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SUPPLEMENTAL TABLES 

Table S1. Summary of published MTA results in live cells 

Microtubule- 
binding Agent 

Concentration 
Range (nM) 

Cell Line 
Growth 
Rate 

Shortening 
Rate 

Pause Dynamicity Reference 

Colchicine Binding Domain (Disassembly-promoters) 

2-Methoxyestradiol 1200 MCF7 - ns + - (Kamath et al., 2006) 
Benomyl 3,000-5,000 MCF7 - - + - (Rathinasamy and Panda, 2008) 
Carbendazim 5,000-30,000 MCF7 - - + - (Yenjerla et al., 2009) 
Colcemid 0.01-50 CHO - - + - (Yang et al., 2010) 
Diaminothiazole 80-1600 LLC-PK1 - - + - (Thomas et al., 2014) 
Indanocine 2-5 MDA-MB-231 - - + - (Kapoor and Panda, 2012) 
Nocodazole 50-200 NRK - - + - (Mikhailov and Gundersen, 1998) 
Nocodazole 4-400 Newt Lung - - + - (Vasquez et al., 1997) 
Nocodazole 4-500 BSC-1 - - + - (Vasquez et al., 1997) 
TN16 25-50 MCF7 - - + - (Rai et al., 2015) 

Taxane Binding Domain (Assembly-promoters) 

Cabazitaxel 2 MCF7 - - + - (Azarenko et al., 2014b) 
Discodermolide 7-83 A549 - - + - (Honore et al., 2003) 
Docetaxel 2 MCF7 - - + - (Azarenko et al., 2014b) 
Docetaxel 0.3-3 HUVECs ns - ns - (Kamath et al., 2014) 
Epothilone B 5.1 MCF7 - - + - (Chan et al., 2011) 
Epothilone B 0.2-3.5 MCF7 - - + - (Kamath and Jordan, 2003) 
Epothilone B 1-10 U87MG - - + - (Pagano et al., 2012) 
Paclitaxel 100-500 HeLa - - + - (Jordan et al., 1993) 
Paclitaxel 50-100 NRK - - + - (Mikhailov and Gundersen, 1998) 
Paclitaxel 0.1-100 HMEC-1 +/ns +/- -/+ +/- (Pasquier et al., 2005) 
Paclitaxel 0.1-100 HUVECs +/ns +/- -/+ +/- (Pasquier et al., 2005) 
Paclitaxel 0.1-2 A549 - - + - (Pasquier et al., 2005) 
Paclitaxel 100 A-498 - - + - (Yvon et al., 1999) 
Paclitaxel 30 Caov-C - - ns - (Yvon et al., 1999) 
Paclitaxel 1.6-20 NCI-H460 - - + - (Gan et al., 2010) 
Paclitaxel 1-3 HUVECs ns - + - (Kamath et al., 2014) 
Paclitaxel 50-150 MCF7 - - + - (Risinger et al., 2014) 
Paclitaxel 7.5 MCF7 - - nd - (Jordan and Kamath, 2007) 
Paclitaxel 1-50 CHO - - + - (Ganguly et al., 2010) 

Vinca Binding Domain (Disassembly-promoters) 

BCFMT 10,000 MCF7 - - + - (Rai et al., 2012) 
Eribulin 1 MCF7 - ns ns - (Jordan et al., 2005) 
Vinblastine 8-64 BSC-1 +/- - + - (Dhamodharan et al., 1995) 
Vinblastine 3-7.5 HeLa - nd nd nd (Mohan et al., 2013) 
Vinblastine 0.05-15 CHO - - + - (Yang et al., 2010) 
Vinblastine 1 MCF7 - - nd - (Jordan and Kamath, 2007) 
Vincristine 2-40 NCI-H460 - - + - (Gan et al., 2010) 
Vinflunine 50 SK-N-SH - - ns - (Pourroy et al., 2004) 
Vinflunine 0.1-20 HMEC-1 +/- +/- -/+ +/- (Pourroy et al., 2006) 
Vinflunine 15 MCF7 - ns nd - (Jordan and Kamath, 2007) 

Other 

Curcumin 5,000-12,000 MCF7 - - + - (Banerjee et al., 2010) 
Erucin 5,000-15,000 MCF7 - - + - (Azarenko et al., 2014a) 
Estramustine 2,000-5,000 MCF7 - - + - (Mohan and Panda, 2008) 
Noscapine 25,000-250,000 PtK2 - - + - (Landen et al., 2002) 
Peloruside A 3.8-100 MCF7 - - + - (Chan et al., 2011) 
Taccalonolide AJ 25-100 MCF7 - - + - (Risinger et al., 2014) 

ns = not statistically significant, nd = not determined, (/) = lower conc./higher conc. 
+ increased value, - decreased value 

