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Abstract: Many cytoskeletal networks consist of individual filaments that are organized into elaborate
higher order structures. While it is appreciated that the size and architecture of these networks are critical
for their biological functions, much of the work investigating control over their assembly has focused on
mechanisms that regulate the turnover of individual filaments through size-dependent feedback. Here,
we propose a very different, feedback-independent mechanism to explain how yeast cells control the
length of their actin cables. Our findings, supported by quantitative cell imaging and mathematical
modeling, indicate that actin cable length control is an emergent property that arises from the cross-linked
and bundled organization of the filaments within the cable. Using this model, we further dissect the
mechanisms that allow cables to grow longer in larger cells, and propose that cell length-dependent
tuning of formin activity allows cells to scale cable length with cell length. This mechanism is a significant
departure from prior models of cytoskeletal filament length control and presents a new paradigm to
consider how cells control the size, shape, and dynamics of higher order cytoskeletal structures.

Significance Statement: Cells control the sizes of their cytoskeletal networks to ensure that these
structures can efficiently perform their cellular functions. Until now, this ability has been attributed to
molecular feedback mechanisms that control the rates at which individual filaments are assembled and
disassembled. We find that size control of cytoskeletal networks does not require this type of feedback
and can instead be encoded through the physical arrangement of the filaments within that network. These
findings have important implications for understanding how the underlying geometry of higher order
cytoskeletal networks contributes to cellular control over these structures.
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Introduction: Cells possess the remarkable ability to control the size, shape, and dynamics of their
intracellular parts (1-3). This behavior is important for promoting proper organelle function and has been
observed for many membrane-bound and cytoskeletal organelles found in diverse eukaryotic cells.
Further, it suggests that the ability of a cell to govern the geometric properties of its intracellular
structures is a fundamental property of living systems.

Cytoskeletal filaments are popular and convenient models used to study the mechanisms that control the
size of intracellular structures because their size can be represented by a single dimension, their length.
Regardless of their molecular composition (e.g., actin or tubulin), these polymers grow by the addition of
molecular building blocks and shrink by their removal. Thus, experimental and theoretical studies of
length control aim to identify the nature of the feedback that controls the rates of subunit addition and
removal, which allows these filaments to be assembled and maintained at a steady-state length (4).
Different mechanisms have been proposed to explain how cytoskeletal structures (e.g., mitotic spindles,
cilia, and actin cables) are assembled and maintained at defined lengths, including: limiting-pool models,
balance-point models, molecular rulers, antenna models, and concentration gradients (5-10). While each
of these mechanisms involves distinct molecular details, they all require a control mechanism that tunes
either the assembly rate, the disassembly rate, or both rates in a length-dependent manner. While this
level of abstraction is suitable for individual cytoskeletal filaments, it is unclear how well these types of
models explain size control of the many higher order cytoskeletal structures found in cells, which have
elaborate filamentous architectures, such as cilia/flagella, stereocilia, lamellipodia, and filopodia.

Cytoskeletal networks found in nature are typically composed of many individual filaments that are
organized into higher order structures. The specific architectures of these larger, composite structures are
crucial for their biological functions (e.g., in phagocytosis, cell motility, and pathogenesis), yet much of
the work investigating how these structures are assembled and regulated has focused on the mechanisms
that control the turnover of individual filaments. To gain a better understanding of how these higher order
structures are controlled by the cell, we need to consider the architecture and geometry of these
structures and how the arrangement of filaments within these structures contributes to emergent
properties of these higher order networks.

Here, we address this question using yeast actin cables as a model. Each actin cable in a yeast cell is a
bundle comprised of many short, overlapping actin filaments polymerized by formins (11). In the budding
yeast S. cerevisiae, cables are assembled by two genetically redundant formins, which localize during bud
growth to the bud tip (Bnil) and bud neck (Bnrl) (12—14). The cables polymerized by Bnil and Bnrl are
polarized structures, with their barbed ends oriented toward the bud tip and neck, respectively. This
property enables them to serve as railways for essential myosin-based transport of secretory vesicles and
organelles to the growing bud cell (11, 15). It is thought that controlling actin cable length promotes
efficient intracellular transport and therefore polarized growth in these cells (9, 16—18). In support of this
hypothesis, we have recently shown that yeast actin cables grow so that their length closely matches the
length of the mother cell in which they are assembled (19). We found that the scaling of cable length with
cell length is conferred through control over their assembly - initially cables grow fast, but as they grow
longer and approach the back of the cell their rate of growth steadily slows down, or decelerates.
Ultimately, cable growth stops when the length of the cable matches the length of the cell. In addition,
we showed that this cable deceleration behavior was different in smaller versus larger cells. This suggests
that cable growth is tuned in a cell length-dependent manner, but the underlying mechanism has
remained unclear.

Here, we present a new mathematical model of cable length control that explores how the specific
geometry and architecture of a cable can enable length control. This model for cytoskeletal length control
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is a significant departure from previous length control models because there is no length-dependent
molecular feedback mechanism that tunes the rates of assembly or disassembly. Instead, the control over
cable length naturally emerges from the geometric arrangement of the filaments within the network.

Results:
Actin cables undergo length-dependent tapering

To date, actin cables have been thought of as one-dimensional, linear structures (9, 18, 19). Therefore,
prior length control studies have treated the cable as having a single barbed end at which actin monomers
are added, and a single pointed end at which actin monomers are removed. However, it has been shown
that cables are composed of many shorter, overlapping actin filaments bundled together by actin
crosslinkers  (20). Therefore, we were
interested in determining whether the
architecture of the cable could provide
insights into how its length is controlled (21—
23).
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We started by asking whether the width of
cables is uniform along their lengths. To
address this, we fixed and stained wildtype
haploid budding yeast cells with fluorescently
labelled phalloidin and imaged them using
super-resolution microscopy. From these
images, we traced the entire length of the
cables that could be clearly tracked in mother
cells (i.e., those that do not intersect with
other cables or actin patches) from their origin
at the bud neck to their terminal end in the
mother cell (Figure 1A). We measured the
fluorescence intensity along the entire length
of the cable, and took this to be proportional
to cable density or thickness. We found that
the density of F-actin in cables was not
uniform, but instead tapers as cables get
longer (Figure 1B). Specifically, F-actin density
was greatest in the region closest to the bud
neck, where formin-mediated cable assembly
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Figure 1: Two-dimensional model of cable length control. (A) Representative
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takes place, and progressively decreased with
cable length. Further, the cable thickness
profile was well fit by a single exponential with
a decay length of 1.54+0.08 um (all reported
values represent mean + 95% Cl, unless
otherwise indicated).

