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Supporting Information Text
1. Steady state densities for non-interacting microtubules

The average microtubule density at steady state p* can be calculated from the theoretically derived microtubule length

distribution: .
p* = / I-m(l)dl [1]
l

=0
where m(l) is the density of microtubules with length I. Following the procedure described by (1) with the addition of the
treadmilling speed, we obtain the following expression for the steady state length distributions for non-interacting growing and
shrinking microtubules:

ml) =t () +m () = e e
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where 7, is the nucleation rate, v+, v™, and v*™ are the microtubule growth, shrinkage, and treadmilling speeds, respectively,

and exponent A is given by:
Te Ty
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where 7. is the catastrophe rate and r, is the rescue rate.
Using this expression for m(l), equation 1 can be solved using integration by parts:
l=o00 + —
* vt Al
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Using this formula, we can now calculate the steady state ratio between microtubule densities in gap and band regions
(Pyaps/Prands) using the catastrophe rates for gap and band regions respectively and default values for the other parameters.
This way, we obtain ratios of 0.18, 0.070, 0.038, 0.023, and 0.016 for a factor difference in catastrophe rates of 2, 3, 4, 5, and 6,
respectively. These values are consistent with the ones found in our simulations with isotropic nucleation (Fig. S1C).

2. Calculating maximal total microtubule length and initial growth speed

For comparison purposes, we want to set the average effective growth speed to be comparable to that used in previous
simulations by choosing appropriate values for 1}0+ and Lmqez- The average local growth speed v can be obtained from
equation 4 in the main text as follows: ~
+_ ¢r

A 5
0 Lmaz/A [ }
where cr is the average (GTP-)tubulin concentration. This concentration can be calculated from the total tubulin length in
microtubules Ly as follows, assuming the GDP-tubulin concentration is low compared to the GTP-tubulin concentration for
models with two tubulins:

vt =

N
G — Lmaz — Lmr _ Limaz — Z]’:A{T lj [6}

A A ’
where N is the total number of microtubules and I; is the length of the j** microtubule. This means the average growth

speed will be given by:

7 Lmaz - LMT
vt = U+7
0 Lmaz
Therefore, the average growth speed depends on the initial growth speed and the fraction of the total amount of tubulin that is
part of microtubules. Assuming that we choose an Ly,q, that is larger than the required microtubule length, we can calculate a
value for vg' that will end up giving us the desired growth speed:

7]
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However, we still need an expression for Lasr. The total microtubule length at steady state can be calculated from the
theoretically derived microtubule length distribution:

Ny l=c0 l=0c0
Lur =Y 1 :// l-m(l)dldA:A/ 1-m(l)dl 9]
=1 AJi=0

=0

where m(l) is the density of microtubules with length [, as given by equation 2 from the previous section.
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Using this expression for m(l), equation 9 can be solved using integration by parts:

l=00 + —
Lyt = A/ l-rn v_tu e Mdl
l

(vt —vtm)(v= + vtm)

=0 . . [10]
_ rnA(WL +o )t —v"™) (v + o m).
(re(v— +vtm) — rp(vt —ovtm))2
With this expression we can now write down an equation for the expected growth speed at steady state (using vt = vjr):
=+ —\ (5t tm - tm
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Assuming we choose an Lyqe > Ly, the Ug' we need is given by:
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Using averages in this way is probably not entirely accurate, because most microtubules are likely to end up in band regions
where the tubulin concentration is expected to be lower and, correspondingly, the growth speed will be below average. However,
since differences in (GTP-)tubulin concentration are not expected to be very large, this estimate should result in reasonably
comparable growth speeds.

The length distribution equations were derived for a homogeneous system, while our system uses bands and gaps with
different catastrophe rates. However, under the density-dependent nucleation mechanism, most microtubules and nucleations
end up in the band regions, making the band catastrophe rate a reasonable approximation. Also, because the density-dependent
nucleation mechanism maintains the same global nucleation rate, while only changing the location of the nucleations, we
can use the same value for r, A, even though r,, is locally higher in microtubule dense regions and lower in regions with few
microtubules.

