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Abstract  

Actin assembly into structures called endocytic actin patches is directly 

responsible for driving endocytic invagination and internalization. We tested the 

predictions made from the mathematical modeling of the Dendritic Nucleation Model of 

actin assembly at sites of clathrin-mediated endocytosis in fission yeast (Berro et al.; 

Sirotkin et al., 2010).  The model predicts that increasing the concentration of 

cytoplasmic actin or deleting capping protein will cause an increase in the extent and the 

rate of actin assembly in actin patches. Conversely, the model predicts that increasing the 

concentration of capping protein or decreasing the actin concentration will cause a 

decrease in the extent and the rate of actin assembly in actin patches. To test these 

predictions, we used the actin cross-linking protein, fimbrin Fim1 tagged with a 

fluorescent protein to measure actin patch dynamics in strains that over- or under-express 

actin, over-express capping protein, or have deletions of the two capping protein genes. 

In contrast to model predictions, we found that manipulating capping protein 

concentrations did not have a significant effect on the extent of actin patch assembly and 

affected the rates of assembly to a lesser degree than expected from the model, 

suggesting that capping protein is not the only factor that limits actin patch assembly. 

Surprisingly, changes in the concentration of actin resulted in changes in the number of 

patches in a cell, suggesting that the concentration of actin is more important in 

controlling the initiation of new patches rather than in patch assembly. Through studying 

the biochemical pathway of actin assembly directly in living cells, we were able to gain 

insights into previously under-appreciated aspects of the mechanism of actin assembly at 

the sites of clathrin-mediated endocytosis. 
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Introduction 

I. Functions and Organization of the Actin Cytoskeleton. 

The Actin Cytoskeleton  

The cytoskeleton is an ordered network of protein filaments that is responsible for the 

ability of cells to withstand mechanical stress, transport intracellular cargo, change shape, 

and undergo locomotion. The cytoskeleton consists of three basic filament types, 

microfilaments or actin filaments, microtubules, and intermediate filaments.  The actin 

cytoskeleton is important for vital cellular processes including cytokinesis, muscle 

contraction, cell migration, secretion, and endocytosis. The actin cytoskeleton drives 

these processes by lending structural support, generating mechanical forces, and 

providing tracks for the actin-dependent molecular motor proteins myosins. To perform 

these diverse functions, the actin networks are arranged in a variety of structures, from 

densely cross-linked actin bundles to loosely cross-linked three-dimensional meshworks.  

Actin networks are highly dynamic, and their ability to polymerize and depolymerize 

quickly allows cells to rapidly change their actin cytoskeleton organization in response to 

intracellular and extracellular signals (Pollard et al., 2000). 

 

Actin Polymerization 

Actin is a 42-kDa protein that polymerizes to form actin filaments. The formation 

of actin filaments from actin monomers consist of a slower nucleation step, where 2-4 

actin monomers form a nucleus, followed by a much faster elongation step, where actin 

monomers are added rapidly to the growing filament ends.   Actin filaments are polar, 
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with a fast growing barbed end, and a slow growing pointed end. The barbed end has 

higher association and dissociation rate constants for actin subunits than the pointed end 

(Pollard, 1986). For this reason, it is believed that controlling barbed end dynamics is 

most important for controlling actin filament assembly.  

In cells, actin is present at concentrations that can polymerize spontaneously 

(Pollard, 2000); however, this spontaneous polymerization is suppressed by a small Actin 

Binding Protein (ABP) profilin. Cells therefore rely on the activity of Actin Nucleation 

Factors (ANFs) to promote nucleation of new actin filaments by stabilizing actin nuclei. 

The three major ANFs in cells are formins, the Arp2/3 complex, and a newly emerging 

class of proteins with multiple actin binding WH2 domains (Campellone and Welch, 

2010). Formins nucleate actin filaments and remain associated with the growing barbed 

end to promote processive elongation of linear actin filament networks (Campellone and 

Welch, 2010). The Arp2/3 complex nucleates actin filaments by binding to the side of an 

existing mother filament and nucleating a daughter filament that grows as a 70° branch 

off of the mother filament (Mullins et al., 1998).  Repeated Arp2/3 complex-mediated 

nucleation events are responsible for creating branched filamentous networks.  

 

The Actin Cytoskeleton in S. pombe 

The fission yeast, Schizosaccharomyces pombe, like the budding yeast 

Saccharomyces cerevisiae, serves as an excellent model system for studying the 

molecular mechanisms responsible for the organization of the actin cytoskeleton.  Yeast 

is an advantageous system to study actin structures because it contains a single actin 

isoform that assembles into three distinct actin structures, each assembled by a designated 
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Actin Nucleation Factor (ANF).  The three actin structures are actin cables, the 

contractile actin ring, and actin patches. Actin cables are composed of bundles of parallel 

actin filaments and in fission yeast are assembled by the formin For3.  These cables 

provide polarized tracks for the type V myosin-mediated vesicular transport to the tips of 

cells (Kovar et al., 2011).  Contractile actin rings are composed of anti-parallel bundles of 

actin filaments that in fission yeast are assembled by the formin Cdc12 and are condensed 

into a ring by type II myosin Myo2 (Kovar et al., 2011).  Myosin-II drives contraction of 

the ring that effectively “pinches” off the dividing cell into two daughter cells. Actin 

patches are assembled by the Arp2/3 complex at sites of endocytosis, which are located at 

the tips of interphase cells undergoing polarized cell growth or at the center of dividing 

cells (Kovar et al., 2011). 

Investigating the assembly of endocytic actin patches in yeast has led the way 

towards understanding the role of actin in endocytosis.  Through genetic screens, imaging 

studies, and biochemical approaches, work in yeast has identified proteins involved in 

endocytosis and has provided many important mechanistic insights into this process.  

 

II. Arp2/3 Complex-dependent Actin Assembly in Endocytosis 

Evidence for the Role of Actin Assembly in Endocytosis  

 Clathrin-mediated endocytosis (CME) is a process responsible for internalization 

of plasma membrane proteins, including ligands bound to membrane receptors on the cell 

surface. CME can be divided into three phases: phase I consists of the accumulation of 

cargo with early endocytic adaptor proteins in a clathrin-coated vesicle pit; phase II 

includes membrane invagination and vesicle scission; lastly, phase III involves longer 
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movements of the vesicle in the cytoplasm (Mooren et al., 2012). Work over the last 20 

years in yeast has revealed that Arp2/3 complex-mediated actin assembly plays a role in 

CME.  Specifically, actin assembly promotes membrane invagination and scission (phase 

II) and may also help propel the vesicle in the cytoplasm (phase III) (Mooren et al., 

2012).  While it is now universally accepted that actin plays a role in endocytosis, the 

actual requirement of actin in driving endocytosis varies between animal cells and yeast.  

Live cell imaging has allowed for visualizing actin at sites of CME in budding 

yeast (Kaksonen et al., 2003).  Electron microscopy in yeast and mammalian cells has 

visually confirmed that actin patches contained a network of branched actin filaments 

(Kaksonen et al., 2006).  Treatments with drugs that inhibit actin polymerization have 

revealed differential requirements for actin amongst model systems.  In animal cells, the 

effect of drugs disrupting actin polymerization varied from strong inhibition of 

endocytosis to no observable effect, indicating varying role of actin assembly in driving 

endocytic vesicle formation in mammalian cells (Fujimoto et al., 2000; Mooren et al., 

2012). Conversely, treating yeast with the actin polymerization inhibitor Latrunculin A 

completely blocked endocytosis in yeast (Kaksonen et al., 2006). 

Aghamohammadzadeh and colleagues (2009) proposed that differences in turgor 

pressure are a key factor that determines the need for actin assembly to drive endocytosis.  

They hypothesized that in yeast cells, a greater force needs to be generated by actin 

polymerization to promote invagination of the membrane and the subsequent vesicle 

scission against membrane tension. Recent studies have provided further evidence that in 

yeast and mammalian cells the requirement for actin in the invagination step of 

endocytosis is dependent on the need to overcome membrane tension (Basu et al., 2014; 

11



 

Boulant et al., 2011). Under conditions where actin is involved, time-course studies have 

revealed similarities in the recruitment of key endocytic proteins between yeast and 

mammalian cells, which points towards a common molecular function driving 

endocytosis in the two model systems (Taylor et al., 2011). 

 

The Proposed Roles of the Actin Cytoskeleton in Endocytosis 

Several models have been proposed for the role of actin in promoting membrane 

invagination and vesicle scission.  Each model assumes a specific orientation of actin 

filaments at the endocytic sites. One model favored in budding yeast, positions the fast 

growing barbed ends of actin filaments towards the plasma membrane, while the slow 

growing pointed ends are anchored to the clathrin coat of the budding vesicle (Kaksonen 

et al., 2003).  Force produced by the elongation of filaments in this orientation causes 

membrane tubulation, which sets up the subsequent scission and internalization of the 

vesicle (Kaksonen et al., 2003). 

A second possible mechanism proposes a reverse orientation of the actin 

filaments.  The barbed ends of actin filaments, oriented towards clathrin-coated structures 

(CCS) at the tip of the endocytic invagination, produce a force that elongates the vesicle 

neck propelling the vesicle inward and continuing after vesicle scission from the 

membrane (Merrifield et al., 2004). Although this model is not supported by 

experimental evidence in yeast, electron microscopy studies of CCS in mammalian cells 

provide evidence that it may play a role in propelling the vesicle into the cytoplasm 

following scission (Collins et al., 2011). 
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A third possible mechanism involves the growing ends of the actin filaments 

oriented towards the neck of the invagination creating a “collar-like” structure (Merrifield 

et al., 2004).  Elongation of actin filaments oriented in this way generates force to 

promote vesicle scission. This mechanism, which is supported by electron microscopy in 

mammalian cells (Collins et al., 2011), may function alongside other mechanisms and be 

more important in promoting scission of the vesicle rather than membrane invagination 

and tubulation. 

Lastly, a fourth mechanism that has not been observed in yeast but has been seen 

in some mammalian cell lines (Shevchuk et al., 2012) involves the formation of a “cap” 

which protrudes outward from the plasma membrane, driven by actin assembly.  This cap 

projects out from one side of the invagination and connects to the other side, closing off 

the pit. Importantly, it is not clear how universal this mechanism may be, even amongst 

animal cells.   

 

The Role of the Arp2/3 Complex in Endocytosis 

All evidence supports the role of the Arp2/3 complex as the only ANF responsible 

for actin assembly at the sites of endocytosis. Live cell imaging has shown that the 

Arp2/3 complex co-localizes at sites of endocytosis with other known endocytic proteins 

in yeast (Kaksonen et al., 2003; Kaksonen et al., 2006) and mammalian cells (Taylor et 

al., 2011).  Electron microscopy has revealed the presence of branched actin networks at 

sites of CME in animal cells (Collins et al., 2011) and also with actin patches isolated 

from yeast (Young et al., 2004).  In budding yeast, null mutations of the ARP2 and ARP3 

subunits led to a loss of actin patches altogether (Winter et al., 1999). Likewise, 
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temperature sensitive mutants of the Arp2/3 complex in budding yeast show defects in 

the internalization step of endocytosis, which further indicates the requirement for this 

nucleator in the endocytic process (Moreau et al., 1997). Treatment of fission yeast with 

the Arp2/3 complex inhibitor CK-666 produced a dose-dependent decrease in the number 

of actin patches and completely eliminated patches at high concentrations of CK-666 

(Burke et al., 2014).  Since evidence has proven that the Arp2/3 complex assembles actin 

networks at endocytic sites, it is important to understand exactly how the Arp2/3 complex 

accomplishes this task. 

 

III. The Dendritic Nucleation Model 

How the Arp2/3 Complex Assembles Branched Actin Networks 

The Dendritic Nucleation Model (DNM) describes a mechanism for the assembly 

and disassembly of the actin network by the Arp2/3 complex at the leading edge of 

motile cells (Mullins et al., 1998) (Figure 1).  The same conserved mechanism has been 

proposed to be responsible for the assembly of actin by the Arp2/3 complex at the sites of 

clathrin-mediated endocytosis into endocytic actin patches (Kaksonen et al., 2006).  The 

DNM describes a multiple step mechanism consisting of the initiation, assembly, and 

disassembly of the branched actin network.   

The Arp2/3 complex by itself has the ability to nucleate filaments at a low 

intrinsic rate, however its activation by Nucleating Promoting Factors (NPFs) greatly 

increases its rate of nucleation (Mullins et al., 1998).  To assemble branched actin 

networks, the Arp2/3 complex is activated by NPFs, such as members of the Wiskott-

Aldrich Syndrome (WASp) protein family. In animal cells, WASp itself must first be 
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activated, which occurs in response to extracellular and intracellular signaling. WASp 

activates the Arp2/3 complex via its C-terminal VCA region, which consists of a WH2 

(WASp Homology 2) domain (V) that binds an actin monomer, and a Central-Acidic 

(CA) region that binds the Arp2/3 complex. Upon activation, WASp binds an actin 

monomer and an Arp2/3 complex, resulting in a formation of a ternary complex that is 

still inactive. The next step in this process is the binding of a ternary Wsp1-actin-Arp2/3 

complex to the side of a pre-existing mother filament. Once bound to the side of an 

existing actin filament, the complex now becomes active and can initiate a new daughter 

filament that rapidly elongates from its barbed end, growing as a branch at a 70° angle 

from the side of the mother filament (Mullins et al., 1998).  The addition of actin 

monomers onto filament barbed ends provides sufficient force for pushing the membrane 

forward at the leading edge of motile cells (Ridley et al., 2003). Though not described in 

the original model, actin-binding proteins, such as actin cross-linking/bundling protein 

Fimbrin, can further re-organize and strengthen the assembling actin network (Skau et al., 

2011). 

The branched actin filaments continue to elongate from their barbed ends until 

elongation is terminated by capping protein (CP), which binds to a filaments barbed end 

and blocks the addition of actin monomers.  Capping protein is a heterodimeric molecule 

that consists of an alpha (30 kDa) and beta (30 kDa) subunits and has a high affinity for 

actin filament barbed ends (Isenberg et al., 1980).  Capping protein is found in nearly all 

eukaryotes (Cooper et al., 1991; Cooper and Sept, 2008), including yeast where it 

localizes to endocytic actin patches (Kim et al., 2004). 
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Following incorporation into an actin filament, actin subunits hydrolyze ATP and 

release inorganic phosphate, which serves as a timer to begin network disassembly.  

