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Pattern formation 
in reaction–diffusion 
system on membrane 
with mechanochemical feedback
Naoki Tamemoto & Hiroshi Noguchi*

Shapes of biological membranes are dynamically regulated in living cells. Although membrane 
shape deformation by proteins at thermal equilibrium has been extensively studied, nonequilibrium 
dynamics have been much less explored. Recently, chemical reaction propagation has been 
experimentally observed in plasma membranes. Thus, it is important to understand how the 
reaction–diffusion dynamics are modified on deformable curved membranes. Here, we investigated 
nonequilibrium pattern formation on vesicles induced by mechanochemical feedback between 
membrane deformation and chemical reactions, using dynamically triangulated membrane 
simulations combined with the Brusselator model. We found that membrane deformation changes 
stable patterns relative to those that occur on a non-deformable curved surface, as determined by 
linear stability analysis. We further found that budding and multi-spindle shapes are induced by Turing 
patterns, and we also observed the transition from oscillation patterns to stable spot patterns. Our 
results demonstrate the importance of mechanochemical feedback in pattern formation on deforming 
membranes.

Membrane deformation is a fundamental biological process involved in many cellular functions such as vesicular 
transport1, cell division2, and cell motility3. To understand these phenomena, the mechanism of membrane defor-
mation by intracellular proteins has been investigated in detail4–8. Recently, it has been shown that the deforma-
tion of biological membranes is not just a passive phenomenon but also plays physiological roles8–15. For example, 
membrane curvature induces localization of membrane proteins in highly curved domains9 and phase separation 
of lipid membranes10–12. This clustering can lead to the emergence of lipid rafts, which are believed to play impor-
tant roles in cell signaling and membrane trafficking12,13,16. Membrane binding by curvature-inducing proteins 
that are involved in vesicular transport is also regulated by membrane curvature and by various proteins7,17,18. 
For example, recruitment of curvature-inducing protein FBP17, involved in endocytosis, onto the membrane is 
regulated by the local membrane curvature, membrane tension, and endocytic proteins17–19. This mechanism is 
suggested to play important roles in cell polarization19, endocytosis20, and cell division21.

To understand pattern formation on curved surfaces, several types of studies have been conducted22–32. One 
typical approach is to analyze pattern formation at thermal equilibrium based on phase separation22–26. This 
type of study has shown that membrane shapes and domain patterns of equilibrium states are affected by the 
line tension of domain boundaries, bending rigidity, and local curvatures22–26. Such studies have successfully 
described the experimentally observed patterns of multi-component lipid vesicles. However, studies pertaining 
to kinetics are limited to the dynamics of relaxation toward an equilibrium state22–26,31,33.

Most of previously conducted theoretical and numerical studies have examined only the effects of protein 
binding; however, in living cells, it is known that many proteins typically work in concert to regulate biological 
functions. Propagation waves in membranes are often observed during cell migration, spreading, growth, or 
division34–41. Such waves and chemical patterns can be reproduced through activator-inhibitor systems of reac-
tion–diffusion models42. The reaction–diffusion system was first proposed by Turing to describe the symmetry 
breaking of morphogenesis43, and has been applied to curved surfaces such as animal skins and tissues44–46. These 
studies have shown that geometry affects pattern formation and domain localization29; however, the conclusions 
of such studies are limited by the fact that the surface shape is fixed, although the effects of size increase have 
been investigated27,28. Recently, the propagating waves of F-BAR protein and actin growth have been explained 

OPEN

Institute for Solid State Physics, University of Tokyo, Kashiwa, Chiba  277‑8581, Japan. *email: noguchi@
issp.u‑tokyo.ac.jp

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-76695-x&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19582  | https://doi.org/10.1038/s41598-020-76695-x

www.nature.com/scientificreports/

by the reaction–diffusion systems of five chemical reactants on a quasi-flat membrane18. As large membrane 
deformations caused by the coupling of curvature and reaction–diffusion systems have not yet been studied41, 
the effects of membrane deformation on reaction–diffusion systems have not been elucidated.

In this study, we investigated the coupling effects between membrane deformation and reaction–diffusion 
systems by simulating vesicle deformation through curvature-inducing proteins and also chemical reactions 
using a reaction–diffusion model. Our model accounts for the mechanochemical feedback between membrane 
curvature and protein concentration. We employed a dynamically triangulated surface model to represent the 
membrane and calculated the curvature energy to solve the membrane deformation dynamics47–49. We employed 
the Brusselator model50, one of the simplest reaction–diffusion systems, modifying it to include the mechano-
chemical feedback from membrane curvature. As the dynamics of a non-deformable surface are well understood, 
we were able to analyze the evident membrane-deformation effects. We describe how this coupling changes the 
vesicle shape and pattern formation.

Results
Reaction–diffusion model and stability analysis.  A two-dimensional reaction–diffusion system with 
two reactants is written as τ ∂u

∂t = Du�u+ f (u, v) and τ ∂v
∂t = Dv�v + g(u, v), where τ is a time constant, Du 

and Dv are diffusion coefficients of reactants u and v , and � is a two-dimensional Laplace–Beltrami operator. In 
this study, we consider the Brusselator model, which is described by the reaction scheme below:

The reaction equations are given by f (u, v) = A− (B+ 1)u+ u2v and g(u, v) = Bu− u2v, where A and B 
are positive parameters50.