Two-dimensional model of cable

control

length

The tapering of F-actin density we observed in
actin cables was reminiscent of tapering

maximum intensity projection images of haploid yeast cells fixed and stained with
labeled-phalloidin. Arrows indicate single actin cables that clearly display their tapered
shape. Scale bar, 5um. (B) Relative actin cable fluorescence intensity measured in three
independent experiments. Solid magenta line and shading, mean and 95% confidence
interval for all three experiments (n=47 cables). Tapering profile decay length (+95% Cl)
was determined by fitting the profile to a single exponential. (C) Schematic of the two-di-
mensional model of actin cable length control. Multiple formins (orange, N) simultane-
ously assemble short actin filaments with a characteristic length (L) at a constant rate (k).
These filaments are crosslinked and bundled (green ellipses) with neighboring filaments
to form the cable and continue to extend into the cell at the same rate at which filaments
are assembled by formins (v, . =k L). Each filament has an independent probability of
being targeted for removal (r, . =k L) from the cable. Thus, the length of the cable
(L) is the distance from the site of assembly to the distal tip of the longest surviving
filament in the cable. (D-F) Results obtained from simulations (solid black lines)
compared with experimental measurements of cable length (D), cable extension rate (E),
and cable tapering (F). The parameters used for these 1,000 independent simulations
were, k = 0.50 sec-1, k_ = 0.16 sec-1, L, = 500nm, N, = 4 formins. Solid lines and shading
indicate mean and 95% confidence interval, respectively.


https://doi.org/10.1101/2023.11.28.569063
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.28.569063; this version posted November 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

127  previously reported for other types of actin networks (e.g., Listeria comet tails and fish keratocyte
128  lamellipodial fragments) (24-26). This prompted us to consider whether related mechanisms may explain
129  how the structure and length of actin cables are regulated. To test this idea, we developed a mathematical
130 model of cable length control (Figure 1C), in which multiple formin molecules (Nf) are localized at the bud
131 neck and produce actin filaments of a fixed length (Ls) at a constant rate (k. ). As these filaments are
132 assembled, they are incorporated into the cable bundle by crosslinkers. As a result of polymerization and
133 crosslinking, the entire bundle collectively grows as a single unit, extending into the mother cell at a
134 constant velocity (Vextension = K4+Lg), which is equivalent to the number of actin monomers that are
135  added to the growing cable the formins at the bud neck. Once incorporated into the growing bundle, each
136  filament has an independent probability of being targeted for removal through an unspecified
137  disassembly mechanism. Because each of these filaments has a fixed length (Lf), the rate at which
138  monomers are removed from the cable is constant (ryisassempie = K-Lg). Thus, the entire length of a
139  cable (L.) is equal to the distance between its site of assembly (the bud neck) and its distal end, defined
140 by the last surviving filament within the bundle. Importantly, none of these parameters have an inherent
141 length dependence, and therefore all parameters in this model are constants.

142  To derive estimates for the parameters in our model, we referred to our prior study of cable length control
143 (19), in which we determined that the average length of cables in haploid budding yeast was 4.48 +
144  0.98 um. We also used linear regression to measure the extension velocity of cables (i.e., the slope of the
145 initial linear phase of cable growth) from our prior measurements of cable extension rates in haploid cells
146  (Vextension = 0.25 + 0.02 pm/sec, Supplemental Figure 1A). To estimate the remaining unmeasured
147  parameters in our model, we used the following mathematical relationship that describes the mean length
148  of a bundle of filaments:

149 <L.>= 1 (y +1In (’;—iNf)) (1)

150 where < L. > is the mean cable length, y = 0.577 (i.e., the Euler-Mascheroni constant), and Ny is the
151 number of formins assembling a single actin cable; for derivation see Supplemental Text. Importantly, 1
152  is the cable tapering profile in Figure 1B, and can be related to the model parameters through the
153 thickness decay constant, defined as:

k
154 A =L ()

155  Using Equation 2 with our measurements of the extension velocity (Veytension) @nd the tapering decay
156  profile (1) we estimate k_ = 0.16 + 0.01 sec™ ! (mean * SD).

157  While we were unable to compute Ny and Ly without direct measurements of at least one of these
158  parameters, a prior electron microscopy study of actin cables in S. pombe found that the average length
159  of these filaments was 0.49 + 0.26 um (mean % SD) (20). We used these measurements to estimate
160  L;~0.5um and, with Equation 1, estimate that four formins (Ny~4 formins) cooperate to assemble a
161  single cable. Importantly, rewriting Equation 1 using Equation 2 as:

162 <Le>=2(y+In (j—fzvf)) 3)

163  shows that mean cable length depends on the ratio of the number of formins to filament length (i.e.
164  Ng¢/Ly), indicating that other values for these parameters can generate cables with the same average
165 length when A is held constant (Supplemental Figure 2A).
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166 Next, we conducted computational A B
167  simulations using the parameters b T Slopem 1252012 R =048
168  estimated above (k, = 0.50sec™!, z ]
169  k_ =0.16sec”?, Ly = 500nm, N; = g ]
170 4 formins) and found that this model can ]
171 assemble actin cables that resemble & 10°4
172 those observed in vivo. Remarkably, our (—3 E
173 model produced cables that exhibit a I
174  peaked  distribution  of  lengths, 47
175  decelerated growth, and tapered actin 10 e
176  density profiles (Figure 1D-F, black lines), Mother cell length (m)
177 despite the absence of any length- C D 12000
178 dependent parameters. Next, we directly 10000 i —
179  compared the results of these simulations 5 8000
180  with our experimental measurements s 5000
181 (Figure 1D-F, magenta lines) and found é 1000
182 that this model can adequately ’ 00
183 recapitulate our experimental data
184  without the use of any fitted parameters. — % Mother ol width (ur)
185  We further validated our simulations by
186  comparing these results with the E 2 F 1= Fit, Slope = 0.97+0.08, R? = 0.62
187  analytical solutions for these cable 20 ac ;gc i
188  behaviors (Supplemental Figure 2B-D). - “E“ 9% .
s 3
189  Cable extension velocity is independent 512 b ok bd Oozoo 510
190  of cell size 3 ;8:' % ° §
8 @

191  Next, we wanted to determine which og0 % )
192 parameters in our model may be tuned in 4 |
193  acelllength-dependent manner to permit 0 10° —
194 the previously observed scaling of cable Mother cell .ength1&m)
195 length with cell length (19). First, we 1N @2N @uninduced cdc28-13¢ @induced cdc28-13
196 considered whether the extension Figure2:The amount of Bnr1 formin at the bud neck and the number of actin cables
197 velocity may be celllength dependent. To. 2 sclewith cslengt i feresenatys i pienstyictin e
198 determine how extension velocity (Bnr1-GFPEnvy) and Cdc3 (Cdc3-mCherry). Scale bar, 5pm. (B) Amount of Bnr1-GFPEnvy
199 changes as a function of cell size we |Sciied in e bl v o chet s cls g o it sl s
200 referred to our prior quantification of vy was measured in three independent experiments (n=148 cells). (C) Representative
201 cable extension rates from temperature- [T ety proscien mags f 2 alold st e nd v i
202 sensitive cdc28-13% cells. At the thelinescan profile (D) used for automated peak detection (orange X’s indicate detected
203 permissive temperature, cdc28-13% cells act'in cables). (E) The numberofactir? cables measured from haploid (red), diploid (b!ue),

uninduced cdc28-13ts (green), and induced cdc28-13ts (yellow) cells fixed and stained
204 are similar in size to wildtype haploid with labeled-phalloidin. Each data point represents an individual cell. Larger symbols
205 budding yeast; however, their size [Tl pen fomeuchof e heendependet erparimaris 1l e
206 increases when grown at the non- ttest Significant differences (p<0.05) indicated for comparisons with haploid (‘a"), diploid
207 permissive temperature (19, 27, 28). In (1), minduced s 136 €) ond nduced izt (0) ) A cole pumber
208  our prior study, we quantified cable power-law.
209  extension rates from these enlarged cells by tracking the tips of cables marked with the fluorescent cable
210  reporter Abp140-GFPE™, Here, we reanalyzed these measurements by using linear regression to compare
211  the extension velocity (i.e., the slope of the initial linear phase of actin cable growth) in induced and
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212 uninduced cdc28-13" cells. We found that despite the nearly 2-fold difference in cell length, the initial
213 extension velocity was not significantly different (Vextension, uninducea = 0.22 £ 0.02 pm/sec,
214 Vextension, inducea = 0.24 1 0.02 um/sec; p = 0.23)(Supplemental Figure 1B). Thus, cable initial
215  extension velocity is independent of cell size and does not likely contribute to the scaling of cable length
216  with cell length.