 



Castle et al., Mechanisms of kinetic stabilization  Page | 2 

 

Table S2. Recovery of tubulin fluorescence after photobleaching 

Condition [Tub] Fraction Fold Change Polymer Fraction Fold Change 
p-value to 

Control 

Control 0.20 ± 0.01 - 0.80 ± 0.01 - - 

10nM pac 0.13 ± 0.01 0.65 0.87 ± 0.01 1.09 0.058 

100nM pac 0.11 ± 0.01 0.55 0.89 ± 0.01 1.11 0.018 

10nM vin 0.39 ± 0.01 1.95 0.61 ± 0.01 0.76 1.5x10-8 

100nM vin 0.60 ± 0.03 3.02 0.40 ± 0.03 0.50 1x10-8 

 

Table S3. In vitro simulation base parameters for dynamic instability 

Symbol Parameter Value Reference 

ΔG0
lat Lateral bond free energy -5.7 kBT 

(VanBuren et al., 2002, 2005; Gardner et al., 2011; 
Coombes et al., 2013) 

ΔG0
long Longitudinal bond free energy -7.2 kBT (Gardner et al., 2011; Coombes et al., 2013) 

ΔΔG0 Energetic penalty of GDP-tubulin +3.3 kBT Model fit; (VanBuren et al., 2002) 

[Tub] Free tubulin concentration 5.6 μM (Schek et al., 2007; Gardner et al., 2011) 

kon,PF On-rate constant 6 s-1μM-1PF-1 (Gardner et al., 2011) 

khyd Hydrolysis rate constant 0.2 s-1 Model constrained; (Coombes et al., 2013) 

σ1 One-neighbor on-rate penalty 2 (Castle and Odde, 2013) 

σ2 Two-neighbor on-rate penalty 10 (Castle and Odde, 2013) 

 

Table S4. In vivo simulation base parameters for dynamic instability 

Symbol Parameter Value Reference 

ΔG0
lat Lateral bond free energy -5.0 kBT Fit to experimental data 

ΔG0
long Longitudinal bond free energy -8.0 kBT Fit to experimental data 

ΔΔG0 Energetic penalty of GDP-tubulin +3.6 kBT Model fit; (VanBuren et al., 2002) 

[Tub] Free tubulin concentration 7 μM (Seetapun et al., 2012) 

kon,PF On-rate constant 30 s-1μM-1PF-1 Fit to experimental data 

khyd Hydrolysis rate constant 0.8 s-1 Figure 2F 

σ1 One-neighbor on-rate penalty 2 (Castle and Odde, 2013) 

σ2 Two-neighbor on-rate penalty 10 (Castle and Odde, 2013) 

Dk Kinesin motor diffusion coefficient 0.38 μm2s-1 (Helenius et al., 2006; Coombes et al., 2013) 

[Kin] Motor concentration 5 nM  

kon,k Kinesin on-rate constant 0.6 μm-1nM-1s-1 (Helenius et al., 2006) 

koff,k Kinesin off-rate 2 s-1 (Helenius et al., 2006) 

xcell Cell membrane mean position 10 μm Experimental data 

κcell Cell membrane stiffness 500 pN/μm (Tinevez et al., 2009) 

 

Table S5. In vitro growth rate versus free tubulin concentration 

Condition 
Slope 

(nm s-1 μM-1) 
Comparison to 

Control 
Fold Decrease 
from Control 

Control 1.46 ± 0.07 - 1.0 

10nM pac 1.16 ± 0.10 p = 0.056 1.26 

100nM pac 1.03 ± 0.13 p = 0.017 1.42 

500nM vin 0.48 ± 0.06 p = 4x10-9 3.04 
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SUPPLEMENTAL FIGURE LEGENDS 

