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formation, we examined in detail the 13_2 tubule that starts with straight protofilaments as shown

in the top image of Figure 2(b). This tubule quickly transforms into a stable state with twisted

protofilaments as shown in the bottom image of Figure 2(b). During the transformation, the energy

per monomer decreases with time by about 4 kBT as shown in Figure 2(b). The fact that energy

decreases as protofilaments get twisted shows that the starting state with straight protofilaments

has a high energy with a high internal stress, and the twist deformation helps stabilize the tubule

by better aligning neighboring monomers to lower pair interaction energies. The protofilaments

in the nonhelical 13_0 tubule do remain straight since they are the structure that S0 is designed

for. If the twist did not occur and both 13_0 and 13_2 tubules had straight protofilaments, then the

energy per monomer in the latter would be about 4 kBT higher than that in the former. However,

after the protofilaments become twisted, the energy per monomer in the 13_2 tubule is only ∼ 0.1

kBT higher than that in the 13_0 tubule, while monomers in the 13_1 tubule have almost the same

energy as those in the 13_0 tubule.

Figure 3: A 13_2 tubule starting with straight protofilaments (a) undergoes a skew deformation to

transform into a tubule with twisted protofilaments (b) at AL = 4.2 and AV = 2.6, which results in

a better packing of wedges. Twist angle θ is the angle between protofilaments and the central axis

of the tubule. (c) The stacking of two consecutive wedges in a protofilament involves an offset

between the binding sites at vertical interfaces due to rotation about the vertical axis.

Figure 3 illustrates the twist transformation at the monomer level with the full geometry and

local rotation of wedges visualized, which allows us to understand why twisted protofilaments

can help lower the energy of a helical tubule made out of S0 monomers. If the protofilaments are

7
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However, the precise and often delicate relationship between the molecular feature of the building

blocks and the final self-assembled structure is often a posteriori knowledge and still needs to be

elucidated.

In a previous paper, we described model monomers with a wedge shape that can self-assemble

into tubular structures upon appropriate binding interactions between monomers.
8

The dynamics

and kinetics of the self-assembly were studied with molecular dynamics (MD) simulations and

a structural diagram was determined. Particularly, we identified a range of interaction strength

that yields well-defined tubules, which gives important insights in the strength of lateral and ver-

tical (called “longitudinal” in the literature on microtubules) binding interactions between tubulin

subunits in a microtubule lattice, which are hard to measure directly with experiments.

Figure 1: (a) An achiral wedge monomer designed for nonhelical tubules (i.e. pitch p = 0). (b) A

chiral wedge monomer with chirality m = 2 (i.e. designed for tubules with p = 2). (c) An achiral

wedge monomer with a lock-and-key configuration for the vertical binding; the vertical binding

sites stick out at the bottom surface. (d) A chiral wedge monomer with m = 2 and with a lock-

and-key configuration for the vertical binding; the top view shows that the vertical binding sites

are buried below the top surface.

The details of wedge-shaped monomers and MD simulations of their self-assembly are in-

cluded in Methods section. Here we focus on the critical range of lateral and vertical interaction

strengths, represented by AL and AV (in the unit of kBT , where T is the temperature), that leads to

the formation of tubules. We further study in detail the structural characteristics of the assembled

tubules. The original design of the monomer studied in Ref. [8] is shown in Figure 1(a). This

building block is achiral and designed to form nonhelical 13-protofilament tubules, i.e., the width

of the wedge is set such that 13 wedges fit in a ring. In general, a monomer will de designated as

Sm, where m is the pitch of the tubules that would ideally form from Sm at zero temperature. S2 is

3
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of local binding between attractive sites, tend to make the sides to close up when the number of

protofilaments is only 11 or 12, even though the monomer width is chosen to allow 13 wedges

to fit from a pure geometric consideration. After the closure, it is virtually impossible for other

wedges or protofilament to squeeze into the lattice to make 13-protofilament tubules. It remains

an interesting open question how to tweak the design of wedge monomers to avoid this kinetic

trap and to promote the formation of tubules containing 13 protofilaments. One possibility is to

squeeze the width of wedges so that sheets containing less than 13 protofilaments are unlikely to

close. This direction will be explored in future publications.