Using our default values for the parameters we find an Ly of 1.22- 10° pum. The value we choose for L,qz should be
larger than this value. We set it to 240000 pm, about double the total microtubule length we expect. Using this value we can
calculate that we need to set our vg to about 0.1 um/s to end up with more or less the same growth speed.

3. Estimating a potential transition value in the tubulin recharge rate

With a tubulin limitation that takes into account both GDP- and GTP-tubulin, array homogeneity is helped by GDP-tubulin
diffusion, which redistributes the microtubule substrate, but hindered by GTP-tubulin diffusion, which tends to be directed to
microtubule-dense places, where a lot of GTP-tubulin is being consumed. If we assume a steady state homogeneous microtubule
array, we can derive a diffusion length Ip as a measure of the average distance that the GDP- and GTP-tubulin subunits can
diffuse from their point of origin, depending on their (common) diffusion coefficient (Dyus) and a “decay” rate d:

b=/ 25, [13]

For GDP-tubulin, § is the tubulin recharge rate 3, and for GTP-tubulin, § is the rate at which GTP-tubulin is incorporated
into growing microtubules. This rate of GTP-tubulin usage depends on the density of growing microtubules n™ and their
growth speed vt (6 = nto™).

Since Dyyp is the same for both types of tubulin, GDP-tubulin can travel further than GTP-tubulin if 8 < n™v™, alternatively
formulated as 8 < B*. The density of growing microtubules n* can be calculated from the microtubule length density m™* (i)

(equation 2):
l=o0 t=oo N —rp(v” + ")
+ + n - n
= Ndl = _ dl = 14
" [:0 ™) [:0 vt — vtme re(vt —otm) —ry (v 4 ovtm)’ (4]

where v+ depends on the GTP-tubulin concentration cgrp according to equation 5. This concentration can be calculated from

the total amount of available tubulin:

L L
cGTP = ZL‘M — XT — capP, [15]

where cgpp is the GDP-tubulin concentration and L7 is the total microtubule concentration as given by equation 10.
For a homogeneous array, the GDP-tubulin concentration depends on the tubulin release from shrinking and treadmilling
microtubules and the conversion of GDP-tubulin into GTP-tubulin:

dcapp + tm
—_— =N v

o7 +n” (v" +v"™) — Beapp. [16]

At steady state, this means that:
nto'™ 4 nT (vT o™

B

[17]

¢Gpp =
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We then obtain the following equation for v at steady state:

o ('u++'u7)(v+7'ut'm)('u7+'ut'm) o (v7+'ut'm)v+
ot = of Limaz — rn A= g 0 ot oyt~ A e ety e o7 ) [18]
-0 Lmax '

Solving this equation for v using default parameters yields a single real value of 0.048um/s (indeed close to the original

target value of 0.05um/s). Using this value, we can now compute the average travel distance L of a GTP-tubulin for a given
diffusion coefficient. Regardless of the value of the diffusion coefficient, for otherwise default parameters, the critical value of
the recharge rate 8%, where lp is the same for GDP- and GTP-tubulin, is 8* ~ 0.0425s~!. This suggests that our realistic
value of 3 = 0.01s7" can be small enough to allow tubulin redistribution to outweigh tubulin accumulation in the long run.

We like note that the assumption of a homogeneous steady state in this calculation may result in an overestimation of 3*
compared to a similar quantity estimated from simulations, as [p is constant for GDP-tubulin, but increases for GTP-tubulin
if for some reason the local microtubule density (more specifically, n™) and hence, tubulin consumption, is reduced.

4. Estimation of nucleation complex parameters

There are two types of events that can occur to a nucleation complex at the membrane: dissociation and nucleation. Average
times until these events occur have been measured by (2) both for complexes on microtubules and complexes not on microtubules,
using labelled versions of two different nucleation complex proteins (GCP2 and GCP3). From these measurements we can
make rough estimates the dissociation and nucleation rates for our simulations.