Dissociation of an inorganic phosphate triggers severing events by attracting actin 

disassembly factors, such as ADF/cofilin. Once the filaments are severed and de-

polymerized, the protein profilin catalyzes a nucleotide exchange, converting ADP-bound 

actin monomers back into the ATP-bound state, restoring the cytoplasmic pool of 

polymerization-ready ATP-bound actin monomers.   

 

The Published Effects of Varying Capping Protein Concentration on 

Dendritic Assembly In Vitro   

 Capping protein (CP) is an important component of the Dendritic Nucleation 

Model, controlling network organization and function.  Experiments in vitro and in vivo 

demonstrated that capping protein regulates the extent of actin filament elongation and 

thereby controls the density of the actin network and its ability to produce force. 

Pioneering in vitro reconstitution assays for cell motility in Listeria showed that at high 

concentrations, capping protein has the ability to block elongation of actin filaments, 

slowing down cell motility (Loisel et al., 1999). 

In vivo studies have provided further evidence for the role of capping protein in 

regulating the barbed ends of filaments and its effects on controlling actin network 

assembly. The over-expression of capping protein in Dictyostelium resulted in fewer 

exposed barbed ends of actin filaments, while a decrease in capping protein produced 

more filaments with exposed barbed ends (Hug et al., 1995).  The deletion of capping 

protein in both Drosophilia and mammalian cells resulted in a decreased lamellipodia and 
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increased formation of filopodia, which are the effects consistent with an increase in actin 

filament growth (Iwasa and Mullins, 2007; Mejillano et al., 2004).  Conversely, the over-

expression of the mammalian protein CARMIL, which binds and inhibits capping 

protein, produced an increase in lamellipodia F-actin, while under-expression of 

CARMIL decreased the concentration of lamellipodia F-actin (Yang et al., 2005).  The 

ability of capping protein to control actin dynamics in these systems provided evidence 

that capping protein may also contribute to the regulation of actin in endocytic actin 

patches.  

 

Mathematical Modeling of the Dendritic Nucleation Model for Actin 

Assembly at the Sites of Endocytosis  

Mathematical modeling provided quantitative evidence that the Dendritic 

Nucleation Model (DNM) can account for actin assembly at endocytic sites.  Sirotkin et 

al. (2010) used quantitative confocal microscopy to measure the number of molecules 

during the assembly and disassembly of endocytic actin patches in fission yeast (Sirotkin 

et al., 2010).  The stoichiometry and timing of patch components provided the 

information needed to construct a mathematical model based on the mechanisms 

described in the DNM (Berro et al., 2010).  This mathematical model consists of thirteen 

linear differential equations, which make up the steps of dendritic nucleation. The model 

is based on two key assumptions. The first assumption is that Wsp1 is the primary 

Nucleation Promoting Factor (NPF) of the Arp2/3 complex, even though two other NPFs, 

Myo1 and Pan1, are present.  The second assumption is that capping protein is the only 

factor limiting the elongation of actin filaments in patches, which suggests that altering 
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the concentration of capping protein will directly affect the length of actin filaments.  

The initial simulations of the model did not fit cell measurements, thus additional 

assumptions and predictions were proposed: 1) the rate limiting reaction, binding of the 

ternary complex of actin monomer-WASp-Arp2/3 complex to the side of a pre-existing 

actin filament, must be faster (~400x) in cells than measured in vitro (Berro et al., 2010). 

2) The binding of CP to actin filament barbed ends is ~10x faster in cells than in vitro 

(Berro et al., 2010). 3) Disassembly must occur by filament severing/fragmentation rather 

than de-polymerization from actin filament ends.  After incorporating these assumptions, 

simulations of the model closely resembled time-courses of actin patch assembly and 

disassembly measured in live cells.  Therefore, the DNM can in fact account for the 

mechanism of actin patch assembly and disassembly in cells.  Additionally, the 

quantitative data and the model provided insights into the organization of the actin 

network in endocytic patches.  Specifically, at peak assembly there are ~150 actin 

branches that each grow to ~100-200 nm in length before getting capped by capping 

protein in ~0.2 s. 

 

IV. Testing the Dendritic Nucleation Model in Endocytosis.  

Predictions of the Mathematical Model for Varying Capping Protein 

and Actin Concentrations 

The goal of my project was to challenge the mathematical model by testing the 

effects of varying the concentrations of actin and capping protein, two important 

components of the DNM, on actin patch assembly.  The Berro model (Berro et al., 2010) 

makes exact quantitative predictions for the time-course of actin patch assembly at 
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different concentrations of actin and capping protein.  Simulations of the mathematical 

model (J. Berro, personal communication) with the cytoplasmic concentrations of actin 

and capping protein that closely resembled those in this study provided a quantitative 

basis for comparing the effects of varying actin and capping protein concentrations in 

fission yeast cells.  

The simulations of 3-4-fold actin over-expression predicted a ~4-6-fold increase 

in accumulation of F-actin in patches, while the simulations with 0.25-0.5-fold actin 

under-expression predicted the opposite effect, a ~2.5-8-fold reduction in accumulation 

of F-actin in patches. The simulation of 40-fold over-expression of capping protein 

predicted that no actin would assemble into patches, and simulations with capping protein 

deletion predicted a ~4-fold increased accumulation of F-actin (Figure 2).  

Although not directly simulated in the model, we made additional predictions 

about the synergistic or antagonistic effects of simultaneously varying the cytoplasmic 

concentrations of actin and capping protein on actin patch dynamics.  Specifically, we 

expected that actin over-expression might rescue the effects of capping protein over-

expression. Conversely, we expected that combining actin over-expression with capping 

protein deletion may result in a synergistic increase of actin accumulation in patches.  

 

The Published Effects of Varying Capping Protein Concentration on 

Endocytic Actin Patches in Budding and Fission Yeast 

While the effect of capping protein on endocytosis in mammalian cells has yet to 

be fully determined, several previous studies have examined the effects of varying 

capping protein concentration on endocytic actin patches in budding and fission yeast. 
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Both budding (Amatruda et al., 1992) and fission yeast (Kovar et al., 2005; Nakano et al., 

2001) remain viable after capping protein gene deletions; however, the deletion of 

capping protein has been shown to result in an apparent increase of F-actin in patches, 

compromised actin cables, and also produces cytokinesis defects under stressful 

conditions (Kovar et al., 2005).   

In budding yeast, cells with deleted capping protein subunits assemble actin 

patches; however, patches appear to contain more F-actin and uncapped filament barbed 

ends, based on incorporation of rhodamine-actin in a permeabilized cell assay (Kim et al., 

2004). Capping protein deletion in budding yeast causes a deficiency in patch movement 

corresponding to vesicle scission and internalization (Kim et al., 2006), indicating that in 

budding yeast capping protein is important for patch motility. In fission yeast, capping 

protein deletions resulted in de-polarization of actin patches from cell ends and a 

decreased rate of depolymerization in the in vivo actin depolymerization assay (Nakano 

and Mabuchi, 2006). 

One study claimed that the over-expression of capping protein in fission yeast 

resulted in an apparent disappearance of almost all F-actin structures (Nakano and 

Mabuchi, 2006), however another study showed only the disappearance of the contractile 

ring but not actin patches (Kovar et al., 2005).  While these studies indicate that capping 

protein plays a role in regulating actin assembly, no studies to date have systematically 

looked at the time-course of patch assembly and disassembly under conditions where the 

concentration of capping protein is altered directly in live cells.  

Similar to capping protein, the effect of actin concentration on actin assembly at 

the endocytic sites is yet to be fully determined.  While a recent study showed that 
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changing actin concentrations correlates with changes in the number of patches in a cell 

(Burke et al., 2014), the kinetics of actin patch assembly and disassembly have not been 

extensively examined.  Burke and colleagues (Burke et al., 2014) showed that Actin 

Nucleation Factors compete for actin monomers, and that increasing the concentration of 

cytoplasmic actin favored Arp2/3 complex-mediated actin assembly leading to more 

patches, while decreasing cytoplasmic actin favored contractile ring assembly by the 

formin Cdc12, leading to fewer patches. In this study, I specifically focused on how 

changing the concentration of actin directly in live cells affects the assembly of endocytic 

actin patches. 

 

The Objectives of this Study 

We directly examined the effect of varying actin and capping protein 

concentrations on actin patch dynamics in live fission yeast cells and compared our 

observations with the predictions from the mathematical modeling of dendritic actin 

network assembly (Berro et al., 2010).  We created strains over- and under-expressing 

actin, over-expressing capping protein, or strains with capping protein deletions, and used 

fimbrin tagged with a fluorescent protein to track actin patch dynamics in live fission 

yeast cells.  This analysis revealed unexpected effects of varying actin and capping 

protein concentrations that were not anticipated by the model. While the concentration of 

actin appears to control the number of patches in a cell, our work indicates that the 

concentrations of either actin, or capping protein appear to play only a limited role in 

controlling the extent of assembly of individual actin patches. 
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Results 

The Predicted Effects of Changing Actin and Capping Protein 

Concentrations on Actin Patch Assembly 

We directly tested the role of actin and actin capping protein, two important 

components of the Dendritic Nucleation Model, in controlling the extent of endocytic 

actin patch assembly in live fission yeast cells. Previous mathematical modeling of actin 

patch assembly (Berro et al., 2010) accounted for the kinetics of patch assembly 

measured in live cells (Sirotkin et al., 2010). The model makes exact quantitative 

predictions for the effects that varying actin and capping protein concentrations have on 

the time-courses of filamentous actin (F-actin), capping protein (CP), Arp2/3 complex, 

and WASp in endocytic actin patches.  Figure 2 shows the summary of the model 

simulations (generated by J. Berro, Yale University) for the concentrations of actin and 

capping protein that are present in the yeast strains that we constructed and characterized 

in this study.  

The model predicts that in the absence of capping protein or in the presence of an 

increased actin concentration, actin patch assembly will be enhanced. Specifically, the 

simulation for capping protein deletion predicted a ~4-fold increase in the accumulation 

of F-actin, ~1.5-fold decrease in the amount of Arp2/3 complex, and no significant effect 

on WASp accumulation in patches (Figure 2B, H). Similarly, simulations of the 3-4-fold 

over-expression of actin predicted a ~4-6-fold increase in accumulation of F-actin, 

accompanied by a ~1.4-1.6-fold increase in the amount of capping protein, ~2.0-2.6-fold 

increase in the amount of Arp2/3 complex, and ~3-4-fold increase in the amount of 

WASp in patches (Figure 2F-H). In contrast, when actin filament elongation is inhibited 
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by an increased capping protein concentration or a decreased actin concentration, the 

model predicted a significant decrease in the extent of actin patch assembly. The 

simulations of 0.25-0.5-fold actin under-expression predicted a ~2.5-8-fold reduction in 

accumulation of F-actin, ~1.2-2-fold reduction in the amount of capping protein, ~1.5-3-

fold reduction in the amount of Arp2/3 complex, and ~2-5-fold reduction in the amount 

of WASp in patches (Figure 2D-E, H). The model predicted an even stronger effect for 

the 40-fold over-expression of capping protein, where virtually no actin would assemble 

into patches, while the amounts of Arp2/3 complex and WASp would be decreased ~3-

fold and ~1.2-fold, respectively (Figure 2C, H).  

These predictions provided the basis for our study, in which we examined the 

effects of varying actin and capping protein concentrations on actin patch dynamics 

directly in live yeast cells. To track actin patch dynamics, we chose the F-actin cross-

linking protein fimbrin tagged with a monomeric fluorescent protein (mYFP, mGFP, or 

mCherry), and assumed that the concentration of fimbrin correlated directly with the 

amount of F-actin in patches.  

 

Varying the Expression Levels of Actin and Capping Protein  

To vary the expression level of actin and capping protein in haploid cells, we 

replaced the endogenous promoters of both actin and capping protein with the thiamine-

repressible 3x-Pnmt1 promoter (Figure 3). We expected that when expressed under 

control of the strong 3x-Pnmt1 promoter, actin would be over-expressed in the absence of 

thiamine and under-expressed in the presence of thiamine. The same 3x-Pnmt1 promoter 

was used to over-express both capping protein subunits (Figure 3).  We also combined 
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fluorescently tagged fimbrin with these alleles, which allowed us to examine the effects 

of varying the concentrations of actin and capping protein on actin patch dynamics.   

We used quantitative immunoblotting to measure the expression levels of actin 

and capping protein in strains that over-express actin (actin-OE), have deletions of acp1 

or acp2, over-express actin and have deletions of acp1 or acp2, over-express capping 

protein (CP-OE), or over-express both actin and capping protein in the absence of 

thiamine. Neither CP-OE or capping protein deletions resulted in any considerable 

changes in the level of actin in cells, while both actin-OE alone and combined with CP-

OE resulted in ~4-fold increase of actin compared to the wild-type level (Figure 4A, B).  

The combination of actin-OE with the acp1 or acp2 deletions resulted in smaller 

increases in actin levels  (~2.5-3-fold over-expression) than actin-OE alone or actin-OE 

combined with CP-OE.  The deletion of acp1 or acp2 resulted in a reduction of the 

remaining capping protein subunit, dramatically reducing the capping protein level 

compared to the wild-type control (Figure 4A).  To reliably determine the expression 

level of capping protein in CP-OE, we compared the expression levels of capping protein 

in wild-type cells to a serial dilution of samples of CP-OE cells.  We found that CP-OE 

alone or in combination with actin-OE, produced a ~80-fold increase in the amount of 

capping protein compared to the wild-type control (Figure 4C).   

 

The Effects of Varying Capping Protein Concentration on Actin Patch 

Dynamics 

  To begin our analysis, we looked at the effects that changing the concentration of 

capping protein has on actin patch dynamics.  We combined fimbrin tagged with either 
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mGFP or mYFP at the C-terminus, with previously constructed capping protein deletion 

(acp2Δ) or capping protein over-expression (CP-OE) alleles (Kovar et al., 2005). We 

sought to compare the effects of changing capping protein concentration on actin patches, 

observed with Fim1-mGFP or Fim1-mYFP. 