In the coupling of the reaction–diffusion system with the change in membrane curvature, u represents the 
local area fraction covered by curvature-inducing binding proteins on the membrane (u ∈ [0, 1]), and v is the 
concentration of a protein to regulate the protein binding. The free energy in relation to curvature is expressed 
as Fcv =

∫

fcvdS, with

where κ0 and κ1 represent the bending rigidity without or with the bound proteins, respectively; C0 is the spon-
taneous curvature; S is the surface area; and H is the mean curvature, H = (C1 + C2)/2, where C1 and C2 are 
two principal curvatures. The corresponding curvature term A′ is added to the reaction equation (u, v); thus the 
reaction–diffusion equations are written as

where G is the mechanochemical feedback magnitude of the reaction ( G ≥ 0 ), and ku is a normalization factor 
expressed as kuu, used to obtain Turing and oscillation phases at u ∈ [0, 1]. To maintain 0 ≤ u ≤ 1, u is restricted 
between the lower and upper bounds: it is set to u = 0 or u = 1 when the time evolution of Eq. (2) crosses those 
bounds. The first reaction becomes A+ A′ → u, which can be considered to represent the binding of protein 
u from the solution surrounding the membrane. Thus, the binding of u is enhanced at a membrane curvature 
H ≃ C0/2, where ∂fcv

∂u < 0 so that A′ > 0. On the other hand, the time evolution of v is not directly dependent on 
the local membrane curvature. Note that the mixing-entropy term of the protein concentration is not accounted 
to reproduce the normal Brusselator dynamics when the membrane shape is fixed. In this study, we use A = 4.5, 
B = 2.02, η =

√
Du/Dv = 0.1, and ku = 4.52 for all simulations.

Based on the linear stability analysis around the fixed point, (us, vs) =
((

A+ A
′
)

/ku,B/
(

A+ A
′
))

51, the 
conditions for Hopf and Turing bifurcations with a membrane curvature effect A′ on a fixed spherical surface 
are B > 1+

(

A+ A′
)2 and B >

(

1+
(

A+ A′
)

η
)2
, respectively; and temporal oscillations and spatial patterns 

appear above these. The membrane curvatures for Hopf and Turing bifurcations are given below, respectively:

where Ecv = κ1(C0/H)2 − 4κ1C0/H + 4(κ1 − κ0) . At A+ A
′
< 0, i.e., 2A < GH2Ecv , a homogeneous phase 

is formed, because us < 0 . The phase stability diagram is shown in Fig. 1. This diagram shows that bifurcations 
occur as the magnitude of the spontaneous curvature C0 and mechanochemical coupling magnitude G increase 
at A+ A′ ≥ 0.

A → u

B+ u → v

2u+ v → 3u

u → E.

(1)fcv = (1− u) κ0
2
(2H)2 + u κ1

2
(2H − C0)

2,

(2)τ ∂u
∂t = Du�u+ A+A′

ku
− (B+ 1)u+ kuu

2v and A′ = −G
∂fcv
∂u ,

(3)τ ∂v
∂t = Dv�v + Bkuu− k2uu

2v,

(4)2
(

A−
√
B− 1

)

< GH2Ecv and,

(5)2

(

A+
(

1−
√
B
)

/η

)

< GH2Ecv ,
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Pattern formation on membrane.  The membrane motion is solved by the Langevin dynamics of dynam-
ically triangulated surface model, which formed a triangular network of spherical topology with N vertices, as 
described previously47. In this study, the presence of curvature-inducing proteins is considered in addition to the 
model as given in Eq. (1). We use κ0/kBT = 20 and κ1/kBT = 40, where kBT is the thermal energy (see “Meth-
ods” for more details). The results are displayed with the length unit R =

√
S/4π  , energy unit κ0 , and time unit τ.

First, we analyzed the pattern formation on the fixed surface of a spherical vesicle at the reduced volume, 
V∗ = 3V/4πR3 = 1 , where V  is the vesicle volume (Fig. 2a,b,g). The results are consistent with those of the lin-
ear stability analysis (Fig. 2g). The effects of thermal fluctuations are discussed in the “Supplementary Material”. 
Figure 2a,b show typical snapshots. One large circular Turing domain appears at Gκ0/R2 = 0.061 and C0R = 8 
(Fig. 2b).