217  The amount of formin at the bud neck scales with cell length

218 Next, we considered whether differences in the density or organization of formin molecules at the bud
219 neck (Bnrl) might contribute to the scaling of cable length with cell length. To determine whether the
220 amount of Bnrl at the bud neck changes in cells of different size, we differentially tagged Bnrl with GFPE"™Y
221  and Cdc3 (a component of the septin collar at the bud neck) with mCherry in cdc28-13* cells (Figure 2A).
222 Wegrew the cells for either 0, 4, or 8 hours at the non-permissive temperature to induce different changes
223 in cell size, and then returned cells to the permissive temperature to allow polarized growth for one hour.
224  Next, we mixed approximately equal numbers of cells of the three different sizes and performed live
225 imaging on the cell populations using spinning disk confocal microscopy. We used the Cdc3-mCherry
226  channel to generate segmentation masks of the bud neck, and within this mask measured the total
227  fluorescence intensity of Bnrl-GFPE™Y at the bud neck. From the same images, we also measured the
228  distance from the bud neck to the rear of the mother cell.

229  To determine whether the amount of Bnr1-GFPE" at the bud neck changes as a function of cell length,
230  we analyzed the data on a double logarithmic plot, which revealed a linear scaling relation between the
231  amount of Bnrl at the bud neck and cell length (Figure 2B). To determine the nature of this scaling
232 relation, we fit the data using the power law (y = Ax%), where a is the scaling exponent that describes
233 the relationship between the two measured quantities, cell length and cable number (3). We found that
234 the scaling exponent was slightly hyperallometric (aformin = 1.25 £ 0.11, R? = 0.49), indicating that a
235  greater amount of formin localized to the bud neck in larger cells compared to smaller cells.

236  The number of actin cables in the mother cell scales with cell length

237  Our observations above prompted us to next ask whether larger cells, which have higher levels of Bnrl at
238  the bud neck, might assemble thicker cables and/or an increased number of cables. To quantify the
239 number of cables in the mother cell compartment of cells of different size, we used line scans drawn
240  across the equator of haploid, diploid, and cdc28-13" temperature-sensitive cells fixed and stained with
241 fluorescently labelled phalloidin (Figure 2C). Diploid yeast cells have ~2-fold increase in volume compared
242  to haploid cells, and cdc28-13* cells grown at the non-permissive temperature for eight hours have a ~5-
243 fold increase in cell volume (19, 29). Next, we used automated fluorescent peak detection from the line
244  scans to quantify the number of cables in the mother cell compartment (Figure 2D). We also measured
245 the length of the mother cell (i.e., the distance from the bud neck to the rear of the mother cell) in each
246  cell.

247  We found that the mean number of cables was 9 £ 2 in haploid cells and 13 + 3 in diploid cells. Additionally,
248  the mean number of cables in cdc28-13" cells grown at the permissive temperature was 7 + 2, while the
249  mean number of cables in cdc28-13* cells grown at the restrictive temperature was 16 + 3 (Figure 2E). We
250  performed a power law analysis to compare how the number of cables changes as a function of cell size,
251  and found that there is an isometric scaling relation (asqpie numper = 0-97 = 0.07,R? = 0.62) between
252  the number of cables and the length of the cell (Figure 2F).

253  Actin cables taper in a cell length-dependent manner
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Thus far, our data suggest that larger A
cells have higher levels of formin
molecules at the site of cable assembly;
however, instead utilizing these
increased levels of formins to assemble
thicker cables, they assemble more
cables. To explicitly test whether cables
are thicker in larger cells compared to
smaller cells, we compared cable

B 12 p = 6x10%

8%

small large
Bin

tapering profiles from uninduced and

induced cdc28-13% cells, which were (C \ D o~ oweenon=rsseoonr=osr
fixed and stained with fluorescently 28 x10 z | Devey langth = 270:£0.05 I =087
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efficiency, we mixed approximately 3 ° % 208
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microscopy (Figure 3A). For each cell in Bin Cable length (um)

the population, we measured the

fluorescence intensity along the length E 45 F 10 -=- Decay length = 0.31:£0.01, R? = 0.67
of its cables and the length of the 14 —P=10" g T Cevinmemmnmned
mother cell. To distinguish between the £ éo.s

uninduced and induced cdc28-13" cells, 210 206

we used mother cell length to sort cells X §

into bins containing either ‘small’ or % 6 204

‘large’ cells. To validate this binning © 4 %0_2

strategy, we plotted the cable lengths 2 ©

we measured from these cells and found O mall large 0800 025 050 075 1.00
that the mean cable length in each bin Bin Cable length / Mother cell length

was consistent with our previous figure. 3: Act'in c.able. tapering is cell length dependel.\t. (A) Representative maximum
intensity projection images of small (left) and large (right) cdc28-13ts cells fixed and

measurements (Lcable, small = 4.1+ stained with labeled-phalloidin. Arrows indicate single actin cables that clearly display
_ their tapered shape. Scale bar, 5um. (B) Actin cable length and (C) actin cable fluores-

0.3pum, Lcable, large — 7.3+ 0'8P'm) cence intensity in the bud neck region measured from mixed populations of uninduced
(Figure 3B)(19). and induced cdc28-13ts cells. Cells were binned based on cell length (E), small cells are
indicated in green while large cells are indicated in yellow. Each data point represents an

We first compa red the cable individual cable. Larger symbols represent the mean from each experiment. Error bars
. N . indicate 95% confidence intervals. Statistical significance determined by students t-test.

fluorescence intensity at the region (p) Relative actin cable fluorescence intensity plotted against cable length, and (F)
closest to the bud neck (i.e., the region relative actin cable fluorescence intensity plotted against the ratio of cable length/cell
X length. Solid lines and shading, mean and 95% confidence interval. Tapering profile

where new filaments are added to the decay lengths (£95% Cl) were determined by fitting each profile to a single exponential.

cable) and found that there was no Alldatawere generated from five independent experiments (n=84 cables).
statistically significant difference between these bins (Figure 3C). These findings indicate that the number
of formins incorporating new actin filaments into a single cable is likely similar in cells of different size,
and therefore does not contribute to the scaling of cable length with cell length.