  To track actin patch dynamics, we collected movies in a single confocal section 

and tracked the intensity and position of individual patches over-time. We then aligned 

raw time-courses of fluorescence intensity and distance from origin at the cortex for 

individual patches to the time of initiation of patch internalization, defined as time zero, 

which is the first time-point when a patch was observed to start moving away from the 

plasma membrane. We averaged the fluorescence intensities and distance from origin 

values of individual patches at each time-point to generate average time-courses of patch 

intensity and distance from its origin. We also measured from raw time-courses for 

individual patches, the times when a patch first appeared, when a patch first moved (time 

zero), when a patch disappeared, and the peak intensity of a patch.  These parameters 

were used to calculate total patch lifetime, time of patch assembly (defined as time 

interval from initial patch appearance to time zero), and time of patch disassembly 

(defined as the time interval from time zero to patch disappearance).  

  In the wild-type control cells, Fim1-mGFP in individual actin patches exhibited 

the stereotypical behavior, similar to that previously reported (Sirotkin et al., 2010) for 

fimbrin and other actin binding proteins. On average, patches assembled in in 5.1 (±1.1) s 

and disassembled in 6.7 (±1.0) s for the overall lifetime of 11.8 (±1.6) s. Patches 

assembled at a rate of 33.8 A.U./s to a peak intensity of 205.4 (±37.1) A.U. and 
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disassembled at a rate of -23.0 A.U./s.  In the wild-type, patches moved on average 583.7 

(±251.3) nm from their origin at the cell cortex (Figure 5B; Table 3).  

  In contrast to model predictions, the deletion of the acp2 gene did not result in the 

expected increase of Fim1-mGFP in patches.  The maximum fimbrin intensity was 

similar to control values, reaching 185.5 (±31.2) A.U.. Patches also moved a significantly 

(T-test p-value: 0.005) shorter distance from the cortex (280.4 ±116.3 nm) than in wild-

type control.  Patches had longer total lifetime (17.6±4.3 s), due to increased times of 

both assembly and disassembly (7.3±1.5 s and 10.4±3.4 s, respectively) and slower rates 

of assembly and disassembly (13.5 A.U./s, -13.1 A.U./s, respectively), compared to the 

wild-type control (Figure 5C; Table 3).  

  The model predicted that increasing the concentration of capping protein should 

slow down, and at high concentrations, completely block actin patch assembly. In 

contrast to model predictions, capping protein over-expression in cells had only minor 

effects on actin patch dynamics.  Capping protein over-expression did however result in 

cytokinesis defects (data not shown), which has been seen in previous studies (Kovar et 

al., 2005), suggesting that capping protein was present at the levels sufficient to compete 

for actin filament barbed ends with formin Cdc12 that assembles the contractile ring.  In 

cells over-expressing capping protein in the absence of thiamine, the peak intensity of 

Fim1-mGFP in patches was reduced ~33% (T-test P-value: 0.0002) to 136.9±16.7 A.U 

compared to 205.4 (±37.1) A.U. in the wild-type control. As a result, the rates of patch 

assembly (15.6 A.U./s) and disassembly (-9.9 A.U./s) were also decreased, while the total 

patch lifetime, assembly time, and disassembly time (13.1±2.5 s, 5.5±1.5 s, and 7.6±2.1 s, 

respectively) were not significantly different from the wild-type control.  Capping protein 
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over-expression also did not have an effect on patch internalization as the distance 

patches moved from the cortex was not significantly (T-test p-value: 0.09) different 

(403.6 ±171.6 nm) than what was measured in the wild-type control (Figure 5D; Table 

3).   

  The suppression of capping protein over-expression in the presence of thiamine 

restored all parameters of actin patch dynamics to the wild-type control values (Figure 

5E; Table 3). The peak intensity (192.9±35.8 A.U.), rates of patch assembly (32.8 A.U./s) 

and disassembly (-20.0 A.U./s), as well as total lifetime, assembly time, and disassembly 

time (13.0±1.6 s, 5.0±1.0 s and 8.0±1.5 s, respectively), were similar to control values. 

Patches internalized normally and moved a distance of 470.8 (±264.8) nm from the cell 

cortex, similar to what was seen in the control. 

  Similar effects of capping protein deletion or over-expression were observed in 

strains with mYFP-tagged fimbrin, although with some variations, which helped to 

identify the parameters of actin patch dynamics that were consistently affected by 

changes in the level of capping protein. In the wild-type control, Fim1-mYFP assembled 

into patches at the rate of 48.5 A.U./s for 8.8 (±0.7) s, reached peak intensity of 417.9 

(±56.3) A.U., moved 548.7 (±448.5) nm from the cell cortex, while disassembling at the 

rate of  -34.6 A.U./s over 9.2 (±0.5) s for a total lifetime of 18.0 ±0.5 s (Figure 6 A,B; 

Table 4). The total lifetime and the times of assembly and disassembly of Fim1-mYFP in 

patches appear longer than observed with Fim1-mGFP, which is likely because of the 

lower threshold for detection of mYFP compared to mGFP, and a lower temporal 

resolution.    
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  Capping protein deletion had similar effects on Fim1-mYFP in patches as 

observed with Fim1-mGFP. Specifically, compared to the wild-type control, Fim1-mYFP 

patches in acp2Δ cells assembled longer (11.2±0.8 s) at a slower rate (20.8 A.U./s), 

reached lower peak intensity (303.6±61.1 A.U.), and disassembled at a slower rate (-23.6 

A.U./s).  The distance patches moved appeared to be shorter (255.8±116.3 nm), similar to 

what was seen with Fim1-mGFP, however this distance was not significantly (T-test p-

value: 0.09) different from the Fim1-mYFP wild-type control (Figure 6C; Table 4). 

  As with Fim1-mGFP, the over-expression of capping protein resulted in only 

slight changes in the behavior of Fim1-mYFP in patches. The rates of assembly and 

disassembly (30.2 A.U./S, and -23.2 A.U./s, respectfully) were slower and the maximum 

fimbrin intensity was slightly but significantly (T-test p-value: 0.04) less (345.9 ±63.8 

A.U.) than in the wild-type control. The lifetime, assembly and disassembly times 

(18.0±1.2 s, 8.4±0.5 s, and 9.6±1.1 s, respectively) were nearly identical to those in the 

wild-type Fim1-mYFP control. The maximum distance that patches moved (350.1 ±163.9 

nm) was again not statistically (T-test P-value: 0.25) different from what was observed in 

the Fim1-mYFP wild-type control, similar to the effects we saw using Fim1-mGFP 

(Figure 6D; Table 4).   

  The suppression of capping protein over-expression in the presence of thiamine 

restored the fimbrin intensity (369.0±91.4 A.U), and the rates of assembly and 

disassembly (54.5 A.U./s, and -38.5 A.U./s) to what was seen in the wild-type values.  

The total lifetime, assembly and disassembly times (13.9±0.5 s, 7.5±0.0 s, 6.4±0.5 s) did 

appear to be slightly shorter than in wild-type and also in cells over-expression capping 

protein in the absence of thiamine.  In the presence of thiamine, the distance traveled by 
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patches (377.8±124.3 nm) was similar to what was observed in wild-type control cells 

(Figure 6E; Table 4). 

 

 The Effects of Varying the Concentration of Actin Two-fold on Actin 

Patch Dynamics 

 We initially looked at how reducing the concentration of actin two-fold 

affected patches in diploid cells.  We decreased the actin concentration 2-fold by either 

deleting one of the two actin genes or replacing the endogenous promoter of one of the 

two actin genes with 3x-Pnmt1-mGFP cassette, which in the presence of thiamine 

expresses mGFP-actin at the 5-10% level of expression from the endogenous promoter 

(Sirotkin et al., 2010).  The mathematical modeling (Berro et al., 2010) predicted that a 2-

fold decrease in the level of actin in the cytoplasm should result in a similar 2-fold 

decrease in the level of actin in patches.  

 To establish a control for this analysis, we first compared the dynamics of actin 

patches labeled with Fim1-mCherry in wild-type diploid versus wild-type haploid cells 

(Figure 7A, C-D; Table 5).  The diploid wild-type strain had only one of its two fim1 

genes tagged with mCherry, and since the diploids are approximately twice the size of the 

haploid cells, the concentrations of Fim1-mCherry was expected to be approximately half 

the concentration of Fim1-mCherry in wild-type haploid cells. The average total lifetime 

of Fim1-mCherry labeled patches in the wild-type haploid cells (16.8±3.4 s) appeared to 

be longer than in the wild-type diploid cells (13.4±2.5 s), which is likely due to higher 

Fim1-mCherry concentration in the haploid cells, where patches are brighter and can be 

detected earlier and therefore tracked over a longer period of time. The maximum 
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intensity of Fim1-mCherry labeled patches in the haploid cells was expected to be twice 

that in the diploid cells.  However, we measured that the peak intensity of Fim1-mCherry 

in the haploid cells patches (238.4±44.3 A.U) was almost three times higher than what 

we measured for patches in diploid cells (81.7±13.7 A.U.). This suggests that in diploid 

cells, mCherry-tagged fimbrin either is not incorporating into patches as well as 

unlabeled fimbrin, or is expressed at levels lower than unlabeled fimbrin. As a result, the 

rates of patch assembly (29.0 A.U./s) and disassembly (-18.9 A.U./s) in haploid cells 

were ~2-3 times higher than seen in diploid cells (10.6 A.U./s and -7.8 A.U./s, 

respectively), even though the assembly (6.8±1.5 s) and disassembly (9.9± 3.0 s) times in 

the haploid cells were slightly longer than in the diploids (5.5± 1.4 s, 7.9± 2.7 s). Fim1-

mCherry labeled patches moved similar distances in both haploid (543.0±234.4 nm) and 

diploid wild-type control cells (422.1±144.8 nm). 

 We also compared the dynamics of Fim1-mCherry labeled patches in wild-type 

haploids to patch dynamics in haploid cells that had the ARPC5 subunit of the Arp2/3 

complex tagged with mGFP, to see if we could reproduce the previously reported effects 

of tagging Arp2/3 with GFP on actin patch dynamics (Sirotkin et al., 2010). In ARPC5-

mGFP expressing cells, patches assembled at a greater than two times slower rate (12.1 

A.U./s) and for >6 seconds longer (13.4±2.8 s) than in the wild-type control, while the 

rate of disassembly (-21.6 A.U./s) remained similar to the haploid wild-type values. The 

total patch lifetime (20.2±3.3 s) in ARPC5-mGFP expressing haploid cells was increased 

and patches were slightly but significantly (T-test p-value: 0.02) dimmer (188.6±40.8 

A.U.), and moved a shorter distance (386.0±163.4) than in the wild-type haploids (Figure 
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7E; Table 5). The increased time of patch assembly in cells expressing ARPC5-mGFP is 

similar to observations previously reported (Sirotkin et al., 2010). 

 Having established the behavior of Fim1-mCherry labeled patches in diploid 

cells, we examined how decreasing actin concentration by half, either by the deletion of 

one of the actin genes or by replacing its endogenous promoter with the 3x-Pnmt1 

promoter, affects patch dynamics. Contrary to our expectations, reducing actin 

concentration by half did not have a significant effect on peak intensity of Fim1-mCherry 

patches in 3x-Pnmt1-mGFP-act1/act1+ (78.6±10.1 A.U.), or in act1Δ/act1+ (67.3±13.4 

A.U.) heterozygous diploids. Compared to the wild-type diploid cells, we found no 

significant differences in patch behavior in act1Δ/act1+ cells and only slight differences 

in 3x-Pnmt1-mGFP-act1/act1+ cells. In 3x-Pnmt1-mGFP-act1/act1+ cells, the 

disassembly time (4.4±1.0 s) was slightly shorter and disassembly rate (-12.5 A.U./s) was 

slightly higher than in wild-type or act1Δ/act1+ cells.  Patches in act1Δ/act1+ and 3x-

Pnmt1-mGFP-act1/act1+ cells moved approximately the same distances (449.9±264.6 nm 

and 687.6±234.7 nm, respectively) as in wild-type diploid cells (Figure 7B, F-G; Table 

5).  Since the 2-fold variation in actin did not produce expected results, we decided to test 

whether varying actin expression over a greater range would have an effect on the extent 

of patch assembly predicted by simulations of the mathematical model (Figure 2).  

 

The Time-courses of Actin and Capping Protein Expression From the 

3x-Pnmt1 Promoter 

After observing unexpected results from varying the concentration of actin in 

diploid cells, we decided to look at the expression levels of actin and capping protein 
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from the 3x-Pnmt1 promoter in haploid cells in the presence and absence of thiamine. We 

directly compared the time-courses of expression of actin and capping protein in wild-

type cells expressing actin and capping protein from endogenous promoters, in cells 

expressing actin from the 3x-Pnmt1 promoter, in cells expressing both capping protein 

subunits from 3x-Pnmt1 promoter, and in cells expressing both actin and capping protein 

subunits from the 3x-Pnmt1 promoter (Figure 8). We also examined actin and capping 

protein expression in these cells in YE5S media, which contains an ambient amount of 

thiamine. 

The wild-type Fim1-mCherry control strain showed no significant changes in 

expression levels of either actin or capping protein from 13-25h in either the presence, or 

the absence of thiamine (Figure 8A), or in control cells grown in YE5S (Figure 8B). In 

cells expressing actin from the 3x-Pnmt1 promoter in the absence of thiamine, actin was 

under-expressed at 13h, compared to the wild-type control. This is most likely due to the 

delay in expression caused by the presence of thiamine that was in the YE5S media in 

which starter cultures were initially grown.  Actin levels reached the wild-type control 

levels by 17h, and actin was considerably over-expressed at 21 and 25 hours, while the 

expression of capping protein remained at the wild-type level at all time-points (Figure 

8A). In the presence of thiamine, actin expression from 3x-Pnmt1 promoter was strongly 

reduced compared to the wild-type control and was suppressed to similar levels at all 

time-points (Figure 8B). Actin expression from 3x-Pnmt1 promoter was reduced to a 

lesser degree in YE5S media, indicating that YE5S media contains less thiamine than 5 

µg/ml that was added to our EMM+ thiamine media (Figure 8B).  
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 In contrast to actin, capping protein expressed from 3x-Pnmt1 promoter in the 

absence of thiamine was already significantly over-expressed by 13 hours, and its 

expression was further increased through 25 hours. (Figure 8C).  In the presence of 

thiamine, capping protein expression from 3x-Pnmt1 promoter appeared similar at all 

time-points, still over-expressed compared to the wild-type control but at a much lower 

level than in the absence of thiamine (Figure 8D). Changes in capping protein levels in 

cells expressing capping protein from 3x-Pnmt1 promoter had no effect on expression of 

actin, which remained expressed at the same stable level as in wild-type control in the 

presence or absence of thiamine (Figure 8C, D).  

