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Diverse balances of tubulin interactions and
shape change drive and interrupt microtubule
depolymerizationt

Jonathan A. Bollingera and Mark J. Stevens*"

Microtubules are stiff biopolymers that self-assemble via the

addition of GTP-tubulin (ap-dimer bound to GTP), but hydroly-

sis of GTP- to GDP-tubulin within the tubules destabilizes them

toward catastrophically-fast depolymerization. The molecular

mechanisms and features of the individual tubulin proteins that

drive such behavior are still not well-understood. Using molec-

ular dynamics simulations of whole microtubules built from a

coarse-grained model of tubulin, we demonstrate how confor-

mational shape changes (i.e., deformations) in subunits that

frustrate tubulin-tubulin binding within microtubules drive de-

polymerization of stiff tubules via unpeeling "ram's horns" con-

sistent with experiments. We calculate the sensitivity of these

behaviors to the length scales and strengths of binding attrac-

tions and varying degrees of binding frustration driven by sub-

unit shape change, and demonstrate that the dynamic instabil-

ity and mechanical properties of microtubules can be produced

based on either balanced or imbalanced strengths of lateral and

vertical binding attractions. Finally, we show how catastrophic

depolymerization can be interrupted by small regions of the mi-

crotubule containing undeformed dimers, corresponding to in-

complete lattice hydrolysis. The results demonstrate a mecha-

nism by which microtubule rescue can occur.

1 Introduction

Microtubules (MTs) are biopolymers critical for cellular func-

tion and relevant for diverse engineering applications due to

their rich mechanical and dynamic behaviors. Their roles as

cytoskeletal components, drivers of mitosis, and tracks for mo-

tor proteins derive from their self-assembly into highly stiff,

high aspect ratio hollow fibers (composed solely of ap-tubulin
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dimers) that exhibit a distinctive dynamic instability. 1'2 While

polymerization proceeds slowly via the addition of GTP-tubulin

dimers (tubulin bound to GTP), hydrolysis of GTP- to GDP-tubulin

away from the leading GTP-tubulin "cap" eventually destabilizes

tubules toward catastrophically-fast depolymerization once the

cap disappears. 2,3 This depolymerization, during which the MT

unpeels with outwardly-curving "ram's horns", produces work

and leads to dissociation of GDP-tubulin, which can be recycled

into new tubules (if re-converted to GTP-tubulin). 4-8 In addi-

tion, depolymerizing MTs can also undergo "rescue", wherein de-

polymerization is halted in-progress and growth recommences. 2

The emergence of such complex and important functions from

one protein building block (with two nucleotide states) has

made MTs attractive targets for cancer disruption 9 and mod-

els for biology-inspired responsive materials, including synthetic

tubules, 1° switchable gels and films, 11 and active (i.e., driven)

liquid-crystal systems. 12 But to design for such applications, it is

critical to better understand the molecular origins and features of

the individual tubulin dimers that drive the dynamic instability

and rescue.

Experimental characterization and computer modeling support

the long-standing hypothesis that the dynamic instability emerges

due to subunit shape change (i.e., allosteric deformation) of tubu-

lin in response to lattice hydrolysis, but questions still remain

about the nature of such a conformational switch. 4,8,13-15 For

example, recent experiments 16,17 show how hydrolysis is asso-

ciated with a shape change in tubulin from a "straight" confor-

mation compatible with lattice binding and polymerization to a

"bent" conformation commensurate with the curvature of GDP-

tubulin protofilaments observed during depolymerization.13,18,19

More specifically, this shape change appears to be a localized com-

pression of the outwardly-facing domains of the a-subunit (with

fi-subunits unaffected in terms of shape) that frustrates tubulin-

tubulin binding and, across many hydrolysis events, generates

collective stress capable of driving depolymerization. 16,17 Mean-
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while, computer modeling of MTs has not only captured the cor-

responding kinetics of growth and depolymerization at various

levels of detail, but also how hydrolysis-induced changes in tubu-

lin binding that favor curved protofilaments can facilitate depoly-

merization.2134z8 From a molecular perspective, our own previous

modeling study demonstrates explicitly how a-subunit compres-

sion resembling that observed via cryo-EM is sufficient to yield

stiff tubules exhibiting a dynamic instability.z9 Together, these

studies point to shape change as necessary and (likely) sufficient

ingredient for driving depolymerization, but basic questions re-

main, including: How sensitive is the emergence of the dynamic

instability to the degree of tubulin shape change? How do the

ranges and strengths of tubulin-tubulin binding attractions mod-

ulate the structural-dynamic impacts of tubulin shape change?

And how are collective properties like MT stiffness affected by

these factors?

In tandem with these studies implicating tubulin shape

change as a driving force for depolymerization, other experi-

ments have demonstrated that unhydrolyzed—or, by extension,

undeformed—tubulin dimers may correspondingly interrupt de-

polymerization, though there has been limited testing of this hy-

pothesis via, e.g., computer modeling. Here, it has been thought

for some time that unhydrolyzed GTP-tubulin dimers may be the

cause of stochastic interruptions to depolymerization in progress,

therefore serving as potential points for MT rescue.24 Dimitrov

et. al. have provided a demonstration of this concept by us-

ing antibody labeling to identify unhydrolyzed regions of MT

lattices, showing correspondence between GTP-tubulin—rich re-

gions (i.e., so-called "GTP remnants") and rescue locations.