For complexes not on microtubules, the average time until an event occurs, averaged over both types of events and both
GCP2 and GCP3 labels (383 observations of which 9 nucleations), is:

tevcnt = 10s. [19}
The rate A at which events occur is therefore: .
A== =0.0995"". [20]
event

The fraction f, of events that turn out to be nucleations is:
fn = 0.023. [21]

Since this number is based on only nine observations, it is very uncertain, but it should at least give us a rough estimate of the
order of magnitude. From this estimate, the individual rates for nucleation and dissociation can be calculated:

Tn,unbound = A fn = 0-0023871

22
Td,unbound = A (1 - fn) = 0.0975_17 [ }

where 7y, unbound and T4 unbound are the estimated nucleation and dissociation rates for unbound complexes, respectively.

In the same way, we can calculate these parameters for microtubule-bound complexes, which have an average event time
of 7.2s and nucleations make up a fraction of 0.24 (based on 624 nucleations out of 2555 events). These numbers yield the
following values for the bound nucleation and dissociation rates:

Tr.bound = 0.034s " 23
Tdbound = 0.10s",

where 7y bound and Tqpouna are the estimated nucleation and dissociation rates for bound complexes, respectively.

The estimated dissociation rates for bound and unbound complexes are very similar. Therefore, we used a single dissociation
rate of rq = 0.1s~ " for all our simulations. For the nucleation rates, however, there is approximately a factor fifteen difference
between estimated rates of nucleation for bound and unbound complexes. Therefore, we used a bound nucleation rate of
Tn.pound = 0.03s 7! and an unbound nucleation rate of 7 unbound = 0.00257 .

Finally, we estimated a membrane association rate (rp) for nucleation complexes such that the final overall nucleation rate
would be close to that of 7, = 0.001um 25! used in the other simulations. To achieve this, we first need to estimate a total
number of nucleation complexes. A nucleation complex density of 0.037 particles per pm? was reported by (2). Using our total
domain area, we find that on average the total number of particles Nyc on our domain should be approximately:

Nnc =0.037- H - W = 105. [24]

This is includes particles that have already had a nucleation but were not yet released. Those particles are not considered in
our simulations, so this number represents an upper bound.

For a lower bound on this number, we can work backwards from the overall nucleation rate used in the previous simulations.
If we turn this value into a rate per cell, we get:

Tnycell = Tn - A = 0.001 - 2826 = 2.826 nucleations/cell/s, [25]
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where A is the area of the simulation domain. This number includes both nucleations of microtubule-bound complex and free
complex. In our model context, 7y cer can be calculated from the total number of complexes available for nucleation, the
fraction of complexes that is microtubule-bound (fpound) and the bound and unbound nucleation rates calculated above:

T'n,cell = fbound . NNC’ * T'n,bound + (]— - fbound) . NNCTn,unbound- [26]

We can rewrite this to estimate the number of nucleation complexes for a given nucleation rate:

Tn,cell
Nnc = : . 27
N fbound * T'n,bound + (1 - fbound) * Tn,unbound [ ]
The fraction of bound complex can be estimated from the total number of events that were observed on microtubules (2555 for
both GCP labels and event types out of 2938 total events) by (2), resulting in:

fround = 0.87. [28]

This is not entirely accurate since we need the bound fraction at any given time and this is the fraction of observed events
where the nucleation complexes were microtubule-bound. Since bound complexes have slightly faster event rates (due to their
higher chance of nucleation) there will be fewer of them in our simulations at any given time than this estimate would suggest.
Because the bound nucleation rate is much higher than the unbound rate, the number of complexes estimated for a given overall
nucleation rate would be an underestimate. This suggests the following lower bound on the number of nucleation complexes:

2.826

NNe = 587 0.0337 1 0.13.0.00233

95.4. [29]

The number of complexes available for nucleation can be used to estimate the association rate of new nucleation complexes
with the membrane. At some point the association rate must be balanced by the removal and nucleation rates to reach a steady
state. Taking 100 complexes, and the overall nucleation rate from equation 25, we get:

e = NncTd + Tn,cen = 100 - 0.1 4 2.826 = 12.826 associations/s = 0.0045 associations/qu/s. [30]