In contrast, membrane deformation changes the chemical patterns in deformable vesicles at V∗ = 0.8 
(Fig. 2c–f,h). The oscillation phase is suppressed, and Turing pattern is observed in a wider parameter region 
(Fig. 2h). At high spontaneous curvature C0 , budding and spicule shapes are formed, accompanied by Turing 
patterns (Fig. 2d,e). These spicule shapes only appear under conditions of Turing pattern formation, while bud-
ding can occur in homogeneous membranes. Moreover, budded spheres typically have a high value of u that is 
homogeneously distributed and form a Turing domain boundary separating two phases with higher or lower 
value of u at the narrow connective neck, as shown in Fig. 2f, because of the reduction in diffusion through the 
neck. Thus, the Turing pattern is modified by the membrane shape deformation. Bud formation is obtained for 
C0R ≥ 3 at V∗ = 0.8 (Fig. 2h). This is reasonable, as the curvature energy of a spherically shaped bud with a radius 
rb = 2/C0, which is fully covered by the curvature-inducing protein ( u = 1 ) is minimal. The condition of bud 
formation is given by V∗ ≤ (rb/R)

3 +
(

1− (rb/R)
2
)3/2 , since the volume of the rest of a vesicle of a spherical 

shape is maximal. In the case of V∗ = 0.8 , the threshold is R/rb ≥ 2.2.
For high values of C0 , different shapes can be formed depending on the initial shapes, such as the prolate and 

budded shapes shown in Fig. 2h. Figure 3 shows another example. Vesicles of three or four spicules are formed 
from prolate and oblate vesicles, respectively, with (u, v) ≃ (us, vs) (Fig. 3a,b). As pattern formation progresses, 
the vesicle shape changes according to the chemical pattern (Supplementary Movie S1). In order to evaluate the 
non-uniformity of u and the smoothed local curvature 

∼
H , we calculated separation metrics, su = σ b(u)

2/σw(u)
2 

and sH = σb

(∼
H
)2

/σw

(∼
H
)2

 , where σb2 and σw2 are the between-class variance and within-class variance, 

respectively52 (The curvature smoothing method is described in the “Supplementary Material”). Each variance 
is calculated as below:

where ρi is the probability of each class, µi is the class mean value, and σi2 is the class variance. The threshold value 
to divide into two classes is determined to maximize the metric value. Therefore, the metrics su becomes large 
when Turing patterns are formed clearly, whereas su becomes small when the two phases are gently separated or 
not separated (i.e., homogeneous patterns). Figure 3c,d show that su increases as the Turing pattern develops, 
followed by an increase in sH ; this sequence is consistent with that depicted by the sequential snapshots and 
indicates that non-uniformity can be distinguished by calculating the separation metrics. We also calculated 
the time development of asphericity, α , to evaluate vesicle deformation (Fig. 3e). Asphericity is the degree of 
deviation from a spherical shape, calculated as below:

(6)σb
2 = ρ0ρ1(µ0 − µ1)

2and,

(7)σw
2 = ρ0σ0

2 + ρ1σ1
2,

Figure 1.   The phase diagram for the Brusselator, modified to include a membrane curvature effect, on a surface 
of a constant mean curvature H at A = 4.5 , B = 2.02 , η = 0.1, and κ1/κ0 = 2 . The purple and green lines are 
the Turing bifurcation curve and the Hopf bifurcation, respectively. These curves separate the regions in which 
the homogeneous stable patterns (H), stationary Turing patterns (T), or temporal oscillation patterns (O) occur. 
The red line indicates A+ A

′
= 0.
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where �i is the eigenvalue of the gyration tensor of the vesicle47,53,54. For a sphere, α = 0 (�1 = �2 = �3) , and 
for the thin-rod limit, α = 1 ( �1 = 1 and �2 = �3 = 0) . As the vesicle forms three or four spindles, α decreases 
(Fig. 3e,f).

To further investigate the effect of coupling between the Brusselator and vesicle deformation, we conducted 
the simulation with different C0 and Du values at Gκ0/R2 = 0.046 (Fig. 4 and Supplementary Fig. S3). As C0 
decreases, the number of domains, Nd and sH decrease, whereas α increases (Fig. 4e–g). In addition, the domain 
size increases as Du increases. Therefore, higher Nd and sH values and a lower α are obtained at a lower Du 
(Fig. 4h–j). When Nd > 2 , convex regions are formed in various directions and the vesicle becomes nearly spheri-
cal, but when Nd = 2 , the vesicle becomes prolate in shape, and α increases (Fig. 4a–d). Thus, chemical pattern 
formation affects vesicle deformation and the relation between Nd and the preferred curvature of the domains 
is important in determining the stable shapes. The results do not significantly differ between simulations that 
start from prolate or oblate shapes, except under the condition at C0R = 7 and Du = 20 (Fig. 4a,f). Under that 
condition, with starting from a prolate-shaped vesicle, two domains arise at the pole of prolate, and the vesicle 
shape remains in the prolate shape. However, when the simulation starts from the oblate-shaped vesicle, mul-
tiple domains arise at the edge of oblate, and vesicle shape morphs into a multi-spindle shape (Fig. 4a,f,g). As 
well as the effect of chemical pattern formation to the vesicle deformation, vesicle shape can also affect chemical 
pattern formation.