In turn, more recent work on MTs comprised of alternating re-

gions of hydrolyzed and unhydrolyzed dimers has shown system-

atic slowdown of depolymerization and/or promotion of rescue

in regions containing unhydrolyzed tubulin. al-m However, while

these studies support the idea that lattice regions containing un-

hydrolyzed dimers can interrupt and reverse depolymerization,

they do not explicitly address the specific local nature of any un-

derlying (lack of) shape change. Likewise, while modeling stud-

ies have captured rescue events in the kinetic sense, ,a51 there

has been little systematic investigation from a three-dimensional

micro-mechanical perspective of how depolymerization might be

interrupted or reversed on the basis of tubulin dimer shape. This

leaves open questions related to those above: Can depolymer-

ization indeed be interrupted in-progress due to the presence of

dimers that have not undergone shape change? If so, what re-

gions of these dimers—in terms of size, shape, and composition—

are sufficient to interrupt depolymerization such that growth can

reinitiate?

To address these knowledge gaps, we perform molecular dy-

namics (MD) simulations of whole MTs built from a coarse-

grained model of tubulin to show how catastrophic depolymer-

ization, rescue, and other properties such as tubule mechanical

stiffness emerge due to subunit shape change (or lack thereof).

We begin by reporting the structural dynamics of capped and un-

capped model MTs as a function of the length scale of tubulin-

tubulin attractions, the degree of tubulin deformation (i.e., a-

subunit compression) and the strengths of lateral and verti-
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Fig. 1 (a-d) Coarse-grained dimer model of ap-tubulin comprising wedge-
shaped p-subunits (purple) bound to a-subunits that are (a,b) identical in
shape top-subunits (cyan) or (c,d) compressed with angle 19 (gold). Subunits
are effectively rigid and comprise 27 purely-repulsive beads and 8 attractive
sites, including four vertical-binding (V) beads (pairs of blue, green) and four
lateral-binding (L) beads (pairs of white, red). Attractive sites have color-
specific interactions, with lateral sites offset vertically to favor the chiral MT
lattice. As highlighted in (b), pairs of vertical (lateral) attractive sites on the
exposed dimer sides are parameterized by attraction strengths Av (AL), while
intra-dimer vertical beads are parameterized via Aintra• As highlighted in (d),
ranges of attractive beads are set by cutoff rc. (e-g) Model dimers assem-
bled into a capped GDP-MT populated with compressed a-subunits except
within terminal region of uncompressed dimers. As shown in (g), wedges are
shaped so that 13 vertical protofilaments (demarcated by dashed lines) fit in
the MT lattice. Rotations listed in (f,g) are relative to the view in (e).

cal binding attractions. Within this four-dimensional parameter

space that characterizes our systems, we find the sub-space or

manifold of parameter combinations corresponding to dynamic

instability, where this manifold comprises: (1) modest compres-

sions of a-subunits, consistent with known tubulin conformations,

that frustrate binding of attraction sites between neighboring lat-

tice dimers and (2) narrow ranges of tubulin-tubulin binding en-

thalpies that balance emergence of and stabilization against lat-

tice strain of capped MTs with the requirement that dimers dis-

sociate from ends of ram's horn during depolymerization of un-

capped MTs. Notably, we observe that diverse ratios of lateral-

versus vertically-biased tubulin-tubulin attractions can work in

concert with subunit shape change to facilitate depolymerization

of otherwise stiff tubules. We also characterize how shifting the

length scales and balances of attractions can impact tubule per-

sistence length, depolymerization rate, and the length of ram's

horns. Finally, we demonstrate that small patchy regions of only

two or three dozen uncompressed dimers can indeed interrupt

catastrophic depolymerization in-progress for timescales that are

commensurate with MT (re-)growth, in line with the picture of

"GTP remnante as points for rescue initiation in experiments.

2 Methods

We consider a previously-describedz9 coarse-grained model of

43-tubulin suitable for simulating whole MTs. As shown in Fig.

1, a- and /3-subunits are represented by wedges decorated with

short-range attractive sites to represent tubulin-tubulin binding

regions, a motif derived from earlier tubule-forming wedge par-

ticles.26,17 The wedges themselves are composites of 27 purely-
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repulsive beads that interact with the analogous beads of other

wedges via the cut and shifted Lennard Jones pair potential

Uu(r) = 4eRcr/012 (cr ) + E out to cutoff distance of 2116cr,

where c is the characteristic energy scale and cr is the bead diam-

eter. (Below, we assume an approximate conversion o- 1.5nm

when working in real length units.) These wedge beads are sit-

uated such that their excluded volume allows for 13 wedges (or

protofilaments) to make a complete ring. In turn, each wedge

has eight attractive sites divided into two lateral and two ver-

tical pairs, where lateral pairs of sites are vertically offset such

that when subunits are in register, they are situated in the pitch-3

chiral lattice of MTs. Attractive sites interact with their coun-

terparts on the opposite (i.e., top-to-bottom, left-to-right, etc.)

surface of a neighboring wedge via the pair potential UA(r) =

-A[1 + cos(Irr / re)] out to attraction cutoff rc, where the prefac-

tors A for lateral and vertical attractive sites are denoted AL and

Av, respectively. We define the characteristic maximum dimer

binding enthalpy given two dimer neighbors (one lateral and one

vertical) as

AHr = Axgr + A.Flux 8AL +4ANT (1)

which accounts for the multiple sites involved in dimer-dimer

binding and for the well depth magnitude of the potential

IUA(r = 0)1 = 2A. Throughout the text, we refer to interactions

as "laterally-biasee when AHr > AHgV (i.e., AL > 0.5Av) and
"vertically-Maser when AHglaxi, < AHIT (i.e., AL < 0.5Av). While

we vary the attraction strengths AL and Av between subunits of

neighboring dimers throughout the study, we fix the vertical inter-

actions between a and )8 subunits of the same dimer (i.e., intra-

dimer attractions) at Aintra = 8.0kBT across all cases to prevent

self-dissociation.