We next wanted to determine whether differences in how filaments are removed from the cable bundle
may contribute to the scaling of cable length with cell length. To test this, we measured the decay length
(A) from the actin tapering profiles for each bin, as this measurement directly reflects the rates at which


https://doi.org/10.1101/2023.11.28.569063
http://creativecommons.org/licenses/by-nc/4.0/

300
301
302
303
304
305
306
307
308
309
310
311

312
313

314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331

332
333
334
335
336
337
338
339
340
341
342
343
344
345

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.28.569063; this version posted November 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC 4.0 International license.

filaments are added and removed from the bundle (see Equation 2). Comparing the decay length (A) from
the actin tapering profiles for each bin revealed that the decay length was ~2-fold greater in larger
compared to smaller cells (Agnqy = 1.39 £ 0.04 pm, A;4rge = 2.79 £ 0.06 pm) (Figure 3D). We also
noted that the ratio of decay lengths between bins was similar to the ratio of average cell length between

bins (Lcell, large/Lcell, sman =2.0+0.3

» Liarge/Asman = 2.0 £0.1) (Figure 3E). To determine

whether these actin tapering profiles were cell length-dependent, we normalized cable length by the
length of the cell in which it was measured and then measured the decay lengths from these normalized
profiles. Upon normalization, the actin tapering profiles collapse to a single profile with indistinguishable
decay lengths (A orm, smau = 0.31 1 0.01, Ayorm, 1arge = 0.29 £ 0.01) (Figure 3F), indicating that the

mechanism that confers actin cable
tapering is a cell length-dependent
process.

Scaling of actin cable length by
tuning filament length

Our observation that cable tapering
profiles depend on cell length
presents two possible mechanisms
by which cells can scale the length of
their cables with cell length: tuning
the length of filaments assembled by
formins in a cell length-dependent
manner (Figure 4A, Model 1), or
tuning disassembly in a cell length-
dependent manner (Figure 4A,
Model 2). To distinguish between

these two  mechanisms, we
conducted computational
simulations and compared the
simulation results to our

experimental quantifications of cable
length, extension rate, and tapering
in smaller and larger cells.

First, we conducted simulations of
cable assembly using the parameters
we derived above for wildtype
haploid cells, and compared these
results with simulations where the
disassembly rate (k_) had been
scaled by cell length. We found that
while the decay profiles from these

simulations  agree  with  our
experimental observations
(Supplemental Figure 4A), this
mechanism was not able to

recapitulate our other experimental
observations. Specifically, the cables
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Figure 4: Tuning the length of formin generated filaments scales actin cable
length with cell length. (A) Predicted scaling of cable length with cell length
when either filament length (Model 1) or disassembly rate (Model 2) is tuned in a
cell length dependent manner. Black lines indicate theoretical predictions
obtained from Equation 1 where either filament length (left panel) or disassembly
rate (right panel) is scaled with cell length. Dashed red lines indicate linear scaling
of cable length with cell length. (B-E) Comparisons between simulations conduct-
ed using the cell size specific filament lengths (black and grey lines) with experi-
mentally measured actin cable parameters from uninduced (green lines) and
induced cdc28-13ts cells (yellow lines). (B-C) Comparisons of actin cable length
distributions, (D) actin cable tapering profiles, and (E) actin cable extension rate.
Solid lines and shading indicate mean and 95% confidence intervals, respectively.
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346  assembled under this mechanism were longer than expected (< L >iargesimutation= 11.0 &
347  1.0um, < L; >i4rgeexperiment= 8.2 = 0.4um), and that the ratio of simulated cable lengths was also

<Lc>large, simulation __ 23+1.9

348  greater than measured ( ) (Supplemental Figure 4B-D). Thus, it appears

<Lc>small, simulation

349  that tuning the disassembly rate alone cannot explain actin cable length scaling.

350 Next, we wanted to determine whether our experimental observations are consistent with a mechanism
351  where the length of the filaments assembled by formins are scaled with cell length. Importantly, scaling
352  the length of these filaments with cell length requires that both the rates of filament assembly and
353  disassembly are also scaled in a similar manner. This is due to how these rate constants are defined in our
354  model — each rate constant is defined by the amount of time required to either assemble or disassemble
355  asingle filament. Therefore, a 2-fold increase in filament length requires twice as much time to assemble
356  that filament and twice as much time to disassemble that filament.

357  We found that our experimental data closely resemble the results of our simulations of cable assembly
358  where the formins assemble filaments whose lengths are scaled with cell length. Specifically, there was
359  nosignificant difference between mean cable length or the ratio of cable lengths between small and large
360 cells(< Lc >iarge, simutation= 8.7 £ 0.3pum, < Le >sman, simutation= 4.7 £ 0.2pum;

361 <Lc>large, simulation

= 1.9 + 1.1; Figure 4B-C) (19). We also found that these simulations closely resemble

<Lc>small, simulation

362  our measurements of cable tapering (Figure 4D) and cable extension rates measured in small and large
363  cdc28-13% cells (Figure 4E). These findings are further supported by our analytic calculations (Figure 4A
364  for details see Supplemental Text). Thus, our experimental measurements are consistent with a
365 mechanism where actin cable length is scaled to match cell length through a process that tunes the lengths
366  of the filaments assembled by formins, such that formins in longer cells assemble longer filaments.

367 Discussion

368 In this study, we present a novel, feedback-independent model of length control that describes how S.
369  cerevisiae controls and scales the length of its actin cables (Figure 1C). This model differs from prior
370  models of length control in that it does not treat each cable as a one-dimensional filament, nor does it
371  assume that any of the model parameters are tuned in a manner that depends on cable length. Instead,
372 our model considers the actual, two-dimensional arrangement of the cross-linked and bundled filaments
373  that compose the cable (Figure 1C). Additionally, all processes that contribute to the assembly and
374  maintenance of the structure (e.g., the rates of filament addition and removal, the number of nucleators)
375  are treated as constants that are independent of the size of the structure being assembled. Despite the
376  absence of feedback, this model recapitulates all known quantitative features of cable length control
377  when two conditions are met: 1) the filaments that compose cables are bundled, and 2) each filament is
378 removed from the bundle with an independent probability. Thus, rather than relying on size-dependent
379 feedback, control over cable length instead emerges from the geometric arrangement of the shorter
380 filaments that comprise the network.

381 Due to the minimal number of experimentally accessible parameters that define this model, we were able
382 to use our quantitative experimental measurements to generate predictions for each of the parameters
383 in our model, and then test these predictions using computational simulations. We found that our
384  simulations of actin cable assembly using these parameters capture the key quantitative phenotypes
385 displayed by actin cables in vivo — the distribution of cable lengths is peaked, cable extension rate
386 decelerates as the cable grows longer, and cable thickness tapers along their length (Figure 1D-F). While
387  the results of these simulations are very similar to our experimental measurements, we found that there
388  are some notable differences (e.g. the width of the distribution from the simulation is greater than the


https://doi.org/10.1101/2023.11.28.569063
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.28.569063; this version posted November 29, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

389  width of the distribution measured experimentally). These differences between our theoretical and
390 experimental results suggest that while our model adequately describes the mean behavior of cables (e.g.,
391  average cable length, extension rate, etc.) there are likely to be other parameters that further control the
392  assembly and length of actin cables in vivo. Additionally, some of these differences may arise due to the
393  complicated nature of performing quantitative experiments on such a highly dynamic cytoskeletal system.
394 We expect that further technological developments that increase the spatial and temporal resolution with
395 which we can observe actin cables in live cells will help to further refine the predictions for the parameters
396  we identify in this study.