Figure S1. Attenuation of microtubule dynamics by paclitaxel and vinblastine, related to Figure 1 and 2.  
Example kymographs from LLC-PK1 cells stably expressing EGFP-α-tubulin (A) or EB1-EGFP (B).  All 
kymographs are on the same scale.  (C) Estimated dynamic instability parameters in the presence of 
paclitaxel and vinblastine in vivo.  In each plot, control values are shown in black, while paclitaxel and 
vinblastine are shown in cyan and magenta, respectively (light = 10 nM and dark = 100 nM).  In vivo data 
collected at 1s intervals (n>35 microtubules from >10 cells in each condition). N.D. = not determined due 
to the absence of detectable growth or shortening events.  All error bars are mean ± SEM. * p<0.05, ** 
p<0.01 compared to control.  D) Maximum intensity projections of 20 s time lapse of EB1-EGFP 
expressing LLC-PK1 cells treated with DMSO (control, top), 100 nM paclitaxel (middle), or 10 nM 
vinblastine (bottom).  Regions within white squares are magnified to the right.  (E) Representative images 
of LLC-PK1α cells treated with 1 μM paclitaxel (top) or 1 μM vinblastine (bottom). 
 
Figure S2. In vitro model makes similar predictions to the in vivo model with regards to dynamic instability 
and kinetic stabilization, related to Figure 4.  (A) In vitro model net assembly rate for varying lateral 
(ΔG0

lat) and longitudinal (ΔG0
long) bond free energy (kon,PF = 6 μM-1s-1PF-1 and [Tub] = 5.6 μM; contours 

best-fit by a polynomial), similar to that shown for the in vivo parameter set in Figure 3B.  Cyan, red, and 
black circles denote the reference points for GTP, GDP, and ΔG0

tot(v = 0), respectively.  (B) 
Representative microtubule length versus time traces for the in vitro dynamic instability parameters listed 
in Table S3.  Similar plots for experimental data can be found in Figure S3A.  (C) The net-rate of 
microtubule assembly as a function of bond stabilization of both GTP- and GDP-tubulin (ΔΔG0 is 
maintained) with concurrent changes in the on-rate.  All kinetic rate values were normalized to the base 
case for in vitro dynamic instability (Table S3).  (D) Microtubule net-rate as a function of decreasing 
energetic difference between GTP- and GDP-tubulin (ΔΔG0) with concurrent change of the on-rate for an 
assembly-promoter. (E) Microtubule net-rate as a function of decreasing energetic difference between 
GTP- and GDP-tubulin (ΔΔG0) with concurrent change in the on-rate for a disassembly-promoter. In C-E, 
the bold boxes indicate points where dynamic instability was observed.  All kinetic rate values were 
normalized to the base case for in vitro dynamic instability (Table S3).  The rate reported for points of 
dynamic instability is the average growth rate. 
 
Figure S3. Comparison of model predictions associated with the mechanisms of kinetic stabilization.  (A) 
Figures 4B and D from the main text are shown.  Implementing system-wide parameter changes initially 
identified the model-predicted mechanisms of kinetic stabilization.  Estimating drug effects by this type of 
sensitivity analysis effectively assumes that tubulin subunits are completely saturated with the drug. 
Therefore, we performed additional simulations that incorporated drug on-off kinetics (see Methods), 
shown in B.  (B) Similar plots to those shown in A, where drug kinetics are now accounted for.  Here the 
kinetics and thermodynamics of tubulin subunits where the drug was bound were adjusted according to 
the values along each axis.  Based on our experimental observations shown in Figure 1F, we assumed 
that [drug] = 10*KD in all simulations shown in B, which resulted in approximately 91% saturation of 
tubulin subunits.  Similar predictions are observed in each case: comparable parameter changes lead to 
kinetic stabilization in each case and observed trends regarding net-rates are observed, i.e. true kinetic 
stabilization desensitizes the growth rate to changes in [Tub] compared to pseudo-kinetic stabilization (as 
shown in Figure 5 of the main text).  The region of pseudo-kinetic stabilization is diminished in the case 
where drug kinetics are simulated (B, lower).  However, there remains a transition between positive and 
negative net-rates within this region, such that if the y-axis were sampled in a finer manner the net-rate 
could eventually be dialed into zero.  Experimentally this would be accomplished by tubulin mass 
conservation (Figure 2A-C in the main text). 
 
Figure S4. Example microtubule length traces across a range of tubulin concentrations in vitro, related to 
Figure 5.  (A) Control, (B) 100 nM paclitaxel, and (C) 500 nM vinblastine.  Individual tubulin 
concentrations are indicated, in each case concentration increases from left to right. 
 