The aß-tubulin dimers prior to MT hydrolysis (i.e., lattice com-

posed of GTP-tubulin) are represented with two identical wedge

monomers (Figs. 1 (a-b)), while afl-tubulin dimers after MT hy-

drolysis (i.e., lattice composed of GDP-tubulin) are represented by

replacing the a-subunit wedge with one that has been compressed

by angle 0 (Figs. 1 (c-d)) in the vertical direction to approximate

the hydrolysis-driven conformational effects observed in experi-

ments.Th Due to the placement of binding sites, the uncompressed

dimers energetically favor straight protofilaments, while the com-

pressed dimers favor curved protofilaments and exhibit frustrated

lateral versus vertical binding when protofilaments are bound to-

gether in a lattice. In our former study,°2 we fixed 0 = 15° to

roughly mimic the relative rotation of subunits in bent tubulin

compared to straight tubulin; E13,13 however, in this study, we con-

sider (9 = 10°, 15°, and 20°. Given these t9 values, our curved

protofilaments have radii of curvature R 46.5nm, 28nm, and

21nm, respectively, where the middle of this range is compa-

rable to experimental measurements for GDP-tubulin protofila-

ments.:13,u

We characterize model MT structural dynamics as a function

of rc, 0, AL, and Av by pre-building tubules out of these two

types of dimers. Broadly, we consider three classes of model

MTs: (1) capped GDP-MTs (illustrated in Figs. 1(e—g)), which

are comprised of compressed dimers except for the two (or three,

if noted) terminal plus-end rows that are populated with un-

compressed dimers, representing a small GTP-rich region; (2)

uncapped GDP-MTs, which are solely comprised of compressed

dimers; and (3) GTP-MTs, which are comprised solely of uncom-

pressed dimers. To test for the interruption of depolymerization,

we also consider uncapped GDP-MTs that have small mid-lattice

regions partially-populated with uncompressed dimers. In all

cases examined here, we model MTs in isolation and specifically

consider GDP-MTs after hydrolysis of the tubule lattice from GTP-

to GDP-tubulin, while not modeling individual hydrolysis events.

The minus ends of all model MTs are stabilized to prevent drift

by including two dimer rows with uncompressed a-subunits that

are tethered to their initial positions. Unless otherwise noted,

we simulate tubules that are 40 dimer rows long (equivalent to

360nm).

We perform MD simulations using LAMMPS with time-step

St = 0.005T, where T = o-(m/ c)112 and m is the reference mass of

one bead. Temperature is fixed via a Langevin thermostat (damp-

ing constant 1.0T-1) at T = 1.0c/kB, where kB is Boltzmann's con-

stant (this sets the characteristic energy scale as kBT). The wedge

subunits (including attractive sites) are effectively treated as rigid

bodies, with all beads connected to each other via harmonic po-

tentials with spring constant K = 500kBT/o-2.

For select parameters sets, we also measure persistence lengths

fp via separate simulations that mimic passive MT deflection ex-

periments.:° As described previously, we simulate GTP-MTs (to

represent Taxol-stablized MTsr113) and capped GDP-MTs using the

protocols above, except that we increase the Langevin damping

constant to 100.0T-1 to lower the effective viscosity of the implicit

solvent and improve sampling of the equilibrium deflections of

the whole model MTs. In turn, we calculate the lateral deflection

x between the centers of mass of the top row (fluctuating) and

bottom row (tethered to prevent drift). Based on the probabil-

ity distribution of deflections, we then calculate 4, = L3/(3(Ax2))

where L is the average model MT contour length and (Ax2) is the

(Gaussian) variance of the MT deflection x.