A comparison of Fig. 2g with Fig. 2h shows that the region encompassing Turing patterns is enlarged in the 
phase diagram at V∗ = 0.8 from V∗ = 1 , as G increases. To investigate this change, we performed simulations at 
Gκ0/R

2 = 0.077 and C0R = 10 with different V∗ and Du (Fig. 5). For Du = 10 or 20 , Turing patterns occur instead 
of oscillations, whereas for Du = 50 , an oscillation occurs at V∗ = 0.95 , and the oscillating patterns transition 

(8)α = (�1−�2)
2+(�2−�3)

2+(�3−�1)
2

2(�1+�2+�3)
2 ,

Figure 2.   (a–f) Snapshots of the vesicles and (g,h) phase diagrams for A = 4.5 , B = 2.02 , η = 0.1, and Du = 20 . 
(a,b,g) V∗ = 1 (fixed shape). (c–f,h) V∗ = 0.8 . (a,c) Gκ0/R2 = 0.077 and C0R = 2 . (b) Gκ0/R2 = 0.061 and 
C0R = 8 . (d) Gκ0/R2 = 0 and C0R = 10 . (e) Gκ0/R2 = 0.046 and C0R = 8 . (f) Gκ0/R2 = 0.077 and C0R = 10 . 
The color in snapshots indicates the concentration of the curvature-inducing protein, u . Purple and green 
lines on the phase diagrams represent the Turing bifurcation curve and Hopf bifurcation, respectively, and the 
symbols represent the simulation results. The red line indicates A+ A

′
= 0 . Two or three overlapped symbols 

indicate the coexistence of multiple patterns.
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to the Turing pattern at V∗ = 0.8 and 0.65 (Fig. 5d,g,j, and Supplementary Movie S2). As shown in Fig. 5e,h,k, 
the maximum values of the local curvature 

∼
Hmax at V∗ = 0.8 and 0.65 eventually increase over time; this does 

not occur at V∗ = 0.95 . As the local curvature H increases, the position on the phase diagram shifts toward the 
upper left, as shown in Supplementary Fig. S5. Therefore, the transitions from an oscillation pattern to a Turing 
pattern is induced by a local increase in H.

At V∗ = 0.95 , a small domain is generated and stabilized by the local deformation of the vesicle at Du = 10 . 
In contrast, a large domain is temporarily generated at Du = 50, but is not stabilized, since the stable domain 
size is much larger than the sphere of preferred curvature C0/2; thus the vesicle cannot sufficiently deform (Fig. 6 
and Supplementary Movies S3 and S4). In addition, the oscillation period for Du = 50 is significantly longer 
for V∗ = 0.95 than for V∗ = 0.8 or for V∗ = 0.65 (Fig. 5). The oscillation period τos is calculated from the peak 
of the Fourier spectrum of su for the eight independent runs: τos/τ = 100 , 11 , and 8 at V∗ = 0.95 , 0.8 , and 0.65 , 
respectively. This fact and the time evolution of 

∼
Hmax indicate that membrane deformation is suppressed by the 

volume restriction for V∗ = 0.95 (Fig. 5e). In contrast, substantial membrane deformation occurs at the reduced 
volumes of V∗ = 0.8 and 0.65 , which enables frequent generation of domains. Thus, membrane deformation can 
change both oscillation period and stability.

Discussion
In this study, we have examined the coupling effects between a reaction–diffusion system and membrane defor-
mation by simulating membrane deformation using a dynamically triangulated surface model. We adapted the 
Brusselator model to include mechanochemical feedback between local membrane curvature and the concen-
tration of curvature-inducing proteins. Based on the linear stability analysis of the reaction–diffusion system 
with a membrane curvature effect on a fixed spherical surface, we have clarified that bifurcation curves depend 

Figure 3.   Examples of pattern formation and membrane deformation. (a,b) Sequential snapshots of the vesicles 
for A = 4.5 , B = 2.02 , η = 0.1 , Du = 20 , Gκ0/R2 = 0.046 , C0R = 8, and V∗ = 0.8 starting from (a) prolate and 
(b) oblate shapes. The color indicates the concentration of curvature-inducing protein, u . (c–e) Time evolution 
of (c) the separation metric of the protein concentration, su , (d) that of the local curvature, sH , (e) asphericity, 
α , and (f) the number of domains, Nd . The purple and green lines indicate the simulations starting from prolate 
and oblate shapes, respectively. Results are presented as the mean ± standard error (n = 8).
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Figure 4.   (a–d) Snapshots of vesicles for A = 4.5 , B = 2.02 , η = 0.1 , Gκ0/R2 = 0.046 , and V∗ = 0.8 for 
two values of Du and C0 starting from prolate and oblate shapes. (a) Du = 20 and C0R = 7 . (b) Du = 20 
and C0R = 5 . (c) Du = 10 and C0R = 8 . (d) Du = 50 and C0R = 8 . The color indicates the concentration of 
curvature-inducing protein, u . (e–j) Time evolution of (e,h) the separation metric of the local curvature, sH , (f,i) 
asphericity, α , and (g,j) the number of domains, Nd . The data for C0R = 7 and 5 at Du = 20 are shown in (e–g), 
and the data for Du = 10 and 50 at C0R = 8 are shown in (h–j). The orange and red lines indicate simulations 
starting from prolate shapes, and the purple and green lines indicate simulations starting from oblate shapes. 
Results are presented as mean ± standard error (n = 8).
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on the mechanochemical coupling magnitude G and the value of spontaneous curvature of curvature-inducing 
proteins C0 with respect to the local membrane curvature (Fig. 1). Thus, the stability of both Turing and oscil-
lation dynamics depend on the membrane shape. We have shown that various shapes, such as buds and multi-
spindles, depend on G , C0 , and the diffusion constant Du (Figs. 2, 3, 4). In addition, since the domain formation 
of curvature-inducing proteins is promoted at regions with high local curvature, the initial shape of the vesicles 
affects the dynamics of pattern formation (Fig. 4a). Therefore, the dynamics of protein pattern formation change 
the shape of vesicles, while membrane deformation simultaneously affects pattern formation. This feedback loop 
can drastically alter the chemical reaction patterns from those on non-deformable surfaces (Fig. 2g,h). A dynamic 
transition from an oscillating pattern to a Turing pattern is induced by membrane deformation (Fig. 5g–i, and 
Supplementary Movie S2). Such transitions have not been reported in previous studies.