Based on this estimate, we chose an association rate of 0.0045 um™2s™".
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Fig. S1. Summary quantities for protoxylem simulations with isotropic and density-dependent nucleation for various factors of difference in the catastrophe rate between bands
and gaps (fcqt)- (A) Number of “empty” bands (defined as bands with less than 25% of average microtubule density in bands). Note that for isotropic nucleation this quantity
immediately drops to zero. (B) Same as (A) but with shaded areas representing standard error instead of standard deviation to improve readability. (C) Ratio of microtubule
density between gaps and bands. (D) Average microtubule density in bands. All statistics were based on 100 simulations. Lines and shaded areas indicate mean and standard
deviation (A,C,D) or standard error (B), respectively. Enhanced catastrophe rates in gap regions start at ¢ = 0 h for all simulations.
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Fig. S2. Including the extra step of GDP-tubulin to GTP-tubulin conversion facilitates formation of homogeneously populated bands, but only for biologically unrealistic
parameter values. (A) Results of representative simulations with various tubulin diffusion coefficients (D) for tubulin recharge rate 5 = 0.01. (B) Numbers of empty bands
for simulations with various tubulin diffusion coefficients and recharge rates. (C) Same as (B) but with shaded areas representing standard error instead of standard deviation to
improve readability. All statistics were based on 100 simulations. Lines and shaded areas indicate mean and standard deviation (B) or standard error (C), respectively.
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Fig. 5. With microtubule-dependent nucleation complex insertion, homogeneous arrays can be established as long as the radius R at which microtubules attract
complexes is sufficiently large. (A) Results of representative simulations with different values of R. (B) Time-averaged microtubule densities over the last three hours of the
corresponding simulations from (A). (C) Measure of persistent homogeneity. (D) Average microtubule density of the entire array over time. (E) Average global nucleation rate
(nucleations/um? /). All statistics were based on 100 simulations with Dy = 0.013 pm? /s and 74, min = 71/40 pm ™25~ 1. Lines and shaded areas indicate mean
and standard deviation, respectively.
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Fig. S7. Microtubule-dependent nucleation complex insertions greatly improves band formation without resulting in empty bands for reasonable parameter values. (A) Overview
of microtubule coverage of the cell membrane for representative simulations with a factor 3 difference in catastrophe rates between bands and gaps, using various values of
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disregarded here, because a lack of array density resulted in zero divisions. (D) Microtubule density in bands over time. All statistics were based on 100 simulations for various
values of D ¢ and 7y, min- Lines and shaded areas indicate mean and standard deviation, respectively. Enhanced catastrophe rates in gap regions start at t = 0 h for all
simulations.
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Fig. S8. Microtubule-dependent nucleation complex insertion is more effective at improving protoxylem band formation than increased nucleation for microtubule-bound
complexes. (A) Representative simulations using a factor 3 difference in catastrophe rates between bands and gaps and Dnc = 0.013mn2/s for various nucleation and
insertion scenarios: I: No reduction in insertion rate () in absence of microtubules and a hundred fold reduction in nucleation rate (r,,) for unbound complexes. II: A ten fold
reduction in the insertion rate without nearby microtubules and a ten fold reduction in nucleation rate for unbound complexes. llI: A hundred fold reduction in the insertion rate
without nearby microtubules and no difference in nucleation rate for unbound complexes. (B) Time-averaged microtubule densities over the last three hours of the corresponding
simulations from (A). (C) Average ratios between microtubule density in gaps and bands during the last two hours of the simulations. (D) Average global nucleation rate during
the last two hours of the simulations. All statistics were based on 100 simulations for the three scenarios described in (A). Enhanced catastrophe rates in gap regions start at
t = 0 h after two hours without difference in catastrophe rates and end at ¢ = 5 h for all simulations.
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Fig. S9. In absence of microtubule-dependent nucleation complex insertion, a reduced nucleation rate for unbound complexes results in an optimum in the ratio between gap
and band density for intermediate values of the nucleation complex diffusion coefficient (D n ). (A) Representative simulations with and without a different nucleation rate for
microtubule-bound and unbound nucleation complexes using a factor 3 difference in catastrophe rates between bands and gaps and various values of Dy ¢ . (B,C) Average
ratios between microtubule density in gaps and bands during the last two hours of the simulations with identical (B) and reduced (C) r,, in gaps. Note that —coming from high
D nc—, the window with lowest gap:band density ratio (i.e., optimal separation) in C' starts from D n ¢ values for which the total microtubule density decreases at the start
of the initiation phase. (D,E) Average global nucleation rates over time. All statistics were based on 100 simulations with (C,E) and without (B,D) a reduced nucleation rate
for unbound complexes, for various factors of difference in band and gap catastrophe rates (f.+) and various nucleation complex diffusion coefficients (D n ¢). Lines and
shaded areas indicate mean and standard deviation, respectively. Enhanced catastrophe rates in gap regions start at ¢ = 0 h for all simulations. (F) Proposed mechanism of
separation enhancement. Nucleation complexes in the bands are likely to encounter a microtubule in their lifetime and will therefore benefit from the higher bound nucleation
rate, while complexes in the gaps are more likely to disappear before they encounter a microtubule and therefore largely follow the lower unbound nucleation rate.
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Table S1. Nucleation complexes associate with the membrane more readily near existing microtubules. Comparison of nucleation complex
associations in oryzalin-treated cells and controls. The literature estimate for the association rate that we used in the simulations to keep the
overall nucleation rate comparable was 0.0045 ;;m 25~ 1.

