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METHOD DETAILS

Membrane motion is solved by MD using a Langevin
thermostat:
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where m is the mass of the membrane vertex. The
friction coeflicient { and Gaussian white noise g; obey
the fluctuation-dissipation theorem. The MD time unit
is given by Tmq = (0?/kpT. We used the potential
U = Uar + Ubond + Usep + Uey for a tubular membrane,
where U,, is the constraint potential for surface area A;
Upona and U,ep are the bond and repulsive potentials, re-
spectively; U,y is the discretized potential for the bending
energy, Iy, using the dual lattice.
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where ©(z) is the unit step function, r; ; is the distance
between two vertices ¢ and j, and n; is the normal vector
at the i-th vertex. The sum over j() is over the neighbors
of the i-th vertex, which are connected by bonds. The
length of a bond in the dual lattice is s; ; = 75 ;j[cot(61)+
cot(62)]/2, where the angles 6; and 6, are opposite to
bond 7 in the two triangles sharing this bond. s; =
> i) SiiTi,j/4 is the area of the dual cell of vertex i.
In this study, we used k., = 4kgT, b = 80kpT, lmax =
1.330, lco = 1.150, lc1 = 0.850, and lpin = 0.670. The
details of membrane potentials are provided in Ref. 1.

For tubular and genus-2 vesicles, a volume constraint
potential Uye is added to maintain the reduced volume
V* of the vesicle:
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Supplementary Fig. 1. Velocity vwave of the wave propagation
in tubular membranes at 7ra/Tma = 1 (0, +) and 7va/Tma = 10
(0, x) for G = 0.002 and k1/ko = 2. The solid and dashed
lines represent the data for Cp Riube = 4 and 4.5, respectively.

In this study, we used ko] = 2kgT and set the reduced
volume V* = 0.4 both for tubular and genus-2 vesicles.

Equations (2) and (3) are numerically integrated using
the forward difference method for time and finite-volume
scheme for space? with a time step of At,q = 0.00017mq.
Equation (S1) is integrated using the leapfrog method
with a time step of At;ng = 0.0017,q. In the bond-flip
process™3, a bond is flipped into the bond connecting
the diagonal vertices of two neighboring triangles by the
Metropolis Monte Carlo method. This flip process is per-
formed for one per membrane bond with a time step of
0~027—md-

Initial states of vesicles are set up as follows: first,
the vesicles are equilibrated in the absence of excita-
tion. Then, the gyration tensor of the vesicles a,3 =
(1/N)> (i — ag)(Bi — Bg) are calculated, where ag
is the a component of the center of mass and «,f €
{z,y,z}. Next, the centers of the vesicles are set as
the origin of coordinates [(zq,yq,zc) = (0,0,0)], and
the vesicles are rotated to orient the eigenvectors for
the maximum, middle, and minimum eigenvalues along
the z, y, z axes, respectively. For the tubular vesicle,
protein concentration u is locally raised by 0.8 for the
left vesicle end (z < —700); however, v is not modified
(see the top snapshots in Fig. 2). For the genus-2 vesi-
cle, u is locally raised by 0.8 for the right middle region
(x > 150 and —50 < y < 50), and v by 0.005(y + 10) /o
for =100 < y < =50 and by 0.0025(5 — y)/o for
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Supplementary Fig. 2. Sequential snapshots of RD wave in tubular vesicles at x1/ko = 4 and CoRves = 8. a Wave disappears
at ¢/Tma = 6200 for G = 0.004 and 7va/Tma = 5. b Wave rotates around the tubular axis and eventually disappears at
t/Tma = 30800 for G = 0.005 and 7va/Tma = 5. ¢ Wave propagates, thus forming a narrow tube of the bound membrane for
G = 0.005 and 7ya/Tma = 20. The concentration u of curvature-inducing proteins is indicated in different colors (see the color

bar in the bottom left).
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Supplementary Fig. 3. Phase diagram of tubular vesicles at
k1/ko = 4 and CoRves = 8. The symbols + and x represent
wave propagation and disappearance, respectively. Both the
symbols are overlayed, when both dynamics are observed in
six simulation runs.

—50 < y < bo at © > 150 (see the top snapshot in
Fig. 7a).

MOVIE CAPTIONS

Supplementary Movie 1. Wave propagation in a mem-
brane tube for 7q/Tma = 2.5 at G = 0.002, k1 /Ko = 4,
and CyRyype = 3. Corresponding to Fig. 3a.

Supplementary Movie 2. Wave propagation in a mem-
brane tube for 7q/Tma = 20 at G = 0.002, k1/Kko = 4,
and CyRtype = 3. Corresponding to Fig. 3c.

Supplementary Movie 3. Wave disappearance in a mem-
brane tube for 7vq/Tma = 5 at G = 0.002, k1/ko = 4,
and CyoRiube = 3. A locally narrow-tube shape formed
at Tra/Tma = 20 is used as an initial state.

Supplementary Movie 4. Formation of spherical buds for
G = 0.002, k1/ko = 2, CoRiube = 6, and 7rq/Tma = 20.
Corresponding to Fig. ba.

Supplementary Movie 5. Wave division and rotation of
strip-shaped wave in a membrane tube for G = 0.004,
k1/ko = 1, CoRiube = 5, and 7pq/Tma = 2.5. Corre-
sponding to Fig. 5b.

Supplementary Movie 6. Disappearance of a rotating
spot-shaped wave in a tubular vesicle for 7.q/Tma = 5 at
G = 0.005, k1/Kko = 4, and CyRyes = 8. Corresponding



to Supplementary Fig. 2b.

Supplementary Movie 7. Wave propagation in a tubular
vesicle for 7.q/mma = 20 at G = 0.005, k1/ko = 4, and
CoRyes = 8. Corresponding to Supplementary Fig. 2c.

Supplementary Movie 8. Wave propagation in a genus-2

vesicle for CyRyes = 6 at G = 0.002, k1/ko = 4, and
Trd/Tmd = 5. Corresponding to Fig. 7a.

Supplementary Movie 9. Wave propagation in a genus-2
vesicle for CoRyes = 8 at G = 0.002, k1 /Ko = 4, and
Trd/Tmd = 5. Corresponding to Fig. 7b.
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