In the context of living cells, many kinds of proteins and other molecules function interdependently on 
membranes, where the function of one protein is often activated or inhibited by those of others. Membrane 
deformation brought about by competing forces of protein-induced curvature changes and surface tension 
changes impelled by actin growth has been studied4,8,18,19. By choosing not to consider the dynamics of actin in 

Figure 5.   (a–c) Snapshots of the vesicles for A = 4.5 , B = 2.02 , η = 0.1 , Gκ0/R2 = 0.077 , and C0R = 10 for 
three values of V∗ and Du . (a) V∗ = 0.95 . (b) V∗ = 0.8 . (c) V∗ = 0.65 . The color indicates the concentration 
of curvature-inducing protein, u . (d–l) Time development of (d,g,j) the separation metric of the protein 
concentration, su , (e,h,k) the maximum value of the local curvature, 

∼
HmaxR , and (f,i,l) the mean area ratio of 

one domain 〈Sd/S〉 . The data for V∗ = 0.95 , 0.8 , and 0.65 are shown in (d–f), (g–i), and (j–l), respectively. The 
purple, green, and orange lines indicate the simulation data for Du = 10 , 20, and 50 , respectively. Results of 
one typical simulation run are shown. The results averaged from eight independent simulations are shown in 
Supplementary Fig. S4.
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this study, we demonstrated that various membrane deformations, accompanied by Turing patterns and oscil-
lations, can be produced by one curvature-inducing protein and one or a small number of regulatory proteins 
without actin interactions.

Here, we analyzed the coupling of a reaction–diffusion system with membrane deformation utilizing the 
fixed parameters A , B , and η , focusing primarily on Turing patterns, and oscillatory conditions to a lesser extent. 
The experimental results indicate that observed patterns, which include a feedback loop between curvature-
inducing proteins and membrane deformation, are not only stable spot patterns, such as those observed dur-
ing cell polarization19, but are also propagating waves18. Similarly, the reconstituted Min system in liposomes, 
which regulates bacterial cell division, has been shown to exhibit propagating wave patterns38–40. These pat-
terns, which induce oscillating membrane deformation, are also described by reaction–diffusion systems. The 
system developed in this paper can also be applied to these patterns observed in living systems, by adjusting 
the parameters. Other chemical reaction models, such as the Oregonator55, which was developed to model the 
Belousov–Zhabotinsky reaction, and the F-BAR-actin model18, are also easily applied. Thus, the present model 
system is a powerful tool that can be used to study a wide range of chemical reaction systems that are coupled 
with membrane deformation.

Methods
Membrane model.  Membrane contains N = 4000 vertices connected by bonds of an average length a , with 
volumes and masses, m , excluded. The local curvature energy fcv in Eq. (1) is discretized using dual lattices. The 
surface area S = 0.41a2(2N − 4) ≃ 3280a2 and volume V  of a vesicle are kept constant at about 0.01% accuracy 
by harmonic constraint potentials. Details of the potentials are described in Ref.47. For the coefficients of area 
and volume constraint potentials, four times greater values are employed than those in Ref.47. To produce mem-
brane fluidity, bonds are flipped to the diagonal of two adjacent triangles using the Monte Carlo method. The 
membrane motion is solved by molecular dynamics (MD) with the Langevin thermostat:

where ζ is the friction coefficient, and g i(t) is Gaussian white noise, which obeys the fluctuation–dissipation theo-
rem. The hydrodynamic interactions are not considered. The time unit in MD is τmd = ζa2/kBT based on diffu-
sion, and m = ζ τmd is used. To allow membrane deformation followed by concentration changes in u , τmd = 0.1τ 
is employed. Equation (9) is numerically integrated by the leapfrog algorithm with time steps �tmd = 0.001τmd.

Discretization of reaction–diffusion equations.  We developed a finite volume method to discretize 
Eqs. (2) and (3). Since the Kelvin–Stokes theorem holds for curved surfaces, it is straightforwardly applicable, as 
employed on a flat surface. A vertex-centered finite volume approach is applied to the dual lattices used for the 
calculation of membrane curvature47. The time evolution of u of the ith vertex is discretized using the following 
forward difference method:

where Si is the vertex area, lij is the side length between neighboring vertex cells, and rij is the distance between 
the neighboring vertices. The effect of curvature on diffusion is included as the variation of side lengths. Similarly, 
Eq. (3) is discretized. In this study, �trd = 0.1�tmd is used. The initial concentrations for the simulations are 
set around the fixed point (us, vs) , with small random perturbations. When us < 0 or us > 1, u = 0 or u = 1 are 
taken, respectively, as the initial concentration instead.