3 Results & Discussion

3.1 Structural dynamics

Fig. 2 shows the categories of structural dynamics that we ob-

serve for the model GDP-MTs as a function of attraction cutoff rc

(fixed in Fig. 2), compression angle B and attraction strengths

AL and Av—including the target MT dynamic instability. In line

with our previous work, °2 we broadly divide structural dynamics

into those cases where capped GDP-MTs are either unstable or sta-

ble—the latter a necessary feature of the dynamic instability. To

test for stability, we simulate capped GDP-MTs up to 160 dimers

long (1.4pm) for time scales of at least 5x106T to confirm that they

exhibit no spontaneous failures. Failures include cap loss, where

interactions are so weak that caps immediately dissolve; cap splits,

where strong vertical interactions force immediate outward curl-

ing of all protofilaments regardless of stabilization; and lattice

splits that develop due to internal destabilizing modes. Any in-

stances of these behaviors are categorized as unstable. In contrast,

for all conditions where capped GDP-MTs are stable, we then de-
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Fig. 2 Categories of GDP-MT behavior observed for various parameter combinations of attraction cutoff rc, compression angle 0 and lateral (AL) and vertical
(Av) attraction strengths. In this figure, r-C = 0.50o- in all cases and attraction strengths are listed in units of kBT. Snapshots are from MD simulations of
GDP-MTs initially 40 dimer rows long (i.e., 360nm) with minus ends tethered to prevent drift. Parameter combinations corresponding to unstable conditions
include cases where capped GDP-MTs (caps comprising 2 terminal rows of uncompressed dimers) exhibit rapid cap loss (x-circle) or immediate cap split(s)
(+-circle) that expose GDP-MT lattices prone to fracture and/or depolymerization, or alternatively where caps are highly stable but tubules exhibit spontaneous
lattice split(s) (unfilled circle) leading to disassembly. For all other categories, GDP-MTs are stable when capped (see text), but when uncapped either undergo
catastrophic depolymerization (CD, filled square) while releasing dimers from unpeeling "ram's horns" (shown as time-lapse series with At = 7.5x105T); unpeel
without commensurate dimer loss, resulting in stable leaves (SL, filled triangle); or remain perpetually stable (S, filled diamond). Symbols corresponding to
behavior categories are used in Figs. 3 and 4.

termine the corresponding structural dynamics in the absence of a

cap, observing either: catastrophic depolymerization, where GDP-

MTs unpeel from their plus ends and steadily release dimers from

ram's horns that resemble those in cryo-EM images of depolymer-

izing MTs; 4,8 stable leaves, where GDP-MTs unpeel from their plus

ends while releasing very few dimers, eventually forming perma-

nent ram's horns of stable length; or stable MTs that exhibit no

unpeeling and virtually no plus-end dissociation. Following our

previous work,22 we also confirm that for all conditions where

GDP-MTs exhibit catastrophic depolymerization, stable leaves, or

stablity in the absence of a cap, that GTP-MTs with the same rc,

AL, and Av are stable, which isolates the shape frustration as the

cause of the structural dynamics.

Fig. 3 shows how these types of structural dynamics emerge

relative to one another for fixed r, = 0.50o-, highlighting how

catastrophic depolymerization occurs along a narrow manifold

within the available parameter space where interactions must

simultaneously be strong in some respects, but weak in others.

Specifically, the dimer interactions must be strong enough to pro-

vide mechanical stability of the MT lattice prior to depolymer-

ization and strong enough for geometric frustration to produce

destabilizing strain when uncapped, yet weak enough for dimers

to dissociate from exposed ram's horns once depolymerization is

in progress. For example, the middle panel of Fig. 3 expands

on our previous findings°2 that focused on 0 = 15°, where catas-

trophic depolymerization conditions occur for a small window of

attraction strengths bounded by regions where GDP-MT lattices

and/or caps are either unstable due to weak and unbalanced at-

tractions, or alternatively where little to no dimer dissociation

can occur due to overly-strong attractions (thereby preventing

depolymerization). The left panel shows how lowering the com-

pression angle to 0 = 10° shifts the catastrophic depolymerization

regime toward combinations of attraction strengths that are more

vertically-biased (e.g., ALN = 1.4,4.8kBT), which increases the ef-

fect of the relatively diminished geometric frustration. In turn,

catastrophic depolymerization conditions still lie at the bound-

ary of lattice and/or cap instability. Though this boundary can

be moved slightly left toward smaller attraction strengths by in-

creasing the size of the cap from two to three rows, which cir-

cumvents cap splits, it is also clear that for our "standard mini-

mum" cap comprising two rows, the catastrophic depolymeriza-

don region has narrowed relative to the 0 = 15° case. Finally, the

right panel for 0 = 20° demonstrates that there is a finite tolerance

for generating catastrophic depolymerization with respect to in-

creasing amounts of geometric frustration: in essence, for 0 = 20°

and above, stabilizing GDP-MT lattices against spontaneous mid-

tubule lattice splits requires such high binding strengths that dis-

sociation of dimers is virtually impossible even if GDP-MTs do un-

peel when uncapped.

Altogether, Fig. 3 suggests that for fixed rc, the catastrophic

depolymerization manifold spans the intersection of (1) a small

but finite range of 0-values and (2) AL and Av strengths that com-
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bine to give a maximum dimer binding enthalpy of approximately

• 30kB T, with diverse ratios of lateral to vertical strengths

that meet this criteria. First, the window in 0 where catastrophic

depolymerization occurs spans a range of approximately AO - 10°:

too low (e.g., 0 < 10°) and the GDP-MTs are not meaningfully

destabilized, though binding is technically frustrated; too high

(e.g., 0 20°) and the lattices are mechanically unstable unless

attractions strengths are very high. Within the workable range

of AO, Fig. 3 also suggests there is a 0* for which the footprint

of catastrophic depolymerization is maximized (for r, = 0.50o-,

0* 15°). Meanwhile, the envelope of catastrophic depolymer-

ization for a given 0 spans combined lateral and vertical binding

enthalpies ranging from 29 < AHg'ax < 32kBT. Interestingly, how-

ever, we observe that this Alir can be variously apportioned

between the lateral and vertical directions: for example, if we

trace the boundary where Aligia' = 30.4kBT (left and middle pan-

els), we can find combinations of AL and Av that are laterally-

biased (0 = 15° , ALN = 2.6,2.4kBT); roughly balanced (0 = 15° ,

AL,v = 2.0, 3.6kBT); or vertically-biased (0 = 10°, AL,V = 1.4, 4.8kB T)