Figure S5. Model predictions for kinetic stabilization and the observation of dynamic instability generally, 
related to Figures 3, 4, and 6.  (A-B) Model-predicted net rate (A) and assembly variance (B) as a function 
of varying k*on,PF and koff,PF in the case where the stabilizing effect on koff,PF is implemented through the 
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longitudinal bond. (A) and (B) are identical to Figure 6C and are reproduced here for the purpose of 
comparison. (C-D) Model-predicted net rate (C) and assembly variance (D) as a function of varying k*on,PF 

and koff,PF in the case where the stabilizing effect on koff,PF is implemented through the lateral bond.  All 
kinetic rate values were normalized to the base case for in vitro dynamic instability (Table S3).  (E) 
Dynamic instability in the in vitro model.  Lateral and longitudinal bond energies, ΔG0

lat and ΔG0
long, were 

varied from -4 to -10 kBT while all other parameters were held constant, unless indicated.  Open circles 
denote the GTP-tubulin reference state (GDP-tubulin lateral bond is shifted by ΔΔG0) for individual 
simulations where dynamic instability was observed.  Colors for different hydrolysis rates used in the 
simulation where black, red, and green represent khyd = 0.2, 0.4, and 1.0s-1, respectively.  Colored regions 
are a general fit to where dynamic instability was observed for each value of khyd. Dashed black line is the 
v = 0 nm/s contour from Figure S2A.  Dashed gray line is the same contour offset by ΔΔG0 to indicate the 
initial constraints placed on the location for the GTP-tubulin reference state for the observation of dynamic 
instability.  (F)  Dynamic instability in the in vivo model.  Again ΔG0

lat and ΔG0
long, were varied from -4 to -

10 kBT while all other parameters (shown in Table S4) were held constant.  Dots indicate sample points 
where dynamic instability was observed, while the color indicates the observed rate during periods of 
growth.  Dashed black line is the v = 0 nm/s contour from Figure 3B.  Dashed gray line is the same 
contour offset by ΔΔG0 to indicate the initial constraints placed on the location for the GTP-tubulin 
reference state in the in vivo model. Shaded region is that constrained is approximate fit to the points 
where dynamic instability was observed.  Because the GTP-tubulin state undergoes net assembly, its 
value of ΔG0

tot must be more negative than the value required for net assembly (ΔG0
tot; v = 0 nm/s contour 

from Figures 3B and S2A).  Second, for the GDP-tubulin state to disassemble, the GTP value of ΔG0
lat 

must be within +ΔΔG0 of the v = 0 contour (A and B).  If it is further away, then the value of ΔΔG0 will not 
permit switching to a state of net disassembly, but rather two states that grow at different rates. Thus the 
reference GTP-tubulin point for dynamic instability is constrained to a region of parameter space with a 
slope of negative one and width of ΔΔG0.  Because the observation of dynamic instability is constrained, 
small changes in either ΔG0

lat or ΔG0
long (<1kBT in vitro and ~1.5 kBT in vivo) are sufficient to eliminate it.  

In the region of more negative ΔG0
tot (lower left), the microtubule grows continuously without catastrophe.  

Here, the GTP cap is too large for stochastic fluctuations in cap size to result in catastrophe.  In the 
region of more positive ΔG0

tot (upper right), the microtubule is unable to maintain a GTP cap and therefore 
cannot grow.  Similarly, only small perturbations in khyd (±0.2 s-1) are necessary to eliminate dynamic 
instability at a given point in the 2D parameter space shown in A.  In the limit as khyd approaches 0 s-1, 
dynamic instability is lost as the microtubule becomes a single-state polymer that is constantly in the 
GTP-tubulin state.  Additionally, khyd >= 2 s-1 was sufficient to eliminate dynamic instability altogether 
because the resulting GTP cap was too small to maintain growth for any state within the constraints 
placed by the v = 0 contour and the value of ΔΔG0.  Where dynamic instability was observed in the in vivo 
parameter set, microtubules with more negative ΔG0

long (B, lower right) exhibited a higher growth rate 
compared to those with more negative ΔG0

lat (B, upper left).  The constraints placed on the observation of 
dynamic instability by the model indicate several things.  First, slightly altering either bond free energy 
(ΔG0

lat or ΔG0
long) or similarly khyd could, in principle, be a viable mechanism for MTAs to eliminate 

dynamic instability, as each results in the loss of ability to switch between assembly states.  Second, 
tradeoff between lateral and longitudinal bond free energy maintains dynamic instability rather than 
eliminating it, thus serving a way to alter the dynamics of individual microtubules without inducing kinetic 
stabilization (as is the case with MAPs). 
 