Figure 6: The self-assembly of tubules with various monomers: (a) S0 at AL = 4.2 and AV = 2.6;

(b) S0 at AL = 3.0 and AV = 3.9; (c) S1 at AL = 3.0 and AV = 3.9; (d) S2 at AL = 3.0 and AV = 3.9;

(e) VLK-S0 at AL = 4.4 and AV = 4.2; (f) VLK-S0 at AL = 3.0 and AV = 6.3; (g) VLK-S1 at

AL = 3.6 and AV = 5.4; (h) VLK-S2 at AL = 3.0 and AV = 6.3;

The previous discussion on the effects of AL and AV on the twist of tubules, their energy dis-

tributions, and the assembly kinetics provides a foundation to understand the self-assembly of

systems starting with free monomers. Results on various systems containing 1000 monomers

are shown in Figure 6. Figure 6(a) is for S0 monomers at AL = 4.2 > AV = 2.6, where all as-
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sition into helical tubules with p = 1 or 2 since the energy difference per monomer between these

structures is only within the range of 0 ∼ 0.1 kBT , much smaller than the scale of thermal energy.

Figure 2(a) also shows that the 13_3 tubule has a much higher energy compared with tubules with

lower pitches and has low likelihood of forming.

Figure 2: (a) The probability density of energy distribution per monomer, D(E), for equilibrated

13_p tubules with p = 0 (red), 1 (green), 2 (blue), and 3 (black). (b) A 13_2 tubule starting

with straight protofilaments evolves into a lower-energy state with twisted protofilaments. In the

images each wedge making up the tubule is shown as a single sphere. The helices formed via the

lateral binding are shown in red and blue, respectively, and one protofilament is colored yellow to

emphasize the twist transformation. Both (a) and (b) are for AL = 4.2 and AV = 2.6.

Helical tubules with straight protofilaments have the neighboring lateral attractive sites dis-

placed and will have a higher energy. Consequently, the tubules with p > 0 must undergo some

structural transformation that lowers their energies. The protofilaments become twisted in the

helical tubules and the amount of twist increases as p gets larger. To probe the role of twist de-

6

E(F& 34"& #5*-(-818+2& %")/8+2& *@& ")"5B2& %8/+58-,$*)& #"5& 0*)*0"5=& 9EaF=& @*5& "l,818-5(+"%& G\t#&
+,-,1"/&T8+4&#&o&[&E5"%F=&G&EB5"")F=&]&E-1,"F=&()%&\&E-1(:CF>&E-F&.&G\t]&+,-,1"&/+(5$)B&T8+4&/+5(8B4+&
#5*+*K1(0")+/&"7*17"/& 8)+*&(& 1*T"5A")"5B2& /+(+"&T8+4& +T8/+"%&#5*+*K1(0")+/>&D*+4& E(F&()%& E-F&
(5"&@*5&.e&o&Z>]&()%&.d&o&]>`>&

sition into helical tubules with p = 1 or 2 since the energy difference per monomer between these

structures is only within the range of 0 ∼ 0.1 kBT , much smaller than the scale of thermal energy.

Figure 2(a) also shows that the 13_3 tubule has a much higher energy compared with tubules with

lower pitches and has low likelihood of forming.

Figure 2: (a) The probability density of energy distribution per monomer, D(E), for equilibrated

13_p tubules with p = 0 (red), 1 (green), 2 (blue), and 3 (black). (b) A 13_2 tubule starting

with straight protofilaments evolves into a lower-energy state with twisted protofilaments. In the

images each wedge making up the tubule is shown as a single sphere. The helices formed via the

lateral binding are shown in red and blue, respectively, and one protofilament is colored yellow to

emphasize the twist transformation. Both (a) and (b) are for AL = 4.2 and AV = 2.6.

Helical tubules with straight protofilaments have the neighboring lateral attractive sites dis-

placed and will have a higher energy. Consequently, the tubules with p > 0 must undergo some

structural transformation that lowers their energies. The protofilaments become twisted in the

helical tubules and the amount of twist increases as p gets larger. To probe the role of twist de-

6

?80,1($*)/&7(528)B&0*)*0"5&/+5,:+,5"&()%&
7"5$:(1j1(+"5(1&8)+"5(:$*)&/+5")B+4/&/4*T/&+4(+&
/+5*)B"5&7"5$:(1&8)+"5(:$*)/&5"%,:"&+4"&5()B"&*@&
:485(18+2&8)&+4"&+,-,1"/>&M)&(%%8$*)=&(&1*:CA()%AC"2&
0":4()8/0=&()(1*B*,/&+*&-8)%8)B&/8+"/&*)&+,-,18)&
%80"5/=&0(C"/&'&u&>&,)@(7*5(-1">&&

?B7&&E%,6;%&P0"=0/2&&Q;2)0"=0\'0/210L;,$W&&&&&&&:0'I&]%027&F61I&A3,%6I%&Q%2'3,%6\'0/210L;,$W&
?()%8(&'($*)(1&e(-*5(+*58"/=&.1-,l,"5l,"=&'H&N?.&

d()&X*,B4=&;4""1"5=&?#*"5C"=&][G\&
O>&38)B=&][G\&

adphill
Typewritten Text

adphill
Text Box
SAND2013-6802C