397  We were also interested in testing how the parameters in our model may be tuned in a cell length
398 dependent manner to confer the scaling of actin cable length with cell length. Our prior work provided a
399  quantitative description of how cables grow to lengths that closely match the length of the cell, however,
400  we could only speculate about possible molecular mechanisms that would confer this behavior (19). Here,
401 we were able use our new model of cable length control to computationally and experimentally eliminate
402 potential mechanisms that may confer this scaling behavior.

403  Actin cables are assembled by two complementary sets of formins, one localized to the bud neck (Bnrl)
404  and one localized to the bud tip (Bnil) (12—14). Our study has focused only on the cables assembled by
405 Bnrl, which assembles and organizes cables that enter the mother cell. Prior studies have shown that
406 Bnr1l colocalizes with components of the septin collar in regularly spaced pillars around the bud neck (30—
407  32).These pillars are thought to serve as sites of actin cable assembly, as actin cables have been observed
408 to emerge from these sites as they grow into the mother cell. Additionally, it has been observed that the
409 diameter of the bud neck scales with cell length through an unknown mechanism (33). Therefore, we
410 sought to determine whether these sites of actin cable assembly are sensitive to changes in cell size in
411 order to assemble longer cables in larger cells.

412  Our quantitative analyses of how cables are assembled in cells of different sizes revealed that while there
413  is a greater amount of formin (Bnrl) localized to the bud neck in larger cells (Figure 2B), these cables are
414  assembled at the same rate (Supplemental Figure 1B) and have the same initial thickness as smaller cells
415 (Figure 3B). Additionally, we found that larger cells assemble a greater number of cables when compared
416  with smaller cells (Figure 2E-F). Taken together, these results suggest that the molecular composition and
417  arrangement of formins within these sites of cable assembly are likely cell size independent, but that the
418  number of these assembly sites scales with cell length. It is currently unknown how the size, number, and
419  composition of these cable assembly sites is determined, but we suspect that these features of the actin
420  cable network are important to ensure that the flux of growth factors from the mother cell is sufficient to
421  support the growth of the daughter cell. This hypothesis is supported by the observation that larger
422 mother cells produce larger daughter cells (27, 34), and suggests that actin cables may play an important
423  role in controlling the birth size of daughter cells.

424  Our analysis of actin cable tapering profiles from cells of different sizes presented two possible
425 mechanisms to scale actin cable length with cell length — either the rate at which filaments are removed
426  from the cable, or the length of the filaments that compose the cable are scaled with cell length. When
427  we compared computational simulations and analytic calculations of each mechanism with our
428  experimental measurements, we found that our data are consistent with a mechanism where the length
429 of the filaments that compose the cable are tuned in a cell length dependent manner (Figure 4,
430 Supplemental Text). While we have not generated direct experimental evidence to support this
431 mechanism, prior studies have demonstrated that mutants that lack the ability to properly tune formin
432  activity exhibit defects in actin cable length regulation and organization (16-18, 35, 36). Therefore, we
433 suspect that the tuning of filament length may be driven by regulators that either inhibit formin activity
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434  (e.g., Smyl and Hofl), or displace formins from the barbed ends of growing filaments (e.g., Bud14).
435 Furthermore, it is unclear how the activity or abundance of these types of formin regulators is controlled
436  in a cell length dependent manner. Generally, protein abundance is thought to scale with cell volume,
437 such that their concentration is maintained across variations in cell size (37). However, recent studies have
438 identified subsets of proteins that deviate from this behavior and either ‘sub-scale’ or ‘super-scale’ with
439 cell volume (28, 38). Therefore, we suspect that regulators of formin activity may exhibit similar scaling
440  behaviors, so that their abundance scales with other aspects of cell geometry (e.g., cell length or cell
441 surface area). Alternatively, it has been recently demonstrated that cells can also exploit the different
442 rates at which cell volume and surface area scale to tune the size of their mitotic spindle and nucleus with
443 cell size (39, 40). Thus, it is possible that budding yeast utilize a similar mechanism to tune the activity of
444  formins in a cell length dependent manner.

445 Importantly, our new model of actin cable length control was inspired by studies investigating the actin
446 cytoskeleton arrays assembled by diverse cell types (e.g., Listeria and fish keratocyte lamellipodial
447  fragments) that observed similar actin density tapering profiles (25, 26). While these structures provide
448  fundamentally different biological functions (e.g., generating the force required for motility, or serving as
449  tracks for intracellular transport) it appears that much of their behavior is controlled through a simple set
450 of components — nucleators that promote the assembly of filaments, bundling or cross-linking factors that
451 organize filaments into a higher ordered network, and disassembly factors that prune filaments from
452 these arrays. While other studies have proposed that these diverse networks arise due to their association
453 with specific molecular regulators, our model suggests that these higher order actin arrays have much
454 more in common than previously thought. Furthermore, our work contributes to the emerging paradigm
455  that, in addition to molecular regulation, the dynamics and sizes of cytoskeletal networks are encoded by
456  their geometry (21, 41-43).
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555 Methods:
556 Plasmids and yeast strains

557  All strains (see Supplemental Table 1) were constructed using standard methods. To integrate the GFP
558  variant (Envy) at the C-terminus of the endogenous Bnrl, primers were designed with complementarity
559  to the 3’ end of the GFPE"Y cassette and the C-terminal coding region of Bnrl. PCR was used to generate
560 amplicons from the pFA6a-GFP-His3MX template that allow for selection of transformants using media
561 lacking histidine. The parent strain, cdc28-13%, was transformed with PCR products, and transformants
562 were selected by growth on synthetic media lacking histidine. To integrate a mCherry tag at the C-
563 terminus of the endogenous Cdc3, the plasmid pBG1533 (Cdc3-mCherry-LEU) was linearized using the
564 restriction enzyme Bglll and transformed into the parent strain, cdc28-13%; Bnrl-GFP™™::His3MX.
565  Transformants were selected by growth on synthetic media lacking leucine.

566 Induction of cell size changes

567 To induce increases in cell size, cdc28-13" cells were grown at the permissive temperature (25°C)
568  overnight in synthetic complete media (SCM), then 10 plL of overnight culture was diluted into 5mL of
569  fresh SCM. Cultures were then shifted to the restrictive temperature (37°C) for either 4 or 8 hours. After
570 this induction, cells were returned to the permissive temperature (25°C) for one hour of growth to allow
571  cell polarization and bud growth, and then used for imaging experiments.