Figure S6. Additional experimental observations in the presence of paclitaxel and vinblastine, related to 
Figures 7 and 8.  (A-B) Estimated diffusion coefficients of EGFP (A) and 2x-EGFP (B) in LLC-PK1 cells 
treated with either 100 nM paclitaxel (cyan) or vinblastine (magenta).  Error bars are mean ± SEM.  (C) 
Microtubule tip structures in the presence of paclitaxel and vinblastine. In vivo model-predicted 
protofilament length standard deviation for each kinetic stabilization parameter set, averaged for ten 
separate microtubule trajectories (left) or cumulative for all microtubules (right). Control microtubules were 
simulated with the parameters listed in Table S4, while each kinetic stabilization case was sampled from 
the ellipsoidal regions in Figure 6C-D (or equivalent for cases not shown in Figure 6).  tKS = true kinetic 
stabilization mechanism where the stabilization is applied either through the longitudinal (long) or lateral 
(lat) bond. pKS = pseudo-kinetic stabilization for an assembly- or disassembly-promoter.  Error bars are 
mean ± SEM. (D) Experimentally estimated tip structures in live cells average across individual 
microtubules (left) or cumulative for all microtubules (right).  Tip standard deviation was estimated by 
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fitting a Gaussian survival function to the fluorescence intensity along the microtubule axis as previously 
described (Demchouk et al., 2011) after subtracting out the local background fluorescence parallel to the 
microtubule axis. **p<0.01 by multiple comparisons test.  (E) Examples of extended tip structures 
observed in the presence of 100nM vinblastine.  Arrows denote points where the fluorescence intensity 
along the microtubule abruptly drops, suggestive of an abrupt change in protofilament number.  These 
extended tapers in the presence of vinblastine were stable over the course of acquisition (20 s).  Due to 
the binding/unbinding rate of the drug, it is unlikely that these are a direct result of vinblastine.  It is 
possible that a subset of protofilaments have been stabilized against disassembly by membrane-bound 
motors such as dynein (Bicek et al., 2009). 
 
 
 
 
 
 

SUPPLEMENTAL MOVIE CAPTIONS 

Movie S1. Control simulation output.  Left, animated output of the microtubule structure is shown on the 
left where GTP- and GDP-tubulin subunits are represented by the same color scheme used in Figure 3A.  
Parameters used in the simulation are described in Table S4.  Upper right, the red circle denotes the 
microtubule length and GTP-cap size (total number of GTP-tubulin subunits in the lattice) at the current 
time point, corresponding to the structure on the left.  Middle right, simulated image of tubulin and EB1 
fluorescence using the structures shown on the left.  Images were created as previously described  
(Gardner et al., 2010; Demchouk et al., 2011; Seetapun et al., 2012) using the statistics (mean and 
standard deviation) of the cell background fluorescence and microtubule signal, averaged across all 
images used in analysis of control microtubule dynamics.  
 
Movie S2. Simulation output from parameter space which is consistent with vinblastine experimental 
results in vivo.  Left, animated output of the microtubule structure using the parameters indicated by the 
asterisk in Figure 6C.  Upper right, the red circle denotes the microtubule length and GTP-cap size (total 
number of GTP-tubulin subunits in the lattice) at the current time point, corresponding to the structure on 
the left.  Middle right, simulated image of tubulin and EB1 fluorescence using the structures shown on the 
left.  Images were created as previously described  (Gardner et al., 2010; Demchouk et al., 2011; 
Seetapun et al., 2012) using the statistics (mean and standard deviation) of the cell background 
fluorescence and microtubule signal, averaged across all images used in analysis of microtubule 
dynamics in the presence of either 100nM or 10nM vinblastine for the tubulin or EB1 fluorescence, 
respectively.  
 
Movie S3: Simulation output from parameter space which is consistent with paclitaxel experimental 
results in vivo.  Left, animated output of the microtubule structure using the parameters indicated by the 
asterisk in Figure 6D.  Upper right, the red circle denotes the microtubule length and GTP-cap size (total 
number of GTP-tubulin subunits in the lattice) at the current time point, corresponding to the structure on 
the left.  Middle right, simulated image of tubulin and EB1 fluorescence using the structures shown on the 
left.  Images were created as previously described  (Gardner et al., 2010; Demchouk et al., 2011; 
Seetapun et al., 2012) using the statistics (mean and standard deviation) of the cell background 
fluorescence and microtubule signal, averaged across all images used in analysis of microtubule 
dynamics in the presence of 100nM paclitaxel. 
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