Received: 20 July 2020; Accepted: 2 November 2020

(9)m ∂2ri
∂t2

= − ∂U
∂ri

− ζ ∂ri
∂t + g i(t),

(10)ui(t +�trd) = ui(t)+ f (u, v)�trd + Du�trd
∑

j

(

uj−ui
) lij
rijSi

,

Figure 6.   Sequential snapshots of the vesicles for A = 4.5 , B = 2.02 , η = 0.1 , Gκ0/R2 = 0.077 , C0R = 10 , and 
V

∗ = 0.95 for (a) Du = 10 and (b) Du = 50 . The videos are shown in Supplementary Movies S3 and S4.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:19582  | https://doi.org/10.1038/s41598-020-76695-x

www.nature.com/scientificreports/

References
	 1.	 Mukherjee, S. & Maxfield, F. R. Role of membrane organization and membrane domains in endocytic lipid trafficking. Traffic 1, 

203–211 (2000).
	 2.	 Carlton, J. G., Jones, H. & Eggert, U. S. Membrane and organelle dynamics during cell division. Nat. Rev. Mol. Cell Biol. 21, 151–166 

(2020).
	 3.	 Xiong, Y. et al. Mechanisms controlling cell size and shape during isotropic cell spreading. Biophys. J. 98, 2136–2146 (2010).
	 4.	 Alimohamadi, H. & Rangamani, P. Modeling membrane curvature generation due to membrane–protein interactions. Biomolecules 

8, 120. https​://doi.org/10.3390/biom8​04012​0 (2018).
	 5.	 Kamioka, Y. et al. A novel dynamin-associating molecule, formin-binding protein 17, induces tubular membrane invaginations 

and participates in endocytosis. J. Biol. Chem. 279, 40091–40099 (2004).
	 6.	 Shupliakov, O. et al. Synaptic vesicle endocytosis impaired by disruption of dynamin-SH3 domain interactions. Science 276, 

259–263 (1997).
	 7.	 Peter, B. J. et al. BAR domains as sensors of membrane curvature: the amphiphysin BAR structure. Science 303, 495–499 (2004).
	 8.	 McMahon, H. T. & Gallop, J. L. Membrane curvature and mechanisms of dynamic cell membrane remodelling. Nature 438, 590–596 

(2005).
	 9.	 Gov, N. S. & Gopinathan, A. Dynamics of membranes driven by actin polymerization. Biophys. J. 90, 454–469 (2006).
	10.	 Leibler, S. & Andelman, D. Ordered and curved meso-structures in membranes and amphiphilic films. J. Phys. 48, 2013–2018 

(1987).
	11.	 Roux, A. et al. Role of curvature and phase transition in lipid sorting and fission of membrane tubules. EMBO J. 24, 1537–1545 

(2005).
	12.	 Meinhardt, S., Vink, R. L. & Schmid, F. Monolayer curvature stabilizes nanoscale raft domains in mixed lipid bilayers. Proc. Natl. 

Acad. Sci. USA 110, 4476–4481 (2013).
	13.	 Larsen, J. B. et al. Membrane curvature enables N-Ras lipid anchor sorting to liquid-ordered membrane phases. Nat. Chem. Biol. 

11, 192–194 (2015).
	14.	 Cajal, Y., Svendsen, A., Girona, V., Patkar, S. A. & Alsina, M. A. Interfacial control of lid opening in Thermomyces lanuginosa lipase. 

Biochemistry 39, 413–423 (2000).
	15.	 Iversen, L., Mathiasen, S., Larsen, J. B. & Stamou, D. Membrane curvature bends the laws of physics and chemistry. Nat. Chem. 

Biol. 11, 822–825 (2015).
	16.	 Simons, K. & Ikonen, E. Functional rafts in cell membranes. Nature 387, 569–572 (1997).
	17.	 Zhao, W. et al. Nanoscale manipulation of membrane curvature for probing endocytosis in live cells. Nat. Nanotechnol. 12, 750–756 

(2017).
	18.	 Wu, Z., Su, M., Tong, C., Wu, M. & Liu, J. Membrane shape-mediated wave propagation of cortical protein dynamics. Nat. Com-

mun. 9, 136. https​://doi.org/10.1038/s4146​7-017-02469​-1 (2018).
	19.	 Tsujita, K., Takenawa, T. & Itoh, T. Feedback regulation between plasma membrane tension and membrane-bending proteins 

organizes cell polarity during leading edge formation. Nat. Cell Biol. 17, 749–758 (2015).
	20.	 Yang, Y., Xiong, D., Pipathsouk, A., Weiner, O. D. & Wu, M. Clathrin assembly defines the onset and geometry of cortical pattern-

ing. Dev. Cell 43, 507-521.e4 (2017).
	21.	 Xiao, S., Tong, C., Yang, Y. & Wu, M. Mitotic cortical waves predict future division sites by encoding positional and size informa-

tion. Dev. Cell 43, 493-506.e3 (2017).
	22.	 Marenduzzo, D. & Orlandini, E. Phase separation dynamics on curved surfaces. Soft Matter 9, 1178–1187 (2013).
	23.	 Taniguchi, T., Yanagisawa, M. & Imai, M. Numerical investigations of the dynamics of two-component vesicles. J. Phys. Condens. 