in terms of lateral versus vertical contributions to Alim
D 
ax

Fig. 4 shows the structural dynamics observed for rc = 0.75a-

and two 0-values, where comparison with Fig. 3 reveals that

the size and attributes of the catastrophic depolymerization man-

ifold are robust to changes in rc. In particular, by adopting the

compression angles 0 = 20° and 0 = 15° for rc = 0.750-, we ob-

serve structural dynamics very comparable to those at 0 = 15° and

0 = 10° for rc = 0.50o-. Here, of course, we have increased the

0 values under examination, justified by the idea that because

we have made the attraction ranges larger, we likewise must in-

crease the degree of geometric frustration to generate compara-

ble strain. But as before, all catastrophic depolymerization re-

sponses lie near the boundary of GDP-MT lattice and/or cap sta-

bility where Aliglax 30kBT. Likewise, the behaviors at these two

0-values again point to a total range for depolymerization span-

ning AO - 10° (with, e.g., 0* 20°). Of course, the robustness

of the manifold properties cannot remain given arbitrouy choices

in rc: certainly, as one shrinks rc toward zero, GDP-MTs must be-

come increasingly brittle, which would lead to instability (i.e., any

geometric frustration is enough to cause lattice splits); in turn, if

rc > 10-, one can imagine the current coarse-grained model can-

not accommodate the geometric frustration required to generate

strain (i.e., the attraction sites between vertical neighbors cannot

be shifted sufficiently out of register). However, for any choices

of rc that qualitatively reflect the size of tubulin binding regions

relative to the size of the tubulin subunits (our binding regions

cover 8-13% of the subunit surface area and resemble the foot-

prints of lateral binding regions ), the manifold of catastrophic

This journal is ©The Royal Society of Chemistry [year] Journal Name, [year], [vol.], t 1 t 15



rc=0.75a, 0=15°
ALy=1.4,4.8

Fig. 5 MD snapshots of catastrophic depolymerization for an uncapped
GDP-MT (rc = 0.750-, 0 = 15°, AL=1.4kBT, AV=4.8kBT) initially 160 dimers
long (i.e., approx. 1.4pm). (a,b) Front and top views, respectively, of ram's
horns observed at elapsed simulation time At = 7.5x106r. Red arrows indi-

cate end of the ram's horn examined in (c). (c) Side view of largest ram's
horn within configuration shown in (a,b), where dissociated dimers and other
ram's horns have been removed for clarity. Numbers indicate the cumulative
length (in dimers) of this ram's horn, starting from the terminal intact portion
of the MT lattice (red dashed line). Rotations listed in (b,c) are relative to the
view in (a).

depolymerization conditions appears predictably located within

the 4-dimensional parameter space of rc, 0, AL, and Av.

The main distinguishing effect of different parameter sets upon

catastrophic depolymerization is shown in Fig. 5, which shows

simulation snapshots for r, = 0.750- and vertically-biased attrac-

tions. (A movie of depolymerization at these conditions is pro-

vided in the ESI.) When compared with the snapshots in Fig. 2

(for rc = 0.50o- and laterally-biased attractions), these snapshots

exhibit a more general observation: the unpeeling mechanism of

catastrophic depolymerization is conserved across the manifold

and the main effect is the alteration of the size of the ram's horns.

The conserved attributes of the mechanism are as follows: (1)

we always observe three to four ram's horns that each comprise

three to four contiguous protofilaments at their base (i.e., three to

four cracks in the lattice are necessary to relieve stress); (2) these

ram's horns can be symmetrical (cf. Fig. 5) or, less frequently,

asymmetrical in length and positioning (cf. Fig. 2); (3) occasion-

ally during depolymerization, the boundaries of the ram's horns

will shift horizontally and thus the ram's horns will comprise new

distinguishable sets of protofilaments; and (4) ram's horns gener-

ally release dimers from their ends in ones or twos, and only very

rarely will release whole sections of dimers that, e.g., break off of

the tubule. On the other hand, ram's horns can vary from just a

few dimers in length up to dozens of dimers in length, depend-

ing on the choice of parameters (discussed below). While the

ram's horns in Fig. 2 are relatively short (6-8 dimers in length),

the ram's horns shown in Fig. 5 are representative of the largest

lengths we observed (25-30 dimers in length), where their com-

pletion of a revolution is similar to many of the ram's horns ob-

served via cryo-EM4S.