572  Quantitative analysis of actin cable length, number, and fluorescence intensity in fixed cells

573  Strains were grown at 25°C to mid-log phase (OD600 ~ 0.3) in synthetic complete media (SCM) or were
574  first induced for cell size changes as indicated above. Then cells were fixed in 4.4% formaldehyde for 45
575 minutes, washed three times in phosphate-buffered saline (1XPBS), and stained with Alexa Fluor 488-
576  phalloidin (Life Technologies) for 224 hours at 4°C. Next, cells were washed three times in 1XPBS and
577 imaged in Vectashield mounting media (Vector Laboratories). 3D stacks were collected at 0.2 um intervals
578 on either a Zeiss LSM 880 using Airyscan super-resolution imaging equipped with 63x 1.4 Plan-
579  Apochromat Qil objective lens, or a Nikon Ti2-E invert confocal microscope equipped with a CSU-W1 SoRa
580 (Yokogawa) and a Prime BSI sCMOS camera (Teledyne Photometrics) controlled by Nikon NIS-Elements
581 Advanced Research software using a 100x, 1.45 NA objective. 3D stacks were acquired for the entire
582 height of the cell. Airyscan image processing was performed using Zen Black software (Carl Zeiss) and SoRa
583 image processing was performed using NIS-Elements Advanced Research software (Nikon).
584  Quantification of actin cable length was performed as previously described (44).

585  To quantify actin cable number, we generated line scans of phalloidin fluorescence intensity across the
586 approximate equator of the mother cell from background subtracted maximum intensity projection
587 images. Lines were drawn to avoid fluorescence signal intensity associated with actin patches. Actin cables
588  were counted by automated detection of fluorescence peaks from line scan profiles using custom Python
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589  scripts. Peaks were only identified as cables if their fluorescence intensity was greater than 20% of the
590 maximum peak intensity within a single line scan.

591  To quantify the fluorescence intensity along the length of cables, we manually traced individual cables in
592 background subtracted sum intensity projection images, from the bud neck to their terminus in the
593 mother cell. We only included clearly discernable cables that did not intersect with other cables or actin
594  patches. We used these line scans to record the fluorescence intensity at each position along the cable.
595  To compare the fluorescence decay profiles of cables from different cells, the data were imported into
596  custom Python scripts where their fluorescence intensity was normalized and rescaled so that the
597  maximum intensity was equal to one, and the minimum fluorescence value was set to zero. These profiles
598  were fit to a single exponential to measure their decay length.

599  Simulation protocol

600 We used stochastic simulations to simulate the assembly of actin cables based on our two-dimensional
601 model of cable length control. In the simulation, the system is composed of a number of rows (determined
602 by the number of formins, N, contributing to cable assembly) in which filaments of length L¢ are added.
603  We start these simulations with a row that contains zero filaments (i.e., a single formin that has not
604  assembled any actin filaments) and then follow the trajectory of this row over time. For each step of the
605 simulation, a single filament of length L is added to the row, and all other filaments within that row are
606  selected to undergo one of the possible transitions — they are removed from the row or they remain in
607  the row. These transitions are chosen at random based on their relative weight, which is proportional to
608  the rate of the transition. Following these transitions, the system is updated to a new state and another
609  step of the simulation is executed. The time elapsed between simulation steps is determined by the time
610 required for a filament of length Ls to be assembled by the formin at the assembly rate, k.. This process is
611 independently repeated for each row of the system, based on the number of formins (N¢), and the length
612  of the entire cable is determined as the distance from the initial filament position in the row to the distal
613  end of the longest surviving filament in any row. This process is repeated for long enough time such that
614  the length of the cable reaches steady state.

615  Quantification of Bnrl bud neck fluorescence intensity

616 Strains were first induced for cell size changes as indicated above and the density of each culture was
617  measured using a spectrophotometer. The density of each culture was normalized by adding additional
618  synthetic complete media (SCM) to the culture tube, and equal amounts of cells were harvested by
619  centrifugation. Media was decanted and cells were resuspended in 50 pL fresh SCM and combined into a
620  single tube and gently mixed. Approximately 5 pL of the cell suspension mixture was added onto a 1.2%
621  agarose pad (made with SCM), and 3D stacks were collected at 0.2 um intervals were acquired at room
622  temperature on a Marianas spinning disk confocal system (3l, Inc, Denver,CO), consisting of a Zeiss
623  Observer Z1 microscope equipped with a Yokagawa CSU-X1 spinning disk confocal head, a QuantEM
624  512SC EMCCD camera, PLAN APOCHROMAT 100X oil immersion objectives (NA 1.4) and Slidebook
625 software. Images were processed using custom Imagel) macros. Briefly, sum intensity projections were
626  generated and the Cdc3-mCherry channel was used for segmentation of the bud neck region of each cell.
627  These segmentation masks were used to the measure the total fluorescence intensity of Bnr1-GFPE™ for
628 each cell and the lengths of each cell (i.e., the distance from the bud neck to the rear of the cell) were
629  manually measured.

630 Data and materials availability:

631 Data are available in the main text or in the supplementary material. All images are archived at Zenodo
632  and source code is available at GitHub (https://github.com/shanemc11/2DCableModel).
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633  Supplemental text: Two dimensional model of cable assembly

634  To describe the dynamics of cable assembly we consider a model which describes an actin cable as a
635  composite structure made of actin filaments cross-linked into a bundle; see Figure 1C. Assembly of the
636  cable proceeds at multiple formin molecules (Nf) localized at the bud neck. We assume that each formin
637 produces an actin filament of a fixed length (L¢) which is incorporated into the growing actin cable at a
638  constant rate (k). These filaments are bundled together by crosslinkers and as a result the entire cable
639  collectively treadmills as a single unit, extending into the mother cell at a constant extension velocity
640  (Vextension = K4+Ls). In the model we describe this two-dimensional cable structure as consisting of Nf
641 lanes, as shown in Figure 1C.

642  Once incorporated into the growing bundle, each filament has an independent probability of being
643 targeted for removal by the action of disassembly factors. We assume that the filaments are removed at
644  a rate k_ which makes the geometry of a cable tapered, with different lanes at any given point in time
645 having a different length. The combined action of filament addition and removal from the N; lanes leads
646  to cable-length dynamics, where the cable length (L.) is defined as the length of the longest lane.

647 Our goal is to compute the dynamics and steady state properties of the cable length. Specifically, below
648  we compute the probability distribution of cable lengths, its mean and variance, the steady state tapered
649  profile of the cable, as well as the time evolution of the average cable-length, for cables that start with
650  zero length. All these quantities we measure in our single cell experiments and, as described in the main
651 text, we use these measurements to test our model.

652 1. Steady state cable length distribution

653  To compute the steady state cable length we use ideas from extreme value statistics pioneered by Fisher.
654  To compute the probability distribution of cable lengths we consider the probability that the cable length
655 is less than L:

656 o, (Lo <L) = py(Ly < 1) s.1

657  where p;(L; < L) is the probability that the length L; of one lane of the cable is less than L . This formula
658  simply states that for the cable length to be less than some length L, then all the lanes must have a length
659  that is smaller than L. The additional assumption of our model is that each lane has dynamics that are
660 independent of every other lane, where filaments are added and removed to the lane independently of
661  what happens to filaments in the other lanes.