  In cells expressing both actin and capping protein from the 3x-Pnmt1 promoter, 

the expression levels were similar to what we observed in cells over/under-expressing 

actin alone and only slightly different from expression levels in cells over expressing 

capping protein alone. Cells over-expressing both actin and capping protein in the 

absence of thiamine had a lower expression of capping protein at 13 and 17 hours, 

compared to cells over-expressing capping protein alone, but reached a similar level of 

over-expression at 21 and 25 hours (Figure 8C). In cells expressing both actin and 

capping protein from the 3x-Pnmt1 promoter at 13-25 hours in the presence of thiamine, 

capping protein again was expressed at the stable level across all time-points, which was 

actually slightly higher than in cells over-expressing capping protein alone, while actin 

was under-expressed at the same stable level (Figure 8D) as in cells under-expressing 

actin alone (Figure 8B).   
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The Effects of Actin Over-expression on Actin Patch Dynamics  

Next, we examined the effects of actin over-expression on actin patch dynamics, 

and correlated these effects with the levels of actin over-expression at similar time-points. 

We analyzed the behavior of Fim1-mCherry labeled patches in a strain expressing actin 

from the 3x-Pnmt1 promoter at 18, 21, and 24 hours in the absence of thiamine (Figure 9; 

Table 6), and compared the results to the expression levels of actin in the same strain 

detected by immunoblot over a similar time-course in the absence of thiamine (Figure 8). 

We analyzed a wild-type Fim1-mCherry strain over a similar time-course (17, 20, and 23 

h) in the absence of thiamine as a control for comparison.  

In the wild-type control, we found that Fim1-mCherry labeled patches exhibited 

behavior similar to what we previously observed with mGFP- or mYFP-tagged fimbrin 

(Figures 5B, 6B), although with some minor variations. Particularly, at 17 hour time 

point Fim1-mCherry labeled patches appeared to have a slightly higher fimbrin intensity 

(467.8±84.6) and longer assembly (6.6±1.7 s) and disassembly times (10.5±3.1s).  These 

differences in fimbrin intensity and patch lifetimes are likely due to small variations in 

laser illumination intensity, which allowed for the prolonged detection of patches at this 

time-point.  This is supported by our measurements of an increased whole cell and 

cytoplasmic background fluorescence intensity at 17 h, compared to the 20 h and 23 h 

time-points (data not shown). The rates of assembly and disassembly varied slightly, but 

remained similar to one another from 17-23 h (assembling at 61.2 A.U./s, 53.0 A.U./s, 

and 62.3 A.U./s; disassembling at -42.4 A.U./s, -31.6 A.U./s, and -47.5 A.U./s at 17, 20, 

and 23h, respectively), while the distance traveled by patches remained similar (418.0± 
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246.4 nm, 373.8±122.4 nm, 308.4±88.8 nm at 17, 20, and 23h, respectively) (Figure 9B; 

Table 6). 

The simulations of the model predicted that the over-expression of actin would 

result in a significant increase of F-actin in patches, which assemble at a faster rate.  To 

our surprise, we found that actin over-expression did not produce the expected increase in 

Fim1-mCherry intensity; rather, the intensities were similar or even decreased at later 

time-points (289.7±52.5 A.U., 273.6±45.2 A.U., and 172.6±32.0 A.U. at 18, 21, and 24 

hours, respectively) compared to the patch intensities in the wild-type cells.  At 18 hours 

in the absence of thiamine, patches expressing actin from 3x-Pnmt1 promoter behaved 

similarly to patches in the wild-type cells, in agreement with our immunoblot analysis 

(Figure 8), which showed that at 17 hours without thiamine, actin is not yet over-

expressed but is present at the wild-type levels.  At 18 hours, the rates of assembly (37.9 

A.U./s), disassembly (-29.6 A.U./s), the time of disassembly (7.4±2.1s), and other 

parameters were all similar to the wild-type values.  We observed a distinct set of actin 

patch defects at 21 and 24 hours, when actin was notably over-expressed (Figure 8). 

Specifically, we observed a ~3-fold decrease rather than an expected increase in the rates 

of patch assembly (18.7 A.U./s and 23.4 A.U./s at 21 h and 24 h, respectively) and an 

even stronger decrease in the rates of patch disassembly (-16.7 A.U./s, -11.0 A.U./s at 21 

h and 24 h, respectively), which prolonged the disassembly times (12.9±2.6s, and 

11.3±2.6s at 21 and 24 h, respectively), compared to the wild-type control. There were no 

significant changes in distance traveled by patches upon over-expression of actin (Figure 

9A,C-E; Table 6), compared to the wild-type control.  
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The Effects of Actin Under-expression on Actin Patch Dynamics  

Next, we examined the effects of actin under-expression on actin patch behavior 

and correlated these effects with the actin expression levels detected by immunoblot 

(Figure 8).  We analyzed the behavior of Fim1-mCherry labeled patches in the strain 

expressing actin from the 3x-Pnmt1 promoter at 18, 21, and 24 hours after the addition 

thiamine (Figure 10; Table 7), and compared the results to the patch behavior in wild-

type control cells in the presence of thiamine over a similar time-course. 

In the wild-type control in the presence of thiamine, Fim1-mCherry labeled 

patches exhibited consistent stereotypical behavior compared to that observed in the 

absence of thiamine and with GFP- or YFP-tagged fimbrin, indicating that the addition of 

thiamine has no effect on patch dynamics.  The Fim1-mCherry wild-type control in the 

presence of thiamine had nearly all parameters similar at 17, 20, 23 hours, with the 

exception of what appeared to be a slight but statistically insignificant decrease in fimbrin 

intensity over-time (382.7±59.0 A.U., 338.1±66.3 A.U., and 298.2±54.6 A.U., at 17, 20, 

and 23h, respectively) (Figure 10B; Table 7). 

The simulations from the model predicted that the under-expression of actin 

would result in a dramatic decrease in the amount of actin in patches, which would 

assemble at a much slower rate.  In contrast, we found that under-expression of actin did 

not produce the dramatic decrease in fimbrin intensity that we expected; rather we saw 

fimbrin intensities that only slightly decreased (339.3±83.6 A.U., 288.3±43.1 A.U., 

255.1±42.0 A.U. at 17, 20, and 23h, respectively) over-time compared to the wild-type 

control in the presence of thiamine.  The rates of assembly decreased ~2-fold (31.5 

A.U./s, 37.7 A.U./s, 36.3 A.U./s at 17, 20, and 23h, respectively), which was 
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accompanied by longer assembly times (10.0±2.6 s, 6.1±1.3 s, 7.3±2.5 s at 17, 20, and 

23h, respectively), while the rates of disassembly (-30.4 A.U./s, -34.6 A.U./s, -40.8 

A.U./s at 17, 20, and 23h, respectively) and the disassembly times (8.9±3.3 s, 6.1±2.3 s, 

5.2±1.5 s at 17, 20, and 23h, respectively) did not change compared to the wild-type 

control. There was no significant difference in patch movement in cells under-expressing 

actin compared to the wild-type control (Figure 10A,C-E; Table 7).  The effects of actin 

under-expression on patch dynamics remained relatively consistent at 18, 21, 24 h time-

points, in agreement with the immunoblot analysis (Figure 8), which shows that actin was 

under-expressed at similar levels across all times in the presence of thiamine.  

 

Comparison of the Effects of Capping Protein Deletion and Actin Over-

Expression on Actin Patch Dynamics 

 The simulations of the model predicted that the deletion of capping protein and 

the over-expression of actin would have similar effects on actin patch dynamics (Figure 

2). We previously looked at the effects that capping protein deletion had on patch 

dynamics using mGFP and mYFP labeled fimbrin, but here we wanted to directly 

compare the effects of acp1 or acp2 deletions with the effects of actin over-expression 

using the same Fim1-mCherry actin patch marker in cells  (Figure 11; Table 8). To 

measure the number of patches in cells, we collected the Z-series of the images spanning 

the entire cell depth to ensure we were able to account for all patches throughout the 

whole cell. 

The effects of acp1Δ and acp2Δ on Fim1-mCherry labeled patches were similar in 

respect to some parameters, but not identical to the effects previously observed with 
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Fim1-mGFP and Fim1-mYFP. Instead of the slight decrease in fimbrin intensity that we 

saw previously in capping protein deletion cells, here we did not see a significant 

increase (T-test p-value: 0.28) in acp2Δ cells (310.2±42.3 A.U.) but did see a significant 

increase (T-test p-value: 0.003) in acp1Δ cells (386.6±68.3 A.U.), compared to wild-type 

control values (283.6±63.1 A.U.) (Figure 11A, D-E; Table 8). However, the 1.4-fold 

increase in peak fimbrin intensity in patches observed in acp1Δ cells is still well below 

the 4-fold increase predicted by the model. As with Fim1-mGFP and Fim1-mYFP 

(Figures 5, 6), Fim1-mCherry labeled patches in capping protein-deleted cells had an 

increased lifetime, increased assembly time, and increased disassembly time (acp1Δ: 

17.7±2.5 s, 8.6±1.4 s, 9.2±2.0 s; acp2Δ: 16.4±2.8 s, 7.0±1.6 s, 9.4±2.3 s), compared to 

the Fim1-mCherry wild-type control cells (11.6±1.3s, 4.9±1.3s, 6.7±1.3s). The increase 

in total patch lifetime corresponded to the ~1.3-fold and ~1.5-fold increase in patch 

density in acp1Δ and acp2Δ cells, respectfully.  Patches in capping protein deletion cells 

had a decreased rate of assembly (acp1Δ: 38.4 A.U./s; acp2Δ: 34.6 A.U./s; WT: 56.5 

A.U./s) and either an unchanged or a slightly higher rate of disassembly (acp1Δ: -49.7 

A.U./s, acp2Δ: -38.5 A.U./s; WT: -34.4 A.U./s), while the distance that patches traveled 

appeared shorter but not significantly different (acp1Δ: 229.0±136.1 nm; acp2Δ: 

294.0±78.8 nm), than the distance traveled by patches in wild-type control cells 

(359.0±308.5 nm) (Figure 11A, D-E; Table 8).  

 The over-expression of actin from the 3x-Pnmt1 promoter in the absence of 

thiamine produced nearly identical results to what we found in the time-course 

experiment of actin over-expression (Figure 9). We again did not to see a dramatic 

increase of Fim1-mCherry in patches (268.6±75.0 A.U.), which remained at levels that 

38



 

were similar to those measured in the wild-type control (283.6±63.1 A.U.).  We also saw 

that patch disassembly occurred over a much longer time (15.8±3.5 s) and at a 

dramatically slower rate (-18.1 A.U./s) (Figure 11A,C; Table 8) than in wild-type control, 

similar to what we saw previously (Figure 8). The ~2.3-fold increase in the number of 

patches and the nearly 2-fold increase in patch density measured in actin over-expressing 

cells may be explained by the ~2-fold increase in patch lifetime (22.4±4.2 s), which is 

due to the significant (T-test p-value: 0.02) increase in assembly time, and even more 

dramatic increase in disassembly time. The maximum distance patches moved in actin 

over-expressing cells was not significantly (T-test p-value: 0.39) different from what was 

measured in the Fim1-mCherry wild-type control cells (Figure 11A,C; Table 8). 

 In summary, the model predicted that deleting capping protein or over-expressing 

actin should both increase the amount of actin in patches and increase the rate of patch 

assembly.  In contrast, we found that neither capping protein deletion, nor actin over-

expression resulted in any significant increase in accumulation of Fim1-mCherry in 

patches over the wild-type level and the rates of assembly were actually decreased rather 

than increased. We also discovered that capping protein deletions and actin over-

expression had distinct effects on actin patch dynamics. While the patch disassembly rate 

was significantly decreased in actin over-expressing cells, it was either unchanged or 

slightly increased in capping protein deletion cells.  While patch density was increased in 

both capping protein deletion and actin over-expressing cells, the increase in patch 

density was much greater in the actin over-expressing cells. The distance that patches 

moved appeared to be diminished in capping protein deletion cells but little effect was 

seen on patch movement in actin over-expressing cells.  Given these distinct effects that 
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deleting capping protein and over-expressing actin had on actin patch dynamics, we next 

looked to see whether these effects would be additive or synergistic when capping protein 

subunit deletions are combined with actin over-expression in the same cell.   

 

The Additive Effects of Combining Actin Over-expression with Capping 

Protein Deletions on Actin Patch Dynamics 

We combined actin over-expression with either acp1Δ or acp2Δ  to determine if 

these combinations would result in a synergistic increase in the extent of patch assembly 

expected from the model. We did not see the synergistic increase that we predicted, 

instead we found that the distinct effects that capping protein deletion and actin over-

expression had on cells alone (Figure 11; Table 8), were additive when combined 

together (Figure 12; Table 8).  When actin over-expression was combined with acp1Δ, 

the peak Fim1-mCherry intensity was predicted to be greater than either actin over-

expression or acp1Δ cells alone.  Surprisingly, we found it to be much lower (168.3±58.6 

A.U.) than peak intensities in actin over-expressing cells (286.6±75.0 A.U.) or capping 

protein deleted cells (acp1Δ: 386.6±68.3 A.U.; acp2Δ: 310.2±42.3 A.U.).  The assembly 

and disassembly rates (7.3 A.U./s, -7.6 A.U./s) decreased dramatically, accompanied by a 

much longer total patch lifetime, assembly time, and disassembly time (32.9±3.7 s, 

14.4±2.5 s, 18.5±3.2 s), compared to actin over-expression, or acp1Δ alone (Figure 12A, 

C; Table 8).  