Table 1 summarizes the effects of moving across the manifold in

terms of persistence length, rate of depolymerization, and typical

length of ram's horns for four "flagship" parameter sets that have

the same AHD' = 30.4kBT. First, we highlight that these diverse

parameters sets all generate highly-stiff model MTs, though the

different attraction ranges and lateral/vertical strengths modu-

late stiffness. By calculating fluctuations in deflections of tethered

GTP-MTs (capped GDP-MTs), we find model persistence lengths

of 280 4 630pm (200 4 570pm), which are compara-

ble to experimental measurements made for short (< 500nm)

Taxol-stabilized MTsnr9 In turn, we find that keeping attraction

strengths constant, moving from rc = 0.50o- to rc = 0.750- roughly

halves the persistence lengths of GTP-MTs, a reflection of how the

increased ability of individual subunits to locally "rattle' while

maintaining bonds can collectively allow GTP-MTs to bend and

twist to a greater degree. (Likewise, the persistence lengths of

capped GDP-MTs decrease by about 40% with increasing rc and

commensurate increases in O.) Secondly, we find that stronger

vertical attractions result not only in stiffer GTP-MTs, but also

result in smaller losses in stiffness (as low as 10%) when mov-

ing from GTP-MTs to capped GTP-MTs with the same attraction

strengths. These effects are both sensible given that relatively

stronger vertical binding would keep subunits in tighter register—

particularly after hydrolysis causes subunit compression, where

vertically-biased interactions generate more axial strain along the

lattice and thus suppress local dimer rattling.

Table 1 also reveals how properties like depolymerization rate

and sizes of ram's horns depend upon the length scales and rela-

tive strengths of lateral versus vertical binding. First, we note that

given constant rc and AHglax, there is little dependence of depoly-

merization rate on the relative balance of lateral versus vertical

attractions. This is possible because dimers are mainly lost from

the exposed corners at the ends of ram's horns, and thus what

matters from an enthalpic perspective is the total binding energy

from one lateral and one vertical neighbor. However, the depoly-

merization rate decreases by approximately 60% in going from

rc = 0.50cr to rc = 0.750--a trend that is expected as neighboring

dimers must make more attempts to escape their attractive wells

when those wells are larger, thus slowing dimer dissociation. As

diagrammed in Fig. 5, we also calculate average lengths of the

ram's horns (based on the instantaneously longest ram's horn,

defined as the exposed portion of protofilaments beyond the de-

polymerization front) and find that ram's horns are longer when

dimer binding attractions are vertically biased. This is sensible

as relatively stronger vertical interactions would tend to generate

greater axial stress along the lattice that can only be dissipated

through additional outward curling of the protofilaments. Ram's

horns are also longer given larger rc values—a secondary effect
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Table 1 MT properties for various catastrophic depolymerization (CD) conditions, including maximum enthalpy changes AHLT,` (AHM) for dimer-dimer binding
in lateral (vertical) directions; persistence lengths L, (in equivalent pm) for GTP-MTs populated with uncompressed dimers and capped GDP-MTs, respectively;
and CD rates and corresponding length scales of ram's horns (specifically longest exposed protofilaments, see Fig. 5) for uncapped GDP-MTs.

CD conditions (Alir = 30.4kBT) DP-MT (cap) GDP-MT (no cap)

raft 0 AL Av AIIN Alkilr 4 (um) 4 (pm) CD rate (rows/105y) Lg. horn (no. dimers)

0.50 10° 1.4 4.8 11.2 19.2 630.0 573.1 1.98 ± 0.0643 12.9 ± 2.65

0.50 15° 2.2 3.2 17.6 12.8 531.7 291.2 1.84 ± 0.171 6.24 ± 1.59

0.75 15° 1.4 4.8 11.2 19.2 380.2 343.2 0.765 ± 0.102 28.5 ± 3.91

0.75 20° 2.2 3.2 17.6 12.8 283.5 198.1 0.754 ± 0.0681 9.18 ± 1.98

of the trend discussed above where the escape rate is decreased

by larger rc. This occurs because the steady-state lengths of ram's

horns are based on the corresponding kinetic balance between

propagation of the unpeeling front and ease of dimer dissociation

during the initiation (i.e., transient start-up) of depolymerization.

3.2 Interruption of catastrophic depolymerization

We next consider whether catastrophic depolymerization of the

model GDP-MTs can be interrupted by the presence of small re-

gions of uncompressed dimers (i.e., GTP-rich regions) resembling

so-called "GTP remnants" thought to initiate MT rescue in exper-

iments.mJ As shown in Figs. 6(a-k), we incorporate uncom-

pressed dimers into "interruption regions" within the lattices of

uncapped GDP-MTs that are 160 dimers long (1.4 itm). These

regions comprise two or four rows of dimers, where we replace

a number of the compressed dimers per row with uncompressed

dimers. (Notation-wise, we label these regions by number of rows

and number of uncompressed dimers per row, so a two-row re-

gion with four uncompressed dimers per row is an "r2p4" region.)

We then perform MD simulations where we allow catastrophic

depolymerization to initiate and observe whether it is interrupted

(i.e., arrested) when the unpeeling front approaches the interrup-

tion region and how long it takes for depolymerization to reiniti-

ate. Here, we do not supply additional GTP-tubulin and reserve

an analysis of rescue itself for future reports.

As illustrated in Fig. 6, even small interruption regions can in-

deed interrupt depolymerization in-progress, frustrating the prop-

agation of the unpeeling front. (An additional movie of interrup-

tion is shown in ESI.) The duration of the interruption depends

on the composition and placement of the uncompressed dimers.

As shown in Fig. 7, we can quantify these time scales of interrup-

tion by looking at the trace of MT length over time, selecting the

portions where the tubule length is approximately constant and

corresponds to the interruption region. By repeating this process

for 10 different uncapped GDP-MTs with randomly-generated in-

terruption regions (i.e., fixing the number of rows and desired

occupancy, but randomly assigning the uncompressed dimer posi-

tions), we get a sense for the variable time scales of successful in-

terruption. As illustrated in Fig. 7, we also determine the cluster

geometries of the uncompressed dimers that are more successful

at interrupting depolymerization. In particular, we observe that

evenly-distributed dimers that leave "lanes" for the ram's horns

to cut through have short interruption times. In contrast, larger

interruption times are seen when uncompressed dimers are orga-

nized into what resemble small partial stabilizing caps.