662  To compute p;(L; < L ) we note that for a lane to have a length less than a specified length, the last
663  filament in that lane must be at a distance x less than L from the formin that made it. The probability of
664  thatoccurring is simply the probability that all the filaments at larger distances have been removed by the
665 action of the disassembly factors, i.e.,

666 pl(Ll < L) = 1_[(1 - e_k_ri ) S.2
iZE
667 Herert; = L is the time that it takes the i" filament to arrive at a distance iLs from the formin by

Vextension

668  virtue of the whole cable structure extending at a constant speed Voytension- The expression 1 — e ~%-%i js
669 simply the probability that by time t; the i" filament has been removed from the cable by disassembly
670 factors, which remove filaments at rate k_.
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671 Using the approximation (1 — €) = e~ € for small €, we can rewrite equation S.2 as

-n® exp(—i l')
i=LL Vextension

673  which after approximating the sum with an integral over x = L i gives the formula

k—L
674 _ Vextension , Vextension

p(Ly<L)=-¢e Klr . $.3
675

676 Replacing this result into equation S.1 leads to the cumulative distribution of cable lengths, when the
677  cable consists of N¢ lanes:

A
_N -
678 v (Le<L)y=e ' b° S.4

extension

679  where we have introduced the characteristic length scale A = Z which is the average distance over

680  which a filament is transported by the extending cable during its lifetime, which on average is ki The

681  derivative of the cumulative distribution with respect to L yields the probability density function, which is
682 in good agreement with stochastic simulations of the model (Supplemental Figure 2B).

. yl ln<Nf Li> . .
683 Using Ny = f/ we can rewrite equation S.4 as
f

L-2In(NA/Lg) L—u
_ LAY A ) e

684 A — e—e

pny(Le <L) =e"° S.5

685  which is the Gumbel distribution with location parameter u = Aln(Nf/l/Lf) and scale parameter § =
686  A. The mean of the Gumbel distributionis u + By (y = 0.5772 ... is the Euler-Mascheroni constant), while

2
687 the variance is %ﬂz. In our case, this leads to the formulas for the mean and variance of the cable length:

N
688 (L)=/1(ln( f/lL>+y) S.6
f
689 and
7.,'.2
690 Var(L) = - yE S.7
691

692  Replacing A = k., Ls/k_into the formulas for the mean and the variance,

693 (LY=L l;—i (1n (Nf k*/k_) +y) S.8

2

w2 (k
694 Var(L) = — (k—+) 12 5.9
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695  we arrive at an important result, namely that if changes in cable length are affected by changing the length
696  of the individual filaments while keeping the number of formins and the rates of adding and removing the
697 filaments from the cable constant, then the variance will scale as the square of the mean cable length.
698  This is scaling we observe when changing the length of the cell, and this implies that the length of the
699 filaments in the cable must scale with the length of the cell. This is a sharp prediction of our model that
700 could be tested by taking EM images of cables in differently sized yeast cells.

701
702 2. Time evolution of the cable length

703 Using the model of cable assembly described above we can compute the time evolution of the average
704 cable length, assuming that at zero time the length of the cable is zero. In experiments we obtain this
705 quantity by watching fluorescently labeled cables extend from the bud neck to the rear of the yeast cell.

706  To compute the average cable length as a function of time, we start by computing the probability for the
707  cable being shorter than some length (L. < L) if time t has elapsed from the moment the cable started
708 extending from the formins at the bud neck:
Ve ion t/L Ny
xtensio f ~ k_ Lf i
709 pr(LC <L, t) = 1_[ (1 — e Vextension ) . S.10

i=L/L_f

710  This formula assumes that the length of the cable L is smaller than the largest possible distance v;t that
711 a filament can be found away from the formin, given that it has been advected with treadmilling speed
712 v, over time t; for larger lengths the probability is zero. The idea behind this formula is that for a cable to
713 have a length less than L, then all the lanes have to be devoid of filaments that are at distances greater

714 than L from the bud neck (where the formins, which inject the filaments into the cable, reside). The
k— Lf

715  formulal — e Yextension gives the probability that the filament at distance Ly (i is an integer that counts
716  filaments from the bud neck) has been disassembled, given that the rate of disassembly is k_;
717 Lfi [Vextension is the time that filament has been in the cable since it was injected at the bud neck by the
718  action of a formin.

719 Using the same approximation as in the calculation above for the steady state distribution, we can simplify
720 equation S.10 to

fotere]
—Nf+—|e A—e
721 o, Le<Lt)=e 'Y . s11

Vextension

722  where, as above, we introduce the characteristic length scale A = , Which is the average distance

723 over which a filament is transported by the treadmilling action of the cable during its lifetime.

724 From the cumulative distribution, equation S.11, we can compute the mean cable length at time t as an
725 integral

Ak_t

726 (L)(®) =f (1= py,(Le <L) dL
0

727 which comes out to be
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Ny foeie-t 2 Y
728 (L)(t)z/l k_t— e f Ei _Nf E _Ei _Nf Ee - S.12

729  Where E;(x) is the exponential integral function. As shown in Supplemental Figure 2C in the main text
730  this formulais in excellent agreement with stochastic simulations of the treadmilling model.

731 3. Tapering of the cable profile

732 Within our model we define the width of the cable W (x) as the expected number of filaments present at
733 distance x away from the bud neck. Given that each cable starts out with a width that is set by the number
734 of formins N, w() = Ny, the average number of filaments at distance x, is given by the survival
735 probability that the filament was not disassembled over the time T = X/Voytension, Where Vextension 15
736  the treadmilling speed of the filaments in the cable. Given that the rate of removal of filaments from the
737 cableis k_, we find

X

-k - X
738 W(x) = Nf p(x) = Nfe_k—T = Nfe k_Vextension = Nf e 1.

739  The prediction of our model is that the cable width decays exponentially with the distance away from the
740 bud neck, which is what we observe experimentally. The decay length is set by the characteristic length
741 A

742
743 Figure legends:

744  Figure 1: Two-dimensional model of cable length control. (A) Representative maximum intensity
745 projection images of haploid yeast cells fixed and stained with labeled-phalloidin. Arrows indicate single
746  actin cables that clearly display their tapered shape. Scale bar, 5um. (B) Relative actin cable fluorescence
747  intensity measured in three independent experiments. Solid magenta line and shading, mean and 95%
748  confidence interval for all three experiments (n=47 cables). Tapering profile decay length (+95% Cl) was
749  determined by fitting the profile to a single exponential. (C) Schematic of the two-dimensional model of
750  actin cable length control. Multiple formins (orange, N¢) simultaneously assemble short actin filaments
751  with a characteristic length (Ls) at a constant rate (k). These filaments are crosslinked and bundled
752  (green ellipses) with neighboring filaments to form the cable and continue to extend into the cell at the
753  same rate at which filaments are assembled by formins (Veytension = k+Ls). Each filament has an
754 independent probability of being targeted for removal (ryisassemnie = k—Ly) from the cable. Thus, the
755  length of the cable (L) is the distance from the site of assembly to the distal tip of the longest surviving
756  filament in the cable. (D-F) Results obtained from simulations (solid black lines) compared with
757  experimental measurements of cable length (D), cable extension rate (E), and cable tapering (F). The
758 parameters used for these 1,000 independent simulations were, k, = 0.50 sec?, k_= 0.16 sec?, Ly =
759 500nm, N¢ = 4 formins. Solid lines and shading indicate mean and 95% confidence interval, respectively.