When actin over-expression was combined with acp2Δ, we observed similar 

effects on patch dynamics as seen in the combination with acp1Δ; however the effects did 

not appear to be as extreme. In acp2Δ cells over-expressing actin, we again found the 
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Fim1-mCherry intensity in patches to be lower (200.8±34.2 A.U.) than in cells with 

either actin over-expression or acp2Δ alone. The rate of assembly (19.4 A.U./s) was 

decreased but the disassembly rate (-20.5 A.U./s) resembled what we measured in actin 

over-expressing cells.  The total patch lifetime, assembly time, and disassembly time 

(16.9±2.9s, 6.9±2.6s, 9.9±2.4s) were nearly identical to what was seen with acp2Δ alone 

(Figure 12B, D; Table 8), which is different from what we saw in cells combining actin 

over-expression with acp1Δ. From these results, we concluded that the combination of 

actin over-expression with capping protein deletion in cells results in a combination of 

the distinct effects that capping protein deletion and actin over-expression have on actin 

patch dynamics.  

 

Comparison of Effects of Capping Protein Over-expression and Actin 

Under-expression on Actin Patch Dynamics 

The simulations of the model predicted that both the under-expression of actin 

and the over-expression of capping protein (CP-OE) would decrease the rate and extent 

of actin assembly into patches.  We compared the effects of CP-OE (Figure 13; Table 8) 

with the effects of actin under-expression on patches labeled with Fim1-mCherry (Figure 

10; Table 7).  As observed previously with Fim1-mYFP and Fim1-mGFP, the over-

expression of capping protein affected the dynamics of Fim1-mCherry labeled patches 

only slightly, with the most prominent effects being decreased rates of assembly and 

disassembly (28.5 A.U/s, -23.6 A.U./s), and a longer disassembly time (10.9±1.5 s), 

compared to the wild-type control (Figure 13; Table 8). The maximum fimbrin intensity 

(290.1±41.2 A.U.) appeared not to be affected in this experiment with the over-

41



 

expression of capping protein, unlike the decrease that we observed with Fim1-mGFP 

and Fim1-mYFP in capping protein over-expressing cells. Cell size was increased, which 

was due to a cytokinetic defect that has been previously characterized in capping protein 

over-expressing cells (Kovar et al., 2005). The number of patches increased ~1.8-fold, 

however the patch density was similar to what was measured in the wild-type control 

(Figure 13A, C; Table 8).  

 The effects that capping protein over-expression and actin under-expression had 

on actin patch dynamics appeared to be distinct with only a few similarities.  In both 

capping protein over-expression and actin under-expression, the peak intensity of patches 

did not decrease to the degree that was anticipated, but remained similar to what we 

measured in the wild-type control cells.  In contrast to those predictions, we observed that 

while capping protein over-expression had little effect on patch density, actin-under-

expression resulted in a much lower patch density than in capping protein over-

expression or the wild-type cells. Capping protein over-expression and actin under-

expression both decreased the rate of patch assembly, although not to the extent predicted 

by the model; however, capping protein over-expression also decreased the rate of patch 

disassembly, while actin under-expression did not.  

 
The Effects of Combining Actin Over-expression with Capping Protein 

Over-expression on Actin Patch Dynamics 

 Simulations of the model predicted opposite effects on patch dynamics for the 

over-expression of actin and the over-expression capping protein. Therefore, we tested 

whether capping protein over-expression would suppress the effects of actin over-

expression, or conversely, whether actin over-expression would overcome the effects of 
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capping protein over-expression.  Surprisingly, we found that actin patches in cells 

combining actin and capping protein over-expressions remained at the cell cortex for >60 

seconds, moved very little if at all, and ultimately failed to internalize into the cell. Since 

patches neither moved, nor turned over during the 60 s duration of imaging, their 

lifetimes and times of assembly and disassembly could not be measured.  Interestingly, 

Fim1-mCherry accumulated in patches to a similar level (364.0±60.3 A.U.) to peak levels 

seen in cells over-expressing either actin or capping protein alone, or in the wild-type 

control cells. The patch density was ~2.2-fold higher than in wild-type cells, which was 

also higher than what was measured in cells over-expressing either actin (~1.8-fold) or 

capping protein alone (~1.2-fold) (Figure 13B, D, Table 8).  We concluded that the 

combination of capping protein over-expression and actin over-expression does not 

suppress the effects of one another in the way that was anticipated from the model, even 

though the 80-fold excess of capping protein should be sufficient to overcome the effects 

of 3-4-fold over-expression of actin. 
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Figures 

Figure 1: The Dendritic Nucleation Model for actin assembly at the sites of 

endocytosis. 

The ten numbered steps in this diagram correspond to the ordered sequence of events 

leading to the polymerization of actin at the leading edge of motile cells.  This process is 

dependent upon an existing pool of profilin-bound ATP-actin in cytoplasm (step 1).  An 

extracellular stimulus activates signaling pathways that lead to the activation of 

WASp/Scar proteins (2).  Active WASp/Scar proteins, along with ATP-actin monomers 

bind to the Arp2/3 complex, forming the WASp-actin-Arp2/3 ternary complex. This 

ternary complex initiates a new daughter filament (3) as a branch on the side of an 

existing mother filament, and elongation of the branched filament proceeds via addition 

of new ATP-actin monomers from the cytoplasm (4). Each new filament grows rapidly 

and possibly provides a force capable of acting on the plasma membrane (5). Capping 

protein binds to a growing barbed end and terminates further elongation of the branched 

filament (6).  ATP hydrolysis and inorganic phosphate (Pi) dissociation (7) triggers 

filament disassembly by attracting ADF/cofilin (8), which works to sever and 

depolymerize ADP-actin filaments.  LIM-kinase is controlled by the activity of the p21-

activated kinase (PAK) and has the ability to phosphorylate and inhibit the activity of 

ADF/cofilin (9).  Profilin catalyzes the exchange of ADP-actin to ATP-actin, refilling the 

cytoplasmic pool of actin monomers (10). This process has been hypothesized to occur in 

cells at sites of endocytosis. Image is taken from Pollard et al. (2000).  
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Figure 1

The Dendritic Nucleation Model (Pollard et al., 2000)
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Figure 2: Predictions from the mathematical modeling of the Dendritic Nucleation 

Model for actin assembly at the sites of endocytosis. 

Simulations of the mathematical model for patch assembly were run using the 

concentrations of actin and capping protein measured in our strains.  The simulations 

predicted concentrations of key proteins in endocytic actin patches: actin (6%), capping 

protein (CP), Arp2/3 complex, and WASp.  Solid lines without markers are simulations 

run with concentrations of proteins at wild-type levels, thin lines with open markers are 

simulations run with the indicated concentrations of actin or capping protein, closed 

markers alone (Figure 2A) are experimental values of proteins that were measured by 

quantitative confocal microscopy (Sirotkin et al., 2010).  The predicted time-courses from 

the mathematical simulations were aligned to the time of peak intensity of wild-type actin 

at time=0.  (A) The predicted time-courses of patch assembly for key proteins (actin 

(6%), capping protein (CP), Arp2/3 complex, and WASp) plotted against the 

experimental measurements of those proteins. (B-G) The predicted time-courses of key 

proteins plotted against (B) capping protein deletion (C) capping protein over-expression, 

(D) 0.25x actin concentration, (E) 0.5x actin concentration, (F) 3x actin over-expression, 

and (G) 4x actin over-expression. (H) The comparison of the peak number of molecules 

from simulated graphs for actin 6% (blue), capping protein (green), Arp 2/3 complex 

(black), and WASp (red).   
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Figure 3: Genetic modifications of the cells used in this study. 

Illustration of the kanMX6 or kanMX6-3x-Pnmt1 genetic constructs integrated in place of 

or at the 5’ end in front of acp1, acp2, or act1 genes, annotated with the primers used for 

PCR diagnostics.  (A) acp1Δ::kanMX6.  (B) Acp1 over-expressing kanMX6-3x-Pnmt1-

acp1 allele. (C) acp2Δ::kanMX6.  (D) Acp2 over-expressing kanMX6-3x-Pnmt1-acp2 

allele.  (E) Actin over/under-expressing kanMX6-3x-Pnmt1-act1 allele.  
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Figure 4: The expression levels of actin and capping protein in cells that over-

/under-express actin and capping protein and in cells with capping protein deletion.  

The experimental levels of actin, capping protein, and Fim1-mCherry in cells were 

measured by immunoblotting.  (A) A western blot depicting the actin and capping protein 

expression levels (upper panel), Fim1-mCherry (middle panel), and a coomassie stained 

gel for a loading control (bottom panel) in actin over-expression, capping protein over-

expression, actin and capping protein over-expression, acp1Δ, acp2Δ, actin over-

expression combined with acp1Δ, and actin over-expression combined with acp2Δ 

strains. The arrowhead on coomassie loading control (bottom panel) indicates the band 

used to adjust for unequal loading.  (B) The actin expression levels were quantified as 

fold-increase compared to the wild-type control.  (C) A dilution series of capping protein 

over-expressing cells from 1:20 to 1:320 was made to quantify capping protein over-

expression levels. 
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Figure 5: The effects of acp2Δ  and capping protein over-expression on Fim1-mGFP 

labeled actin patches. 

Comparison of average (thick solid colored lines) time-courses of Fim1-mGFP intensity 

in patches (top panel) and the distance from origin traveled by patches (bottom panel) in 

(A) wild-type control (solid green circle), acp2Δ (solid blue triangle), capping protein 

over-expression (CP-OE) (solid orange square), and the suppression of capping protein 

over-expression (CP-OE + thiamine) (open red square). (B-E) Raw (thin solid black 

lines) and average time-courses of patch intensities (top) and distances from origin 

traveled by patches (bottom) in (B) wild-type control, (C) acp2Δ, (D) CP-OE, and (E) 

CP-OE (+thiamine).  The raw time-courses of patch intensity for individual patches were 

aligned to the initiation of patch movement at time zero and averaged at each time-point 

to produce the average time-courses.  Data are from the analysis of time-lapse movies in 

a single section through the middle of the cells. 
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Figure 6: The effects of acp2Δ  and capping protein over-expression on Fim1-mYFP 

labeled actin patches. 

Comparison of average (thick solid colored lines) time-courses of Fim1-mYFP intensity 

in patches (top panel) and the distance from origin traveled by patches (bottom panel) in 

(A) wild-type control (solid red circle), acp2Δ (solid purple diamond), capping protein 

over-expression (CP-OE) (solid blue square), and the suppression of capping protein 

over-expression (CP-OE + thiamine) (open green square). (B-E) Raw (thin solid black 

lines) and average time-courses of patch intensities (top) and distances from origin 

traveled by patches (bottom) in (B) wild-type control, (C) acp2Δ, (D) CP-OE, and (E) 

CP-OE (+thiamine).  The raw time-courses of patch intensity for individual patches were 

aligned to the initiation of patch movement at time zero and averaged at each time-point 

to produce the average time-courses.  Data are from the analysis of time-lapse movies in 

a single section through the middle of the cells. 
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Figure 7: The effects of reducing actin concentration two-fold on Fim1-mCherry 

labeled actin patches in diploid cells. 

Comparison of average (thick solid colored lines) time-courses of Fim1-mCherry 

intensity in patches (top panel) and the distance from origin traveled by patches (bottom 

panel) in (A) wild-type diploid cells (open green square), wild-type haploid 

cells (solid blue square), arpc5-mGFP haploid cells (open orange circle), and (B) wild-

type diploid cells (open green square), Pnmt1-mGFP-act1/act1+ diploid cells (solid 

purple triangle), and act1Δ/act1+ diploid cells (open red circle). (C-G) Raw (thin solid 

black lines) and average time-courses of patch intensities (top) and distances from origin 

traveled by patches (bottom) in (C) wild-type diploid cells, (D) wild-type haploid cells, 

and (E) arpc5-mGFP haploid cells, (F) Pnmt1-mGFP-act1/act1+ diploid cells, and (G) 

act1Δ/act1+ diploid cells.  The raw time-courses of patch intensity for individual patches 

were aligned to the initiation of patch movement at time zero and averaged at each time-

point to produce the average time-courses.  Data are from the analysis of time-lapse 

movies in a single section through the middle of the cells. 

 

56



Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Time, s

A
Avg Diploid WT
Avg Haploid WT

0

50

100

150

200

250

-20 -15 -10 -5 0 5 10 15 20
0

200

400

600

800

1000
-20 -15 -10 -5 0 5 10 15 20

Avg Haploid 
act1+ arpc5-mGFP

Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Time, s

B
Avg Diploid act1Δ/act1+

Avg Diploid WT
Avg Diploid 
Pnmt1-mGFP-act1/act1+

0

50

100

150

200

-20 -15 -10 -5 0 5 10 15 20

0

200

400

600

800

1000
-20 -15 -10 -5 0 5 10 15 20

Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Time, s Time, s

C D E
Raw Haploid WT

Avg Diploid WT
Raw Diploid WT

Avg Haploid WT

0

50

100

150

200

250

-20 -15 -10 -5 0 5 10 15 20
0

200

400

600

800

1000
-20 -15 -10 -5 0 5 10 15 20

Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Time, s

0

50

100

150

200

250

-15 -10 -5 0 5 10 15
0

200

400

600

800

1000
-15 -10 -5 0 5 10 15

0

50

100

150

200

250

300

-15 -10 -5 0 5 10 15
0

200

400

600

800

1000
-15 -10 -5 0 5 10 15

Avg Haploid 
act1+ arpc5-mGFP
mCherry Raw Haploid 
act1+ arpc5-mGFP

Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Av
g 

In
te

ns
ity

, A
.U

.
Av

g 
D

, n
m

Time, s Time, s

G
Avg Diploid 
Pnmt1-mGFP-act1/act1+

Raw Diploid
Pnmt1-mGFP-act1/act1+

Avg Diploid act1Δ/act1+

Raw Diploid act1Δ/act1+

-20

0

20

40

60

80

100

-20 -15 -10 -5 0 5 10 15 20
0

200

400

600

800

1000
-15 -10 -5 0 5 10 15

-20

0

20

40

60

80

100

-20 -15 -10 -5 0 5 10 15 20
0

200

400

600

800

1000
-20 -15 -10 -5 0 5 10 15 20

F

Figure 7
57



 

Figure 8: The time-course of expression of actin and capping protein from the 3x-

Pnmt1 promoter in the presence or the absence of thiamine.  