In Fig. 8, we show results of the time-scale analysis above

for two different combinations of rc, 0, AL, and Av (cf. Table

1) and interruption regions of different sizes and occupancies.

In all cases, it is clear that interruption regions containing only a

dozen or more dimers are sufficient to interrupt depolymerization

at least temporarily, and thus that the presence of uncompressed

dimers as a potential point of MT rescue is a generic feature of

conditions where catastrophic depolymerization occurs. In turn,

we consistently observe that the greater the number of rows in

the interruption region, the longer the average interruption time.

Interestingly, we also find the average interruption time increases

exponentially based on the number of uncompressed dimers per

row X (or, alternatively, per region), where the average interrup-

tion time Atint normalized by the average time for dimer row loss

Atrow during depolymerization is given by

(AtintMAtrow) = to exp(kX) (2)

where to and k are constants. Crucially, the exponential nature of

the curves in Fig. 8 supports the idea that average interruption

times are predictable, which is lent further credence as the aver-

age interruption times for the two-row r2pX and four-row r4pX

interruption regions (at rc = 0.50o-) collapse roughly onto one an-

other when plotted based on the total number of uncompressed

dimers present (not shown).

Finally, Fig. 8 underlines how sensitive catastrophic depoly-

merization is to incomplete hydrolysis: interruption regions need

only comprise two or three dozen uncompressed dimers in a mat-

ter of a few dimer rows to generate interruption times orders of

magnitude longer than the time scales of MT depolymerization,

and thus to serve as potential points for rescue. Typical experi-

mental estimates for MT depolymerization rate place the loss of

dimer rows at up to 30 to 50 times faster than typical dimer row

addition rate during growth; thus, for potential rescue, one would

conservatively want to stabilize an otherwise depolymerizing MT

for at least 100 times the rate of dimer row loss. This would

then account for (1) the time during which ram's horns are ex-

hausted, so that newly added GTP-tubulin can form a contiguous

cap; and (2) the time for addition of a full stabilizing row (or

more) of GTP-tubulin. The results in Fig. 8 indicate that such a

100-fold stabilization can be achieved (in four-row cases) for 5

dimers per row (r4p5) for the rc = 0.50o- case and 9 dimers per

row (r4p9) for the rc = 0.750- case-i.e., given approximately 20

to 36 dimers in the span of a few dimer rows. Here, the rc = 0.750-
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Fig. 6 (a-j) Time-lapse series of snapshots (increments of At = 0.4x106T) showing interruption of catastrophic depolymerization for an uncapped GDP-MT
(TC = 0.50o-, B= 15°, AL=2.2kBT, Av=3.2kBT) with a randomly-generated interruption region spanning 2 rows that each contain 6 uncompressed dimers
(r2p6). The box in panel (a) indicates the interruption region (IR) detailed in (k) and the red arrows in panels (a-j) denote the farthest intact row. (k) Diagram
representation of the r2p6 interruption region (left) and corresponding initial snapshots of the MT lattice (right), where the 2-row region corresponding to the
diagram is highlighted and traced by dotted lines.

case would tend to represent one of the hardest systems to inter-

rupt within the parameter manifold given its aggressive unpeeling

mechanism due to vertically-biased interactions. Nevertheless,

just as it is understood that very minimal caps serve to stabilize

MTs in experiments (and as small as 1 to 2 rows are sufficient

to stabilize model GDP-MTs), it is clear that only 2 to 4 partially

unhydrolyzed rows may be sufficient to interrupt even aggressive

depolymerization in-progress.

4 Conclusions

We have used molecular dynamics simulations of a coarse-grained

tubulin model to reveal the manifold in parameter space where

the balance between tubulin binding interactions and tubulin

shape change (i.e., a-subunit compression) yields dynamic insta-

bility in MTs. Specifically, we have discovered the conditions—

with respect to the length scales of binding attractions (rc), the

degree of subunit compression (0) , and the strengths of lateral

and vertical attractions (AL and Av)—under which GTP-MTs are

stable and otherwise highly-stiff GDP-MTs undergo catastrophic

depolymerization when uncapped. In turn, we have found that

this manifold of catastrophic depolymerization conditions spans

approximately 10° < < 20° for reasonable choices of rc, and cor-

responds with total dimer binding enthalpies 29 < Mir < 3 2kB T .