Treatment: Mock  Oryzalin  Oryzalin Oryzalin

Area: Total Total Non-microtubule  Microtubule  Unit
Number of nucleation complexes appearing at the 338 170 55 115 -
membrane
Membrane area 873 5445 5372 73 wm?
Measurement time 120 120 120 120 s
Estimated membrane association rate 0.0037  0.00026  0.000085 0.013 um =251
Factor lower than literature estimate 1.4 17.3 52.7 0.35 -

! Full unit: Number of complexes per p,m2 per s
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Table S2. Default parameter values used in the simulations.

Parameter Value Unit Description Source
Simulation domain

H 60 wm Domain height (3)

W 75-2r  um Domain circumference (3)

Standard parameters

vt 0.05 um/s Growth speed (3)
v~ 0.08 wm/s Shrinkage speed (3)
vim 0.01 um/s Treadmilling speed (3)
Te 0.0016 st Catastrophe rate (bands)* (3)
Tr 0.001 st Rescue rate’ (3)
Tn 0.001 wm~2s71  Nucleation rate? (3)
feat 3 Factor increased catastrophe rate in gaps

Density-dependent nucleation
Py 0.1 wm/um?  Microtubule density at which half of all nucleations are (4)
microtubule-bound

Tubulin limited growth

Dyup Variable um?/s Tubulin diffusion coefficient

B 0.01 st Tubulin recharge rate® (5)

vg 0.1 um/s Initial growth speed Appendix 2
Lnaz 2.4-105  pum Maximum total microtubule length Appendix 2
Nucleation complexes

T 0.0045 um~2s71  Insertion rate Appendix 4
rd 0.1 s Dissociation rate® Appendix 4
Dnc 0.013 wm? /s Nucleation complex diffusion coefficient This paper
Tn,bound 0.03 st Bound nucleation rate? Appendix 4
Tn,unbound  0.002 st Unbound nucleation rate? Appendix 4

Microtubule-dependent nucleation complex insertion

Tb,min /40 ,umﬂsf1 Insertion rate in absence of microtubules®
R 0.05 uwm Radius in which nucleation complex insertion is enhanced by
microtubules

1 Full unit: Events per growing/shrinking microtubule per s
2 Full unit: Nucleations per ;Lm2 per s

3 Full unit: Reactivations per particle per s

4 Full unit: Number of complexes per umz per s

5 Full unit: Dissociations per particle per s
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Movie S1. Timelapse movie corresponding to Fig. 1H of a microtubule array simulation for an an elongating
interphase cell with isotropic nucleation.

Movie S2. Timelapse movie corresponding to Fig. 11 of a microtubule array simulation for an an elongating
interphase cell with density-dependent nucleation.

Movie S3. Timelapse movie corresponding to Fig. 1J of a microtubule array simulation for an a developing
protoxylem cell with isotropic nucleation.

