseline. The mean of multiple (3) cells from multiple individual experiments conducted on
different days was plotted (Ellipse n = 3 experiments, Circle n = 2 experiments). The mean along with the SEM is plotted in the inset. (p = 0.3975; TWO-WAY
ANOVA).

(B) Immunostaining of patterned cells for p-MAPK and MAPK. Patterned cells were serum starved overnight and stimulated with EGF for 20 min. Fixed cells were
immunostained for p-MAPK and total MAPK and the nucleus was counter stained with Hoescht.

(C) Cell patterning does not change nuclear area. Patterned cells were serum starved overnight and stimulated with EGF for 20 min. Fixed cells were immu-
nostained for P-MAPK and total MAPK and the nucleus was stained with Hoescht. Images were analyzed in Imaged (NIH) by tracing the nucleus or the cell
periphery. The cellular and nuclear area and corresponding aspect ratio for each cell were determined. Fluorescence intensity values for P-MAPK and MAPK were
also determined. Values were plotted as mean + SEM (*p < 0.02; ***p = 0.0008; ****p < 0.0001; t test).
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Figure S6. Experimental Measurement of Kinetic Parameters for PDGF Activation of Src, Related to Figure 6

(A) Kinetic parameters to simulate PDGF receptor signaling were constrained experimentally using an in vitro time course assay. Serum starved cardiac fibro-
blasts were stimulated with 10ng/ml PDGF and lysed at 0, 5, 10, 15 and 30 min post-activation. Phospho-Y416-Src (60kDa, gray arrow) levels were assessed by
Western blots (B), and densitometrically quantified using Imaged (n = 4). Data shown are mean + SEM.
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