Matter 23, 284103. https​://doi.org/10.1088/0953-8984/23/28/28410​3 (2011).
	24.	 Gutlederer, E., Gruhn, T. & Lipowsky, R. Polymorphism of vesicles with multi-domain patterns. Soft Matter 5, 3303–3311 (2009).
	25.	 Mercker, M., Hartmann, D. & Marciniak-Czochra, A. A mechanochemical model for embryonic pattern formation: Coupling 

tissue mechanics and morphogen expression. PLoS ONE 8, e82617. https​://doi.org/10.1371/journ​al.pone.00826​17 (2013).
	26.	 Gueguen, G., Destainville, N. & Manghi, M. Mixed lipid bilayers with locally varying spontaneous curvature and bending. Eur. 

Phys. J. E Soft Matter 37, 76. https​://doi.org/10.1140/epje/i2014​-14076​-3 (2014).
	27.	 Krause, A. L., Ellis, M. A. & Van Gorder, R. A. Influence of curvature, growth, and anisotropy on the evolution of Turing patterns 

on growing manifolds. Bull. Math. Biol. 81, 759–799 (2019).
	28.	 Sánchez-Garduño, F., Krause, A. L., Castillo, J. A. & Padilla, P. Turing-Hopf patterns on growing domains: The torus and the sphere. 

J. Theor. Biol. 481, 136–150 (2019).
	29.	 Vandin, G., Marenduzzo, D., Goryachev, A. B. & Orlandini, E. Curvature-driven positioning of Turing patterns in phase-separating 

curved membranes. Soft Matter 12, 3888–3896 (2016).
	30.	 Rueda-Contreras, M. D., Romero-Arias, J. R., Aragón, J. L. & Barrio, R. A. Curvature-driven spatial patterns in growing 3D 

domains: A mechanochemical model for phyllotaxis. PLoS ONE 13, e0201746. https​://doi.org/10.1371/journ​al.pone.02017​46 
(2018).

	31.	 Tozzi, C., Walani, N. & Arroyo, M. Out-of-equilibrium mechanochemistry and self-organization of fluid membranes interacting 
with curved proteins. New J. Phys. 21, 093004. https​://doi.org/10.1088/1367-2630/ab3ad​6 (2019).

	32.	 Shimobayashi, S. F., Ichikawa, M. & Taniguchi, T. Direct observations of transition dynamics from macro- to micro-phase separa-
tion in asymmetric lipid bilayers induced by externally added glycolipids. Eur. Phys. Lett. 113, 56005. https​://doi.org/10.1209/0295-
5075/113/56005​ (2016).

	33.	 Noguchi, H. Membrane tubule formation by banana-shaped proteins with or without transient network structure. Sci. Rep. 6, 
20935. https​://doi.org/10.1038/srep2​0935 (2016).

	34.	 Yang, Y. & Wu, M. Rhythmicity and waves in the cortex of single cells. Philos. Trans. R. Soc. Lond. B Biol. Sci. 373, 20170116. https​
://doi.org/10.1098/rstb.2017.0116 (2018).

	35.	 Döbereiner, H.-G. et al. Lateral membrane waves constitute a universal dynamic pattern of motile cells. Phys. Rev. Lett. 97, 038102. 
https​://doi.org/10.1103/PhysR​evLet​t.97.03810​2 (2006).

	36.	 Taniguchi, D. et al. Phase geometries of two-dimensional excitable waves govern self-organized morphodynamics of amoeboid 
cells. Proc. Natl. Acad. Sci. USA 110, 5016–5021 (2013).

	37.	 Hoeller, O. et al. Gβ regulates coupling between actin oscillators for cell polarity and directional migration. Plos Biol. 14, e1002381. 
https​://doi.org/10.1371/journ​al.pbio.10023​81 (2016).

	38.	 Kohyama, S., Yoshinaga, N., Yanagisawa, M., Fujiwara, K. & Doi, N. Cell-sized confinement controls generation and stability of a 
protein wave for spatiotemporal regulation in cells. Elife 8, e44591. https​://doi.org/10.7554/eLife​.44591​ (2019).

	39.	 Litschel, T., Ramm, B., Maas, R., Heymann, M. & Schwille, P. Beating vesicles: Encapsulated protein oscillations cause dynamic 
membrane deformations. Angew. Chem. Int. Ed. Engl. 57, 16286–16290 (2018).

	40.	 Godino, E. et al. De novo synthesized Min proteins drive oscillatory liposome deformation and regulate FtsA–FtsZ cytoskeletal 
patterns. Nat. Commun. 10, 4969. https​://doi.org/10.1038/s4146​7-019-12932​-w (2019).

	41.	 Gov, N. S. Guided by curvature: Shaping cells by coupling curved membrane proteins and cytoskeletal forces. Philos. Trans. R. Soc. 
Lond. B Biol. Sci. 373, 20170115. https​://doi.org/10.1098/rstb.2017.0115 (2018).