Comparison of the time-courses of expression of actin (top panels) and capping protein 

(bottom panels) from the wild-type or the 3x-Pnmt1 promoters, from 13 to 25 hours in 

the presence or the absence of thiamine. (A) Wild-type (WT) cells grown in EMM media 

in the presence of thiamine (+thi), wild-type (WT) cells in the absence of thiamine (-thi), 

and actin over-expressing (act1-OE) cells in the absence of thiamine (-thi). (B) Wild-type 

(WT) cells grown in EMM media in the presence of thiamine (+thi), wild-type (WT), 

actin over-expressing (act1-OE), capping protein over-expression (CP-OE), and cells 

over-expressing both actin and capping protein (act1-OE + CP-OE) grown in YE5S 

media, and actin under-expressing (act1-UE) cells grown in EMM media in the presence 

of thiamine.  (C) Wild-type (WT) cells grown in EMM media in the absence of thiamine 

(-thi), capping protein over-expressing (CP-OE) cells in the absence of thiamine (-thi), 

and cells over-expressing both actin and capping protein (act1-OE + CP-OE) in the 

absence of thiamine (-thi). (D) Wild-type (WT) cells grown in EMM media in the 

presence of thiamine (+thi), suppression of capping protein over-expressing (CP-OE) 

cells in the presence of thiamine, and cells that both under-express actin and suppress 

capping protein over-expression (Act1-UE + CP-OE) in the presence of thiamine (+thi).  

The n.s. indicates a non-specific band that shows approximately equal loading of all 

lanes.
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Figure 9: The time-course of actin over-expression and its effects on actin patch 

dynamics.  

Comparison of average (thick solid colored lines) time-courses of Fim1-mCherry 

intensity in patches (top panel) and the distance from origin traveled by patches (bottom 

panel) in cells after 18, 21, 24 hours in the absence of thiamine in (A) wild-type control 

cells at 20 h (open blue diamond), actin over-expressing cells at 18 h (solid red square), 

actin over-expressing cells at 21 h (solid purple circle), actin over-expressing cells at 24 h 

(solid green triangle), and (B) wild-type control cells at 17 h (solid orange triangle), wild-

type control cells at 20 h (open blue diamond), and wild-type control cells at 23 h (open 

maroon rectangle). (C-H) Raw (thin solid black lines) and average time-courses of patch 

intensities (top) and distances from origin traveled by patches (bottom) in wild-type cells 

at (C) 17 h, (D) 20 h, (E) 23 h post thiamine removal, and actin over-expressing cells at 

(F) 18 h, (G) 21 h, and (H) 24 h post thiamine removal.  The raw time-courses of patch 

intensity for individual patches were aligned to the initiation of patch movement at time 

zero and averaged at each time-point to produce the average time-courses.  Data are from 

the analysis of time-lapse movies in a single section through the middle of the cells. 
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Figure 10: The time-course of actin under-expression and its effects on actin patch 

dynamics.  

Comparison of average (thick solid colored lines) time-courses of Fim1-mCherry 

intensity in patches (top panel) and the distance from origin traveled by patches (bottom 

panel) in cells after 18, 21, 24 hours in the presence of thiamine in (A) wild-type control 

cells at 20 h (open blue diamond), actin suppressing cells at 18 h (solid red square), actin 

suppressing cells at 21 h (solid purple circle), actin suppressing cells at 24 h (solid green 

triangle), and (B) wild-type control cells at 17 h (solid orange triangle), wild-type control 

cells at 20 h (open blue diamond), and wild-type control cells at 23 h (open maroon 

rectangle). (C-H) Raw (thin solid black lines) and average time-courses of patch 

intensities (top) and distances from origin traveled by patches (bottom) in wild-type cells 

at (C) 17 h, (D) 20 h, (E) 23 h post thiamine addition, and actin suppressing cells at (F) 

18 h, (G) 21 h, and (H) 24 h post thiamine addition.  The raw time-courses of patch 

intensity for individual patches were aligned to the initiation of patch movement at time 

zero and averaged at each time-point to produce the average time-courses.  Data are from 

the analysis of time-lapse movies in a single section through the middle of the cells. 
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Figure 11: A comparison of the effects of actin over-expression versus the effects of 

capping protein deletion on actin patch dynamics.   

Comparison of average (thick solid colored lines) time-courses of Fim1-mCherry 

intensity in patches (top panel) and the distance from origin traveled by patches (bottom 

panel) in (A) wild-type control (solid blue circle), actin over-expression (Actin-OE) 

(open red diamond), acp1Δ (solid purple diamond), acp2Δ (solid orange triangle). (B-E) 

Raw (thin solid black lines) and average time-courses of patch intensities (top) and 

distances from origin traveled by patches (bottom) in (B) wild-type control, (C) actin 

over-expression (actin-OE), (D) acp1Δ, and (E) acp2Δ.  The raw time-courses of patch 

intensity for individual patches were aligned to the initiation of patch movement at time 

zero and averaged at each time-point to produce the average time-courses.  Data are from 

the analysis of time-lapse movies in a single section through the middle of the cells. 
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Figure 12: The effects of combining actin over-expression with capping protein 

deletion on actin patch dynamics. 

Comparison of average (thick solid colored lines) time-courses of Fim1-mCherry 

intensity in patches (top panel) and the distance from origin traveled by patches (bottom 

panel) in (A) wild-type control (solid blue circle), acp1Δ (solid purple diamond), actin 

over-expression (Actin-OE) (open red diamond), the combination of actin over-

expression and acp1Δ (checkered brown square), and (B) wild-type control (solid blue 

circle), acp2Δ (solid orange triangle), actin over-expression (Actin-OE) (open red 

diamond), the combination of actin over-expression and acp2Δ (dashed black square).  

(C-D) Raw (thin solid black lines) and average time-courses of patch intensities (top) and 

distances from origin traveled by patches (bottom) in (C) the combination of actin over-

expression and acp1Δ, and (D) the combination of actin over-expression and acp2Δ. The 

raw time-courses of patch intensity for individual patches were aligned to the initiation of 

patch movement at time zero and averaged at each time-point to produce the average 

time-courses.  Data are from the analysis of time-lapse movies in a single section through 

the middle of the cells. 
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Figure 13: The effects of capping protein over-expression and the combination of 

actin over-expression with capping protein over-expression on actin patch 

dynamics. 

Comparison of average (thick solid colored lines) time-courses of Fim1-mCherry 

intensity in patches (top panel) and the distance from origin traveled by patches (bottom 

panel) in (A) wild-type control (solid blue circle), capping protein over-expression (CP-

OE) (solid red triangle), and (B) wild-type control (solid blue circle), actin over-

expression (Actin-OE) (open red diamond), the combination of actin over-expression and 

capping protein over-expression (CP-OE) (open red square), and capping protein over 

expression (solid green triangle).  (C-D) Raw (thin solid black lines) and average time-

courses of patch intensities (top) and distances from origin traveled by patches (bottom) 

in (C) capping protein over-expression (CP-OE), and (D) the combination of actin over-

expression and capping protein over-expression (CP-OE). The raw time-courses of patch 

intensity for individual patches were aligned to the initiation of patch movement at time 

zero and averaged at each time-point to produce the average time-courses.  Data are from 

the analysis of time-lapse movies in a single section through the middle of the cells. 
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Figure 14: A hypothetical feedback mechanisms for actin patch assembly. 

Schematic representation of the proposed feedback mechanism that controls actin patch 

assembly in fission yeast. The mechanism begins with the initiation of patch assembly 

and follows the arrows as depicted. 
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Tables 

Table 1. S. pombe strains used in this study. 
Strain Number Genotype SOURCE 

VS698-A1 h+ ade6-M210 leu1-32 ura4-D18 his3-D1 fim1-mEGFP-kanMX6 
(small deletion in the 3' UTR) VS 

VS698-B1 h- ade6-M216 leu1-32 ura4-D18 his3+ fim1-mEGFP-kanMX6 (small 
deletion in the 3' UTR) VS 

VS805AA h+ ade6-M210 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2 MJ 

VS805B h- ade6-M216 leu1-32 ura4-D18 his-? kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2 MJ 

VS806 h- ade6-M210 leu1-32 ura4-D18 acp2Δ::kanMX6 DK 

VS807 h+ his7-366 leu1-32 ura4-D18 ade6-M210 acp1Δ::kanMX6 DK 

VS809AA h+ ade6-M210 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2 fim1-mYFP-kanMX6 MJ 

VS810A h+ ade6-M210 leu1-32 ura4-D18 his? kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2 fim1-mGFP-kanMX6 MJ 

VS812A h+ ade6-M210 leu1-32 ura4-D18 his3-D1 acp2Δ::clonNAT MJ 

VS813A h+ ade6-M210 leu1-32 ura4-D18 his3-D1 acp2Δ::clonNAT fim1-
mGFP-kanMX6 MJ 

VS815A h+ ade6-M210 leu1-32 ura4-D18 his+ acp2Δ::clonNAT fim1-mYFP-
kanMX6 MJ 

VS887-A1 h+ ade6-M210 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 MJ 

VS887-B1 h- ade6-M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 MJ 

VS887-B3 h- ade6-M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 MJ 

VS888-3 h- ade6-M216 leu1-32 ura4-D18 his3-D1 fim1-mCherry-natMX6 VS 

VS889-10 h- ade6-M216 leu1-32 ura4-D18 his3-D1 ARPC5+/ARPC5-mGFP-
kanMX6 fim1-mCherry-natMX6 VS 

VS891-3 h-/h+ ade6-M216/M210 leu1-32 ura4-D18 his3-D1 fim1-mCherry-
natMX6/fim1+ VS 

VS892-1 h-/h+ ade6-M216/M210 leu1-32 ura4-D18 his3-D1 kanMX6-3x-
Pnmt1-mGFP-act1/act1+ fim1-mCherry-natMX6/fim1+ VS 

VS893-6 h-/h+ ade6-M216/M210 leu1-32 ura4-D18 his3-D1 act1Δ::ura4+/act1+ 
fim1-mCherry-natMX6/fim1+ VS 

VS895B h- ade6-M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 
fim1-mCherry-natMX6 VS 

VS897-4 h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-3x-mGFP-
L-act1-Tnmt1-leu1+ VS 

VS909-3 h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+ VS 

VS1010B h- ade6-M216 leu1-32 ura4-D18 his3-D1 fim1-mCherry-natMX6 VS 

VS1276-A1 h-  ade6 M216 leu1-32 ura4-D18  acp2Δ::kanMX6  his+ KP 

VS1276-B3 h+ ade6 M210 leu1-32 ura4-D18  acp2Δ::kanMX6  his+ KP 

VS1276-B5 h-  ade6 M216 leu1-32 ura4-D18  acp2Δ::kanMX6  his- KP 

VS1276-D3 h+ ade6 M216 leu1-32 ura4-D18  acp2Δ::kanMX6  his- KP 
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VS1276-C7 h+ ade6 M216 leu1-32 ura4-D18  acp2Δ::kanMX6  his+ KP 

VS1276-D7 h-  ade6 M210 leu1-32 ura4-D18  acp2Δ::kanMX6  his- KP 

VS1305-B1 
h+ ade6-M210 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2/h- ade6-M216 leu1-32 ura4-D18 his3-D1 
kanMX6-Pnmt1-3x-act1 

KP 

VS1305-B3 
h+ ade6-M210 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2/h- ade6-M216 leu1-32 ura4-D18 his3-D1 
kanMX6-Pnmt1-3x-act1 

KP 

VS1306-B1 h+ his7-366 leu1-32 ura4-D18 ade6-M210 acp1Δ::kanMX6/h- ade6-
M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 KP 

VS1306-B3 h+ his7-366 leu1-32 ura4-D18 ade6-M210 acp1Δ::kanMX6/h- ade6-
M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 KP 

VS1307-B1 h+ ade6-M210 leu1-32 ura4-D18 his3-D1 acp2Δ::clonNAT /h- ade6-
M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 KP 

VS1307-B3 h+ ade6-M210 leu1-32 ura4-D18 his3-D1 acp2Δ::clonNAT /h- ade6-
M216 leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 KP 

VS1308-B1 h+ ade6 M210 leu1-32 ura4-D18  acp2Δ::kanMX6  his+/h- ade6-M216 
leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 KP 

VS1308-B3 h+ ade6 M210 leu1-32 ura4-D18  acp2Δ::kanMX6  his+/h- ade6-M216 
leu1-32 ura4-D18 his3-D1 kanMX6-Pnmt1-3x-act1 KP 

VS1351B-4 h- ade6 M216 leu1-32 ura4-D18  Pnmt1-3x acp2  Pnmt1-3x act1 KP 

VS1351B-6 h- ade6 M216 leu1-32 ura4-D18  Pnmt1-3x acp2  Pnmt1-3x act1 KP 

VS1351C-19 h+ ade6 M216 leu1-32 ura4-D18  Pnmt1-3x acp2  Pnmt1-3x act1 KP 

VS1351D-3 h- ade6 M210 leu1-32 ura4-D18  Pnmt1-3x acp2  Pnmt1-3x act1 KP 

VS1351D-5 h- ade6 M210 leu1-32 ura4-D18  Pnmt1-3x acp2  Pnmt1-3x act1 KP 

VS1351D-17 h- ade6 M210 leu1-32 ura4-D18  Pnmt1-3x acp2  Pnmt1-3x act1 KP 

VS1352A-18 h+ ade6 M210 leu1-32 ura4-D18  Pnmt1-3x acp1  Pnmt1-3x act1 KP 

VS1353C-D6 h+ ade6 M216 leu1-32 ura4-D18  acp1Δ::kanMX6 Pnmt1-3x act1 KP 

VS1354A-A11 h+ ade6 M210 leu1-32 ura4-D18  acp2Δ::natMX6 Pnmt1-3x act1 KP 

VS1385-C10 h? ade6 M210 leu1-32 ura4-D18  acp2Δ::kanMX6 + kanMX6-Pnmt1-
3x-act1 KP 

VS1408-3 h? ade6-m216 ura4-D18 leu1-32 kanMX6-Pnmt1-3x-act1 + kanMX6-
3x-acp1 + kanMX6-3x-acp2 KP 