Notably, however, we have seen that diverse ratios of lateral and

vertical binding energies corresponding to these totals can fa-

cilitate catastrophic depolymerization, ranging from conditions

where lateral interactions are dominant, lateral and vertical in-

teractions are roughly balanced, or vertical interactions are dom-

inant. Thus, more diversity is possible than found in biological

MTs, which are understood to exhibit vertically-biased interac-

tions.23,23Sm

While the overall mechanism of catastrophic depolymerization

is conserved across diverse parameter sets, we have also revealed

how moving across the manifold of parameters affects (or does

not) tubule stiffness, depolymerization rate, and lengths of ram's

horns. For four select parameter sets spanning the manifold, all

GTP-MTs and GDP-MTs are highly-stiff (with persistence lengths

comparable to those measured in experiments), where smaller at-

traction length scales and more vertically-biased attractions result

in stiffer tubules and less losses in stiffness when switching from

GTP- to GDP-MTs. Depolymerization rates are not sensitive to

the lateral- or vertical-bias of attractions as dimer dissociation is

mainly dependent on total Mir, but are sensitive to the choice

of rc, which sets the rate of dimer dissociation and thus affects

the steady-state progress of depolymerization. In contrast, the

lengths of ram's horns are sensitive to both the balance and length

scale of attractions: more vertically-biased attractions and larger

r, both tend to result in larger ram's horns as they move the ki-

netic balance between propagation of the unpeeling front and

dimer dissociation toward propagation during start-up (which

then sets the steady-state length). The largest ram's horns we

have observed in detail—at rc = 0.75a-, B= 15°, AL,v = 1.4,4.8kB T —

are approximately 25-30 dimers in length, similar to many ram's

horns observed via cryo-EM.4$

Finally, we have demonstrated that small GDP-MT lattice re-

gions containing uncompressed dimers can interrupt depolymer-

ization in-progress for timescales that would facilitate rescue,

echoing the picture of "GTP remnants" (i.e., clusters of GTP-

tubulin) found in experiments to serve as locations for rescue

initiation. By measuring average interruption times for interrup-

tion regions of various sizes (number of dimer rows) and com-

positions (number of uncompressed dimers per row), we have

observed that the effectiveness of these interruption regions in

terms of time interrupted is predictable and exponential on aver-
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Fig. 7 Net loss of intact MT lattice dimer rows Anrows(At) versus elapsed
simulation time At for 10 independent simulations of uncapped GDP-MTs
(rc = 0.50o-, B= 15°, AL=2.2kBT, Ay=3.2kBT) with randomly-generated in-
terruption regions spanning 2 rows that each contain (a) 6 uncompressed
dimers (r2p6) or (b) 3 uncompressed dimers (r2p3). In (a), dashed lines in-
dicate progression of catastrophic depolymerization for one highlighted case
(thick red line), where the time elapsed between these fit lines corresponds
to the interruption timescale Atict. Diagrams in (a,b) show positions of the
uncompressed dimers in the interruption regions corresponding to the cases
highlighted by thick red lines. Plus and minus signs indicate direction of
microtubule axis. For the shortest interruption time in (b) where Atint Or,
arrows in the rightward diagram indicate crack pathways between three de-
polymerizing ram's horns (each spanning 4 contiguous protofilaments) that
propagate through the interruption region.

age with respect to the number of uncompressed dimers. How-

ever, interruption regions are most successful when several un-

compressed dimers are configured into a small connected cluster.

In turn, as few as two to three dozen uncompressed dimers, if

all located within a few lattice rows, are sufficient to generate in-

terruption times orders of magnitude longer than the time scales

of MT depolymerization—essentially acting as a new minimal cap

for initiating MT growth. Taken altogether, these results again un-

derline how tubulin subunit shape is a driving force not only for

initiating catastrophic depolymerization but also for interrupting

(and reversing) it.

Looking forward, the coarse-grained model for tubulin used

here will not only facilitate further micro-mechanical studies

of MT behavior, but also represents a promising blueprint for

the realization of synthetic responsive MTs. In future reports,

we will examine the nucleation and growth mechanisms of this

model across the manifold of catastrophic depolymerization con-

ditions, considering in detail the thermodynamic and kinetic con-

sequences of the interplay between tubulin binding interactions

and subunit shape change. Meanwhile, the patchy wedges ex-

amined here have effectively been synthesized via DNA-origami

techniques and shown to reversibly form micron-scale tubules

(though presently without accompanying shape change capa-

bility).13 We anticipate that given the shape change deployed

o

1 2 3 4 5 6 7 8
No. uncompressed dimers per row (X)

9

Fig. 8 Averages and standard deviations of interruption times Atict normal-
ized by the times for loss of one dimer row during depolymerization Atrow (i.e.,
inverse of CD rates, cf. Table 1) versus number of uncompressed dimers per
row (X) of interruption regions for three different uncapped GDP-MT systems:
CD conditions rc = 0.50o-, 0= 15°, AL=2.2keT, Av=3.2kaT with 2-row (r2pX,
unfilled diamonds) or 4-row (r4pX, unfilled squares) interruption regions and
CD conditions rc = 0.750-, 0= 15°, AL=1.4kBT, Av=4.8kBT with 4-row (r4pX,
filled squares) interruption regions. Solid blue lines show fits to the average
normalized interruption times using Eq. (2). For the rc = 0.50o- conditions,
to = 1.84 and k = 0.92 and 0.58 for the r4pX and r2pX interruption regions,
respectively. For the rc = 0.750- conditions and r4pX regions, to = 1.91 and
k = 0.45. Inset shows the same normalized interruption times plotted on log-
basis.

here to drive the dynamic instability resembles a deformation ac-

complishable via modest unidirectional actuation, an analogous

stimuli-induced (e.g., pH, temperature, co-solute) compressionu

of synthetic wedges can result in similarly responsive tubules or

fibers. This will no doubt serve as another route to understand

how subunit shape change underlies the rich structural-dynamic

properties of MTs.
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