Movie S4. Timelapse movie corresponding to Fig. 1K of a microtubule array simulation for an a developing
protoxylem cell with density-dependent nucleation.

Movie S5. Timelapse movie corresponding to Fig. 2B of a microtubule array simulation for an elongating
interphase cell with isotropic nucleation and local tubulin limitation with a tubulin diffusion coefficient of
0.001 pum?/s.

Movie S6. Timelapse movie corresponding to Fig. 2C of a microtubule array simulation for an elongating inter-
phase cell with density-dependent nucleation and local tubulin limitation with a tubulin diffusion coefficient
of 1 um?/s.

Movie S7. Timelapse movie corresponding to Fig. 2E of a microtubule array simulation for a developing
protoxylem cell with isotropic nucleation and local tubulin limitation with a tubulin diffusion coefficient of
0.001 pum?/s.

Movie S8. Timelapse movie corresponding to Fig. 2F of a microtubule array simulation for a developing pro-
toxylem cell with density-dependent nucleation and local tubulin limitation with a tubulin diffusion coefficient
of 1 um?/s.

Movie S9. Example of a GCP3-GFP focus stably bound to a cortical MT (ON). A single GCP3 focus stably
bound to a remaining cortical MT polymer after four hours of 40 uM Oryzalin treatment. Single frames
(left) of MTs (gray) and GCP3-GFP (green) and evolving maximum (MAX) projection (right). Temporal
resolution is 2.6 seconds. Scale bar = 2 ym.

Movie S10. Example of a diffusing GCP3-GFP molecule encountering cortical MTs without binding (OFF).
A single GCP3 focus first diffusing in the vicinity of a cortical MT without binding to it then undergoes
free diffusion in a MT-free manner (OFF) after four hours of 40 yM Oryzalin treatment. Single frames
(left) of MTs (gray) and GCP3-GFP (magenta) and evolving maximum (MAX) projection (right). Temporal
resolution is 2.6 seconds. Scale bar = 2 ym.

Movie S11. Example of a freely diffusing GCP3-GFP molecule associated with the plasma membrane. A
single GCP3 focus associates diffusively for about 30 seconds with the plasma membrane in complete absence
of MTs (OFF) after four hours of 40 yM Oryzalin treatment. Single frames (left) of MTs (gray) and GCP3-
GFP (magenta) and evolving maximum (MAX) projection (right). Temporal resolution is 1.3 seconds. Scale
bar = 2 ym.

Movie S12. Timelapse movie corresponding to Fig. 4B-I showing an overview of the simulated array of
a microtubule array simulation for a developing protoxylem cell with explicit nucleation complexes using
random complex insertion and the same nucleation rate on microtubules.

Movie S13. Timelapse movie corresponding to Fig. 4B-II showing an overview of the simulated array of
a microtubule array simulation for a developing protoxylem cell with explicit nucleation complexes using
random complex insertion and a higher nucleation rate on microtubules.

Movie S14. Timelapse movie corresponding to Fig. 4B-III showing an overview of the simulated array of
a microtubule array simulation for a developing protoxylem cell with explicit nucleation complexes using
microtubule-dependent complex insertion and the same nucleation rate on microtubules.

Movie S15. Timelapse movie corresponding to Fig. 4B-IV showing an overview of the simulated array of
a microtubule array simulation for a developing protoxylem cell with explicit nucleation complexes using
microtubule-dependent complex insertion and a higher nucleation rate on microtubules.
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Movie S16. Timelapse movie corresponding to Fig. 4H showing an overview of the simulated array of a micro-
tubule array simulation for an elongating interphase cell with explicit nucleation complexes using microtubule-
dependent complex insertion and a higher nucleation rate on microtubules. No seeded nucleations were used.

Movie S17. Timelapse movie corresponding to Fig. 4H showing an overview of the simulated array of a micro-
tubule array simulation for an elongating interphase cell with explicit nucleation complexes using microtubule-
dependent complex insertion and a higher nucleation rate on microtubules. Seeded nucleations were used.

SI Dataset S1 (CorticalSimple)
Code available at: https://git.wur.nl/Biometris/articles/corticalsimple
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