VS1408-18 h? ade6-m210 ura4-D18 leu1-32 kanMX6-Pnmt1-3x-act1 + kanMX6-
3x-acp1 + kanMX6-3x-acp2 KP 

VS1408-31 h? ade6-m210 ura4-D18 leu1-32 kanMX6-Pnmt1-3x-act1 + kanMX6-
3x-acp1 + kanMX6-3x-acp2 KP 

VS1408-34 h? ade6-m210 ura4-D18 leu1-32 kanMX6-Pnmt1-3x-act1 + kanMX6-
3x-acp1 + kanMX6-3x-acp2 KP 

VS1408-38 h? ade6-m210 ura4-D18 leu1-32 kanMX6-Pnmt1-3x-act1 + kanMX6-
3x-acp1 + kanMX6-3x-acp2 KP 

VS1408-43 h? ade6-m216 ura4-D18 leu1-32 kanMX6-Pnmt1-3x-act1 + kanMX6-
3x-acp1 + kanMX6-3x-acp2 KP 

VS1425-2 h- ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
kanMX6-Pnmt1-3x-act1 + acp2Δ::kanMX6 KP 

VS1425-5 h- ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
kanMX6-Pnmt1-3x-act1 + acp2Δ::kanMX6 KP 

VS1426-4 h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + KP 
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kanMX6-Pnmt1-3x-act1 + acp1Δ::kanMX6 

VS1426-8 h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
kanMX6-Pnmt1-3x-act1 + acp1Δ::kanMX6 KP 

VS1427-4 
h- ade6-m210 ura4-D18 his-leu1-32 fim1-mCherry-natMX6 
+kanMX6-Pnmt1-3x-act1 + kanMX6-Pnmt1-3x-acp1 + kanMX6-
Pnmt1-3x-acp2 

KP 

VS1437A-3B h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1437A-6D h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1437B-4D h- ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1437B-3C h- ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1437C-6C h+ ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1437C-7D h+ ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1437D-9A h- ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp1Δ::kanMX6 

KP 

VS1438A-1D h+ ade6-m210 ura4-D18 his-leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 

KP 

VS1438AA-7D h+ ade6-m210 ura4-D18 his+ leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 

KP 

VS1438BB-6B h- ade6-m216 ura4-D18 his+ leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 

KP 

VS1438BB-9B h- ade6-m216 ura4-D18 his+ leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 

KP 

VS1438CC-8C h+ ade6-m216 ura4-D18 his+ leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 KP 

VS1438D-3C h- ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 KP 

VS1438D-11B h- ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 KP 

VS1438DD-12A h- ade6-m210 ura4-D18 his+ leu1-32 fim1-mCherry-natMX6 + 
acp2Δ::kanMX6 KP 

VS1439C-5D h+ ade6-m216 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
kanMX6-Pnmt1-3x-acp1 + kanMX6-Pnmt1-3x-acp2 KP 

VS1439D-1C h- ade6-m210 ura4-D18 his- leu1-32 fim1-mCherry-natMX6 + 
kanMX6-Pnmt1-3x-acp1 + kanMX6-Pnmt1-3x-acp2 KP 

VS1440A-2 h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + 
kanMX6-Pnmt1-3x-act1 KP 

VS1440B-12 h- ade6-m216 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + kanMX6-
Pnmt1-3x-act1 KP 

VS1441A-10C h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + 
acp1Δ::kanMX6 

KP 

VS1441C-6C h+ ade6-m216 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + 
acp1Δ::kanMX6 

KP 

VS1441BB-2D h- ade6-m216 ura4-D18 his+ leu1-32 fim1-mGFP-kanMX6 + 
acp1Δ::kanMX6 

KP 

VS1441DD-10B h- ade6-m210 ura4-D18 his+ leu1-32 fim1-mGFP-kanMX6 + 
acp1Δ::kanMX6 

KP 

VS1442A-4C h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + 
acp2Δ::kanMX6 

KP 
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VS1442B-1D h- ade6-m216 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + 
acp2Δ::kanMX6 KP 

VS1442C-12A h+ ade6-m216 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6 + 
acp2Δ::kanMX6 

KP 

VS1442AA-6A h+ ade6-m210 ura4-D18 his+ leu1-32 fim1-mGFP-kanMX6 + 
acp2Δ::kanMX6 

KP 

VS1442DD-8B h- ade6-m210 ura4-D18 his+ leu1-32 fim1-mGFP-kanMX6 + 
acp2Δ::kanMX6 

KP 

VS1506-C6 h+ ade6-m210 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6-Pnmt1-3x-
act1 + acp1Δ::kanMX6 

KP 

VS1506-D9 h- ade6-m216 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6-Pnmt1-3x-
act1 + acp1Δ::kanMX6 

KP 

VS1507-D11 h- ade6-m210 ura4-D18 his- leu1-32 fim1-mGFP-kanMX6-Pnmt1-3x-
act1 + acp2Δ::kanMX6 

KP 

VS1508-A5 h- ade6-m216 ura4-D18 his-leu1-32 fim1-mGFP-kanMX6 +kanMX6-
Pnmt1-3x-act1 + kanMX6-Pnmt1-3x-acp1 + kanMX6-Pnmt1-3x-acp2 KP 

VS1508-D3 h+ ade6-m210 ura4-D18 his-leu1-32 fim1-mGFP-kanMX6 +kanMX6-
Pnmt1-3x-act1 + kanMX6-Pnmt1-3x-acp1 + kanMX6-Pnmt1-3x-acp2 KP 

VS1525-1 h- ade6-M216 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-acp1 
kanMX6-Pnmt1-3x-acp2::pJK148 -81x-mGFP-act1-leu1+ KP 

VS1581-A1 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+/ h+ his7-366 leu1-32 ura4-D18 ade6-M210 
acp1Δ::kanMX6 

KP 

VS1581-A2 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+/ h+ his7-366 leu1-32 ura4-D18 ade6-M210 
acp1Δ::kanMX6 

KP 

VS1582-B1 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+/h+ ade6 M210 leu1-32 ura4-D18  
acp2Δ::kanMX6  his+ 

KP 

VS1582-B2 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+/h+ ade6 M210 leu1-32 ura4-D18  
acp2Δ::kanMX6  his+ 

KP 

VS1583-C1 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+/h+ ade6-M210 leu1-32 ura4-D18 his3-D1 
kanMX6-Pnmt1-3x-act1 

KP 

VS1583-C2 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-81x-mGFP-
L-act1-Tnmt1-leu1+/h+ ade6-M210 leu1-32 ura4-D18 his3-D1 
kanMX6-Pnmt1-3x-act1 

KP 

VS1584-D1 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-3x-mGFP-
L-act1-Tnmt1-leu1+/h+ ade6-M210 leu1-32 ura4-D18 his3-D1 
kanMX6-Pnmt1-3x-act1 

KP 

VS1584-D2 
h- ade6-M216  ura4-D18 his3-D1 leu1-32::pJK148 -Pnmt1-3x-mGFP-
L-act1-Tnmt1-leu1+/h+ ade6-M210 leu1-32 ura4-D18 his3-D1 
kanMX6-Pnmt1-3x-act1 

KP 

VS1585-3C h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1585-4B h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1585-5A h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1585-5B h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1585-6C h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 
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VS1585-8A h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1585-12A h? ade6-M210 leu1-32 ura4-D18 his? acp1Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1586-A4 h? ade6-M210 leu1-32 ura4-D18 his? acp2Δ::kanMX6::pJK148 -81x-
mGFP-act1-leu1+ KP 

VS1587-2C h? ade6-M216 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -81x-mGFP-act1-leu1+ KP 

VS1587-9B h? ade6-M216 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -81x-mGFP-act1-leu1+ KP 

VS1587-10B h? ade6-M216 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -81x-mGFP-act1-leu1+ KP 

VS1587-C1 h? ade6-M216 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -81x-mGFP-act1-leu1+ KP 

VS1587-C6 h? ade6-M216 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -81x-mGFP-act1-leu1+ KP 

VS1588-B6 h? ade6-M210 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -3x-mGFP-act1-leu1+ KP 

VS1588-B8 h? ade6-M210 leu1-32 ura4-D18 his+ kanMX6-Pnmt1-3x-
act1::pJK148 -3x-mGFP-act1-leu1+ KP 
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Table 2. Primers used in this study. 
Name Primer Sequence 

acp1CHd GCTCGAAGCGAAGTTGAGG 
acp1CHr GATAAATAGCACGACTGATGC 

acp2xCHd CTGCACCGTGAAGAATCTTC 
acp2xCHr GATCTTCGATTAACAGCTTTC 

PTEF GTATGGGCTAAATGTACGGGCGACAGTCAC 
WACH GCTAGGATACAGTTCTCACATCACATCCG 
actCHp ACGAAGCTCGTTGTAGAAAGT 

fim1Gch5 CATTCCGTGATCCTTCTATTTC 
Nmt1-TATA CGATTACTGGGGAGAGAAAAC 

nmt3 GGAAGCCCATTCAAGCTGC 
GFP5dir CCAACGAAAAGAGAGACCAC 
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Table 3. Effects of changing capping protein concentration on the parameters of Fim1-
mGFP labeled actin patch dynamics. 

 WT acp2Δ CP-OE CP-OE (+Thi) 

Max Distance (nm)a 583.7 (±251.3) 280.4 (±116.3) 403.6 (±171.6) 470.8 (±264.8) 

Max Intensity (A.U.)b 205.4 (±37.1) 185.5 (±31.2) 136.9 (±16.7) 192.9 (±35.8) 

Total Lifetime (s)c 11.8 (±1.6) 17.6 (±4.3) 13.1 (±2.5) 13.0 (±1.6) 

Assembly Time (s)d 5.1 (±1.1) 7.3 (±1.5) 5.5 (±1.5) 5.0 (±1.0) 

Disassembly Time (s)e 6.7 (±1.0) 10.4 (±3.4) 7.6 (±2.2) 8.0 (±1.5) 
Assembly Rate 

(A.U./s)f 34.8 13.5 15.6 32.8 

Disassembly Rate 
(A.U./s)g -23.0 -13.1 -9.9 -20.0 

Corresponds to Figure 5. 
a-e Calculated by averaging parameters from raw time-courses for individual patches. 
f-g Calculated from the average time-courses. 
 
 
Table 4. Effects of changing capping protein concentration on the parameters of Fim1-
mYFP labeled actin patch dynamics. 

 WT acp2Δ CP-OE CP-OE (+Thi) 

Max Distance (nm)a 548.7 (±448.5) 255.8 (±116.3) 350.1 (±163.9) 377.8 (±124.3) 

Max Intensity (A.U.)b 417.9 (±56.3) 303.6 (±61.1) 345.9 (±63.8) 369.0 (±91.4) 

Total Lifetime (s)c 18.0 (±0.5) 21.7 (±1.1) 18.0 (±1.2) 13.9 (±0.5) 

Assembly Time (s)d 8.8 (±0.7) 11.2 (±0.8) 8.4 (±0.5) 7.5 (±0.0) 

Disassembly Time (s)e 9.2 (±0.5) 10.5 (±1.2) 9.6 (±1.1) 6.4 (±0.5) 
Assembly Rate 

(A.U./s)f 48.5 20.8 30.2 54.5 

Disassembly Rate 
(A.U./s)g -34.6 -23.6 -23.2 -38.5 

Corresponds to Figure 6. 
a-e Calculated by averaging parameters from raw time-courses for individual patches. 
f-g Calculated from the average time-courses.
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Table 5. Effects of changing actin concentration on the parameters of Fim1-mCherry 
labeled actin patch dynamics in haploid and diploid cells.  

Corresponds to Figure 7. 
a-e Calculated by averaging parameters from raw time-courses for individual patches. 
f-g Calculated from the average time-courses. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 Haploid WT 
Haploid 
ARPC5-
mGFP 

Diploid WT Diploid 
act1Δ/act1+ 

Diploid 
Pnmt1-mGFP-

act1/act1+ 
Max Distance 

(nm)a 
543.0 

(±234.4) 
386.0 

(±163.4) 
422.1 

(±144.8) 
449.9 

(±264.6) 687.6 (±234.7) 

Max Intensity 
(A.U.)b 238.4 (±44.3) 188.6 (±40.8) 81.7 (±13.7) 67.3 (±13.4) 78.6 (±10.1) 

Total Lifetime 
(s)c 16.8 (±3.4) 20.2 (±3.3) 13.4 (±2.5) 12.4 (±2.8) 10.8 (±0.9) 

Assembly 
Time (s)d 6.8 (±1.5) 13.4 (±2.8) 5.5 (±1.4) 6.6 (±3.2) 6.4 (±1.4) 

Disassembly 
Time (s)e 9.9 (±3.0) 6.8 (±1.9) 7.9 (±2.7) 5.8 (±2.9) 4.4 (±1.0) 

Assembly 
Rate (A.U./s)f 29.0 12.1 10.6 9.0 10.2 

Disassembly 
Rate (A.U./s)g -18.9 -21.6 -7.8 -9.2 -12.5 
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Table 6. Parameters of Fim1-mCherry labeled actin patch dynamics over the time-course 
of actin over-expression. 