	42.	 Murray, J. D. Mathematical Biology: I. An Introduction (Springer-Verlag, New York, 2002).

https://doi.org/10.3390/biom8040120
https://doi.org/10.1038/s41467-017-02469-1
https://doi.org/10.1088/0953-8984/23/28/284103
https://doi.org/10.1371/journal.pone.0082617
https://doi.org/10.1140/epje/i2014-14076-3
https://doi.org/10.1371/journal.pone.0201746
https://doi.org/10.1088/1367-2630/ab3ad6
https://doi.org/10.1209/0295-5075/113/56005
https://doi.org/10.1209/0295-5075/113/56005
https://doi.org/10.1038/srep20935
https://doi.org/10.1098/rstb.2017.0116
https://doi.org/10.1098/rstb.2017.0116
https://doi.org/10.1103/PhysRevLett.97.038102
https://doi.org/10.1371/journal.pbio.1002381
https://doi.org/10.7554/eLife.44591
https://doi.org/10.1038/s41467-019-12932-w
https://doi.org/10.1098/rstb.2017.0115


10

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19582  | https://doi.org/10.1038/s41598-020-76695-x

www.nature.com/scientificreports/

	43.	 Turing, A. The chemical basis of morphogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci. 237, 37–72 (1952).
	44.	 Murray, J. D. On pattern formation mechanisms for lepidopteran wing patterns and mammalian coat markings. Philos. Trans. R. 

Soc. Lond. B Biol. Sci. 295, 473–496 (1981).
	45.	 Kondo, S. & Asai, R. A reaction-diffusion wave on the skin of the marine angelfish Pomacanthus. Nature 376, 765–768 (1995).
	46.	 Heller, E. & Fuchs, E. Tissue patterning and cellular mechanics. J. Cell. Biol. 211, 219–231 (2015).
	47.	 Noguchi, H. & Gompper, G. Dynamics of fluid vesicles in shear flow: Effect of membrane viscosity and thermal fluctuations. Phys. 

Rev. E Stat. Nonlin. Soft Matter. Phys. 72, 011901. https​://doi.org/10.1103/PhysR​evE.72.01190​1 (2005).
	48.	 Noguchi, H. Membrane simulation models from nanometer to micrometer scale. J. Phys. Soc. Jpn. 78, 041007. https​://doi.

org/10.1143/JPSJ.78.04100​7 (2009).
	49.	 Gompper, G. & Kroll, D. M. Triangulated-surface models of fluctuating membranes. In Statistical Mechanics of Membranes and 

Surfaces (eds Nelson, D. R. et al.) 359–426 (World Scientific, Singapore, 2004).
	50.	 Prigogine, I. & Lefever, R. Symmetry breaking instabilities in dissipative systems. II. J. Chem. Phys. 48, 1695. https​://doi.

org/10.1063/1.16688​96 (1968).
	51.	 Peña, B. & Pérez-García, C. Stability of turing patterns in the Brusselator model. Phys. Rev. Stat. Nonlin. Soft Matter Phys. 64, 

056213. https​://doi.org/10.1103/PhysR​evE.64.05621​3 (2001).
	52.	 Otsu, N. Threshold selection method from gray-level histograms. IEEE Trans. Syst. Man Cybern. 9, 62–66 (1979).
	53.	 Noguchi, H. Cup-to-vesicle transition of a fluid membrane with spontaneous curvature. J. Chem. Phys. 151, 094903. https​://doi.

org/10.1063/1.51136​46 (2019).
	54.	 Rudnick, J. & Gaspari, G. The asphericity of random-walks. J. Phys. A: Math. Gen. 19, L191–L193. https​://doi.org/10.1088/0305-

4470/19/4/004 (1986).
	55.	 Field, R. J. & Noyes, R. M. Oscillations in chemical systems. IV. Limit cycle behavior in a model of a real chemical-reaction. J. 

Chem. Phys. 60, 1877–1884 (1974).

Acknowledgements
We would like to thank H. Kitahata (Chiba Univ.) and H. Kori (Univ. Tokyo) for stimulating discussions. This 
work was supported by JSPS KAKENHI Grant Number JP17K05607.

Author contributions
N.T. and H.N. designed the research. N.T. performed the computations and analyzed the data. N.T. and H.N. 
wrote the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information  is available for this paper at https​://doi.org/10.1038/s4159​8-020-76695​-x.

Correspondence and requests for materials should be addressed to H.N.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1103/PhysRevE.72.011901
https://doi.org/10.1143/JPSJ.78.041007
https://doi.org/10.1143/JPSJ.78.041007
https://doi.org/10.1063/1.1668896
https://doi.org/10.1063/1.1668896
https://doi.org/10.1103/PhysRevE.64.056213
https://doi.org/10.1063/1.5113646
https://doi.org/10.1063/1.5113646
https://doi.org/10.1088/0305-4470/19/4/004
https://doi.org/10.1088/0305-4470/19/4/004
https://doi.org/10.1038/s41598-020-76695-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Pattern formation in reaction–diffusion system on membrane with mechanochemical feedback
	Results
	Reaction–diffusion model and stability analysis. 
	Pattern formation on membrane. 

	Discussion
	Methods
	Membrane model. 
	Discretization of reaction–diffusion equations. 

	References
	Acknowledgements