760  Figure 2: The amount of Bnrl formin at the bud neck and the number of actin cables in a cell scale with
761  cell length. (A) Representative maximum intensity projection image of cdc28-13" cells grown to different
762  sizes while expressing fluorescently labeled Bnrl (Bnr1-GFPE"™) and Cdc3 (Cdc3-mCherry). Scale bar, Sum.
763 (B) Amount of Bnr1-GFPE™ localized to the bud neck of cdc28-13* cells grown to different sizes plotted
764  against mother cell length on a double logarithmic plot and fit using the power-law. Bnr1-GFPE"Y was
765 measured in three independent experiments (n=148 cells). (C) Representative maximum intensity
766 projection images of a haploid yeast cell fixed and stained with labeled-phalloidin. Scale bar, 2um. Yellow
767 bar indicates the ROI position used to generate the line scan profile (D) used for automated peak detection
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768 (orange X’s indicate detected actin cables). (E) The number of actin cables measured from haploid (red),
769 diploid (blue), uninduced cdc28-13" (green), and induced cdc28-13" (yellow) cells fixed and stained with
770  labeled-phalloidin. Each data point represents an individual cell. Larger symbols represent the mean from
771  each of the three independent experiments (n=119 cells). Error bars indicate 95% confidence intervals.
772 Statistical significance determined by students t-test. Significant differences (p<0.05) indicated for
773  comparisons with haploid (‘a’), diploid (‘b’), uninduced cdc28-13ts (‘c’), and induced cdc28-13ts (‘d’). (F)
774 Actin cable number plotted against mother cell length on a double logarithmic plot and fit using the
775 power-law.

776  Figure 3: Actin cable tapering is cell length dependent. (A) Representative maximum intensity projection
777  images of small (left) and large (right) cdc28-13" cells fixed and stained with labeled-phalloidin. Arrows
778 indicate single actin cables that clearly display their tapered shape. Scale bar, 5um. (B) Actin cable length
779 and (C) actin cable fluorescence intensity in the bud neck region measured from mixed populations of
780 uninduced and induced cdc28-13" cells. Cells were binned based on cell length (E), small cells are indicated
781 in green while large cells are indicated in yellow. Each data point represents an individual cable. Larger
782  symbols represent the mean from each experiment. Error bars indicate 95% confidence intervals.
783 Statistical significance determined by students t-test. (D) Relative actin cable fluorescence intensity
784 plotted against cable length, and (F) relative actin cable fluorescence intensity plotted against the ratio of
785 cable length/cell length. Solid lines and shading, mean and 95% confidence interval. Tapering profile decay
786 lengths (+¥95% Cl) were determined by fitting each profile to a single exponential. All data were generated
787  from five independent experiments (n=84 cables).

788 Figure 4: Tuning the length of formin generated filaments scales actin cable length with cell length. (A) (B-
789 E) Comparisons between simulations conducted using the cell size specific filament lengths (black and
790 grey lines) with experimentally measured actin cable parameters from uninduced (green lines) and
791 induced cdc28-13" cells (yellow lines). (B-C) Comparisons of actin cable length distributions, (D) actin cable
792  tapering profiles, and (E) actin cable extension rate. Solid lines and shading indicate mean and 95%
793  confidence intervals, respectively.

794  Supplemental Figure 1: Cable extension velocity is independent of cell size. (A) Actin cable length plotted
795  against cable extension time measured in five independent experiments (n= 82 cables). Cable extension
796  velocity (£95%Cl) (black, dashed line) was determined by linear regression using the first ~10 seconds of
797  extension. Symbols at each time point represent the mean for individual experiment. Solid lines and
798 shading, mean and 95% confidence interval for all five experiments. (B) Cable extension rates for
799  uninduced (green line) and induced cdc28-13% (yellow line) cells, from at least three independent
800  experiments (=57 cables/strain). Cable extension velocity (+95%Cl) in uninduced (black, dashed line) and
801 induced cdc28-13" (grey, solid line) cells was determined by linear regression using the first ~10 seconds
802  of extension. Solid and shading, mean and 95% confidence intervals for all experiments.

803  Supplemental Figure 2: (A) Tiled heat map displaying predicted mean actin cable lengths where the
804  number of formins and filament lengths are varied. Each tile represents the mean cable length (indicated
805  on face of each tile) from a unique combination of formin number and filament length while A is held
806  constant. Divergent color coding indicates mean cable lengths that are longer (green shading) or shorter
807  (purple shading) than mean length along the diagonal (white, < L, > = 4.3 um). (B-D) Results obtained
808 from simulations (solid black lines) and analytical solutions (dashed red lines) show that the two-
809  dimensional model of cable length control model produces a peaked distribution of cable lengths (A),
810  decelerating cable extension rates (B), and cables with a tapered shape (C). The parameters used for these
811 1,000 independent simulations were, k. = 0.50 sec?, k_= 0.16 sec?, Ly =500nm, Ny = 4 formins. Solid
812 lines and shading indicate mean and 95% confidence interval, respectively.
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Supplemental Figure 3: (A-D) Comparisons between simulations conducted using the cell size specific
disassembly rates (black and grey lines) with experimentally measured actin cable parameters from
uninduced (green lines) and induced cdc28-13" cells (yellow lines). (A) Comparisons of actin cable tapering
profiles, (B-C) actin cable length distributions, and (D) actin cable extension rate. Solid lines and shading
indicate mean and 95% confidence interval, respectively.

Supplemental table 1: Yeast strains used in this study. The genotype, source, and related data are
indicated for each strain used in this study.
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Figure 1: Two-dimensional model of cable length control.
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Figure 2: The amount of Bnr1 formin at the bud neck and
the number of actin cables in a cell scale with cell length.
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Figure 3: Actin cable tapering is cell length dependent.
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Figure 4: Tuning the length of formin generated filaments scales actin cable
length with cell length.
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Supplemental Figure 1: Cable extension velocity is indepen-
dent of cell size.
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Supplemental Figure 2
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Supplemental Figure 3
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Supplementary table 1

Genotype Source Figures used in
Fig. 1A-B, Fig. 1D,

his3-11,15;ura3-52;leu2-3,112;ade2-1;trp1-1;psi+;ssd-;GAL+ Lab stock Fig. 1F, Fig. 2C-F

his3-11,15/his3-11,15;ura3-52/ura3-52;leu2-3,112/leu2-3,112;ade2-1/ade2-1;trp1-1/trp1-1;psi+;ssd-;GAL+ Lab stock Fig. 2E-F

Fig. 2E-F, Fig. 3A-F,

cdc28-13; his3-11,15 trp1-1 leu2-3 ura3-1 ade2-1 Lab stock Fig. 4A-C, SFig. 4A-C
Abp140-Envy::SpHIS5; his3-11,15;ura3-52;leu2-3,112;ade2-1;trp1-1;psi+;ssd-;GAL+ Lab stock Fig. 1E, SFig. 3A

Fig. 4D, SFig. 3B,
cdc28-13; Abp140-Envy::SpHIS5; his3-11,15 trp1-1 leu2-3 ura3-1 ade2-1 Lab stock SFig. 4D

cdc28-13; Bnr1-Envy::SpHIS5; Cdc3-mCherry::LEU2; his3-11,15 trp1-1 leu2-3 ura3-1 ade2-1 This study Fig. 3A-B
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