 WT (-Thi) 17 h WT (-Thi) 20 h WT (-Thi) 23 h 

Patch Numbera - 35.0 (±1.4) - 

Patch Densityb - 0.005 - 

Max Distance (nm)c 418.0 (±246.4) 373.8 (±122.4) 308.4 (±88.8) 

Max Intensity (A.U.)d 467.8 (±84.6) 318.7 (±44.6) 355.6 (±45.4) 

Total Lifetime (s)e 17.1 (±2.8) 14.0 (±2.1) 10.0 (±1.6) 

Assembly Time (s)f 6.6 (±1.7) 4.9 (±1.7) 4.7 (±0.8) 

Disassembly Time (s)g 10.5 (±3.1) 9.1 (±2.5) 5.3 (±1.5) 
Assembly Rate 

(A.U./s)h 61.2 53.0 62.3 

Disassembly Rate 
(A.U./s)i -42.4 -31.6 -47.5 

    

 Actin OE 18 h Actin OE 21 h Actin OE 24 h 

Patch Numbera - 66.0 (±4.2) - 

Patch Densityb - 0.007 - 

Max Distance (nm)c 434.2 (±232.1) 430.4 (±72.7) 376.0 (±118.7) 

Max Intensity (A.U.)d 289.7 (±52.5) 273.6 (±45.2) 172.6 (±32.0) 

Total Lifetime (s)e 13.9 (±2.3) 21.7 (±3.5) 17.4 (±2.7) 

Assembly Time (s)f 6.5 (±1.0) 8.8 (±2.2) 6.1 (±2.6) 

Disassembly Time (s)g 7.4 (±2.1) 12.9 (±2.6) 11.3 (±2.6) 
Assembly Rate 

(A.U./s)h 37.9 18.7 23.4 

Disassembly Rate 
(A.U./s)i -29.6 -16.7 -11.0 

Corresponds to Figure 9. 
aCalculated by averaging patch count from individual cells.  
bCalculated by dividing patch number by individual cell size. 
c-gCalculated by averaging parameters from raw time-courses for individual patches. 
h-iCalculated from the average time-courses. 
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Table 7. Parameters of Fim1-mCherry labeled actin patch dynamics over the time-course 
of actin under-expression. 

 WT (+Thi) 17 h WT (+Thi) 20 h WT (+Thi) 23 h 

Patch Numbera - 42 (±4.0) - 

Patch Densityb - 0.007 - 

Max Distance (nm)c 538.1 (±389.9) 514.4 (±255.6) 359.7 (±254.8) 

Max Intensity (A.U.)d 382.7 (±59.0) 338.1 (±66.3) 298.2 (±54.6) 

Total Lifetime (s)e 14.0 (±1.9) 13.2 (±1.5) 12.0 (±1.0) 

Assembly Time (s)f 4.5 (±1.0) 3.3 (±0.4) 4.1 (±0.9) 

Disassembly Time (s)g 9.5 (±1.6) 9.9 (±1.5) 7.9 (±0.5) 
Assembly Rate 

(A.U./s)h 55.1 58.8 60.1 

Disassembly Rate 
(A.U./s)i -34.4 -33.2 -37.4 

    

 Actin UE 18 h Actin UE 21 h Actin UE 24 h 

Patch Numbera 29 (±4.2) 27.3 (±0.5) - 

Patch Densityb 0.002 0.002 - 

Max Distance (nm)c 218.0 (±58.3) 278.1 (±116.5) 357.1 (±204.2) 

Max Intensity (A.U.)d 339.3 (±83.6) 288.3 (±43.1) 255.1 (±42.0) 

Total Lifetime (s)e 18.9 (±2.6) 12.1(±1.9) 12.4 (±2.7) 

Assembly Time (s)f 10.0 (±2.6) 6.1 (±1.3) 7.3 (±2.5) 

Disassembly Time (s)g 8.9 (±3.3) 6.1(±2.3) 5.2 (±1.5) 
Assembly Rate 

(A.U./s)h 31.5 37.7 36.3 

Disassembly Rate 
(A.U./s)i -30.4 -34.6 -40.8 

Corresponds to Figure 10. 
aCalculated by averaging patch count from individual cells.  
bCalculated by dividing patch number by individual cell size. 
c-gCalculated by averaging parameters from raw time-courses for individual patches. 
h-iCalculated from the average time-courses. 
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Table 8. Effects of changing actin and capping protein concentrations on the parameters 
of Fim1-mCherry labeled actin patch dynamics.  

 WT Actin-OE acp1Δ acp2Δ 

Patch Numbera 38.4 (±4.8) 88.7 (±10.2) 50.8 (±6.9) 54.8 (±7.3) 

Patch Densityb 0.006 0.011 0.008 0.009 
Cytoplasmic Bkrd 

(A.U.)c 521.2 508.4 513.8 506.4 

Max Distance (nm)d 359.0 
(±308.5) 451.5 (±135) 229.0 (±136.1) 294.0 (±78.8) 

Max Intensity (A.U.)e 283.6 (±63.1) 268.6 (±75.0) 386.6 (±68.3) 310.2 (±42.3) 

Total Lifetime (s)f 11.6 (±1.3) 22.4 (±4.2) 17.7 (±2.5) 16.4 (±2.8) 

Assembly Time (s)g 4.9 (±1.3) 6.6 (±2.0) 8.6 (±1.4) 7.0 (±1.6) 

Disassembly Time (s)h 6.7 (±1.3) 15.8 (±3.5) 9.2 (±2.0) 9.4 (±2.3) 
Assembly Rate 

(A.U./s)i 56.5 30.1 38.4 34.6 

Disassembly Rate 
(A.U./s)j -34.4 -18.1 -49.7 -38.5 

     

 
Actin-OE + 

acp1Δ 
Actin-OE + 

acp2Δ CP-OE Actin-OE + 
CP-OE 

Patch Numbera 74.3 (±5.5) 64.3 (±3.5) 70.4 (±11.9) 166.5 (±2.1) 

Patch Densityb 0.010 0.009 0.007 0.013 
Cytoplasmic Bkrd 

(A.U.)c 492.7 491.9 598.0 537.2 

Max Distance (nm)d 361.3 (±86.3) 293.4 (±112.2) 288.2 (±98.9) - 

Max Intensity (A.U.)e 168.3 (±58.6) 200.8 (±34.2) 290.1 (±41.2) 364.0 (±60.3) 

Total Lifetime (s)f 32.9 (±3.7) 16.9 (±2.9) 14.9 (±5.5) - 

Assembly Time (s)g 14.4 (±2.5) 6.9 (±2.6) 5.3 (±2.9) - 

Disassembly Time (s)h 18.5 (±3.2) 9.9 (±2.4) 10.9 (±1.5) - 
Assembly Rate 

(A.U./s)i 7.3 19.4 28.5 - 

Disassembly Rate 
(A.U,/s)j -7.6 -20.5 -23.6 - 

Corresponds to Figures 11-13. 
aCalculated by averaging patch count from individual cells.  
bCalculated by dividing patch number by individual cell size. 
cCalculated by averaging the cytoplasmic background (Bkrd) of individual cells. 
d-hCalculated by averaging parameters from raw time-courses for individual patches. 
i-jCalculated from the average time-courses. 
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Discussion 

The Dendritic Nucleation Model for Endocytic Actin Patch Assembly  

 The Dendritic Nucleation Model proposes a mechanism for actin assembly at the 

leading edge of motile cells (Mullins et al., 1998), and has been hypothesized to also 

function at sites of endocytosis (Kaksonen et al., 2006). In this mechanism, the Arp2/3 

complex nucleates new actin filament branches that grow until capping protein binds and 

prevents further growth.  Disassembly factors such as cofilin/ADF work to dismantle the 

actin network, triggered by ATP hydrolysis in older actin filaments.  The rate of actin 

filament assembly is therefore proportional to both the number of free filament ends and 

the concentration of actin in cells, while the disassembly rate is dependent upon capping 

protein and actin disassembly factors such as ADF/cofilin. The growing actin filament 

network, strengthened by actin bundling/cross-linking protein fimbrin (Skau et al., 2011), 

provides critical mechanical support needed for the force generation to drive endocytic 

invagination. Mathematical modeling revealed that the mechanism outlined in the 

Dendritic Nucleation Model could account for the time-course of actin assembly and 

disassembly at the endocytic sites (Berro et al., 2010). This model makes exact 

predictions about the effects of varying the concentrations of key components in actin 

patch assembly. In this study, we altered the concentrations of actin and capping protein 

to test the specific predictions from the model for how actin and capping protein 

concentrations influence actin patch dynamics.  Our analysis of actin patch dynamics 

under these conditions revealed novel aspects of dendritic assembly that were not 

anticipated or predicted by the model.  
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The Parameters of Actin Patch Dynamics 

We tracked actin patch dynamics using fluorescently tagged fimbrin and 

examined the effects that varying actin and capping protein concentrations had on several 

patch parameters including the rates of assembly and disassembly, peak intensity of 

fimbrin, patch motility, patch lifetime, and the total number of patches in a cell. We 

considered how these parameters relate to one another and how they depend not only on 

events in individual patches but also on the influence that all patches in a cell may exert 

on each other within a common cytoplasm. The number of patches in cells is controlled 

by several factors including the rate of new patch nucleation, the lifetime of patches, and 

the availability of patch components in the cytoplasm. We expect that an increase in 

patch lifetime would produce an increase in the number of patches at any given time in 

the cell. An increased number of patches in cells may have important effects on the 

behavior of patches in several ways.  New patch initiation requires an existing mother 

filament to branch from, and this filament is thought to come from the disassembly of 

other patches (Chen and Pollard, 2013).  This suggests that an increased patch number 

will actually increase the rate of new patch initiation by contributing more mother 

filaments via the disassembly of an increased number of patches.  Another important 

factor to consider with an increased number of patches is the dilution of a limited supply 

of patch components such as fimbrin, amongst a greater number of patches. Since actin 

promotes the efficient internalization of patches from the cell membrane in yeast, 

alterations in this structure may compromise the internalization step. In some cases, 

adjacent patches may even become cross-linked to each other, thus further impeding 

internalization. With these additional considerations in place, we compared the results 
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from varying actin and capping protein concentrations with the predictions from the 

mathematical model (Berro et al., 2010).  

 

The Effects of Capping Protein Deletion on Actin Patch Dynamics 

The simulations of the mathematical model predicted that the deletion of capping 

protein would result in a ~3-fold increase in the rate of assembly and ~4-fold increase in 

the peak concentration of actin in patches (Figure 2). To our surprise, we observed a ~30-

40% decrease in the rate of patch assembly and no significant increase in peak fimbrin 

intensity in either acp1Δ or acp2Δ compared to the wild-type control.  We also observed 

that patches in capping protein deletion cells appeared to have defects in motility; 

however, this decrease in distance patch movement was not always statistically 

significant. The patch lifetimes increased 1.5-fold, which resulted in a corresponding 

~1.4 fold increase in the patch density of cells.  We considered whether these deviations 

from model predictions can be explained by dilution of patch components among a 

greater number of patches, by changes in fimbrin cross-linking density due to increased 

filament length, by effects of capping protein deletion not only on actin filament length 

but on nucleation of actin filaments, or by other factors that may limit actin patch 

assembly. 

 First, we considered the possibility that an increase in the number of patches 

dilutes the supply of actin, Fim1-mCherry, and other components available for assembly 

into each patch, thereby reducing patch assembly and counteracting capping protein 

deletion. At the peak of patch assembly, it was predicted that there are ~150 barbed ends 

in a patch and ~200 capping protein molecules have been measured, suggesting that all of 
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these free barbed ends are capable of being capped by capping protein (Berro et al., 2010; 

Sirotkin et al., 2010).  Sirotkin and colleagues (2010) also measured that in wild-type 

cells, ~35% of actin and ~32% of fimbrin is distributed among ~38 patches. Therefore, 

1.4-fold increase in the number of patches (~52 patches) would decrease concentrations 

of free actin and fimbrin in the cytoplasm from ~65% and 68%, respectively to ~52% and 

~56%, respectively. This would reduce the rate of fimbrin assembly into a patch by ~34% 

((0.52/0.65)*(0.56/0.68)), which may account for the observed reduction in assembly rate 

but does not account for the observation that patches are not brighter in capping protein 

deleted cells. There is still a sufficient supply of actin and fimbrin remaining in 

cytoplasm to incorporate into patches if the patches in capping protein deletion cells 

assembled to a greater extent than in wild-type cells. 

J. Berro (personal communication) proposed an alternative explanation for the 

reduced rather than enhanced rate of fimbrin assembly and reduced patch motility in the 

absence of capping protein. The model predicted that while in the presence of the capping 

protein, filaments are capped in ~0.2 seconds at an average length of 100-200 nm, and in 

the absence of the capping protein, each filament in a patch continues to elongate and 

grows in length until severed by cofilin (Berro et al., 2010).  If the number of the 

filaments in a patch remains the same but the filaments are longer, the model predicts that 

the number of fimbrin cross-links and therefore the amount of fimbrin will remain 

unchanged, assuming that fimbrin only binds at filament cross-linking points, while the 

amount of actin increases.  The longer filaments are also expected to hinder patch 

movement through the cytoplasm by increasing viscous drag. While the predicted effect 

of increased filament length on patch motility is consistent with our observations, several 
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lines of evidence argue against this cross-linking hypothesis. First, in vitro experiments 

found that fimbrin also has the ability to decorate single filaments (Skau et al., 2011), 

indicating that an increased length of filaments would still likely be represented by an 

increased fimbrin intensity. Second, upon actin over-expression, which, like capping 

protein deletion, was predicted to enhance actin assembly without changing the number 

of fimbrin cross-links, the amount of F-actin in patches measured with the F-actin marker 

LifeAct-GFP remained the same (Burke et al., 2014).  Third, previous work in both 

fission (Nakano and Mabuchi, 2006) and budding yeast (Kim et al., 2006) reported an 

increase in F-actin structures in capping protein deletion cells, although the extent of this 

increased accumulation of F-actin was not quantified. To directly measure the amount of 

actin in patches, I created strains expressing GFP-actin at identical levels in wild-type or 

capping protein deletion cells (See Materials and Methods). Preliminary analysis of these 

strains (S. Alazar, V. Sirotkin, unpublished observations) revealed only a slight increase 

(~30%), rather than predicted 4-fold increase in the amount of GFP-actin in patches in 

acp1Δ or acp2Δ cells. From this evidence, we concluded that fimbrin provides an 

accurate measure of the amount of actin in patches and therefore sought an explanation 

other than changes in cross-linking density for the observed effects of capping protein 

deletion on actin patch dynamics.  

Since the rate of actin assembly is proportional to the number of free filament 

ends and concentrations of actin monomers, we propose that the deletion of capping 

protein reduces the rate of actin filament nucleation in patches and that actin assembly 

may be further limited by actin disassembly factors. In this model, longer filaments 

assemble, but there are fewer of them in the patch, providing an explanation for all the 
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observed effects of capping protein deletion on patch dynamics. The rate of patch 

assembly is reduced because at any given time each patch contains fewer growing ends 

and because cytoplasmic pool of actin and fimbrin is reduced due to increase in the 

number of patches. We observed variable effects on patch dynamics in cells with capping 

protein deletion, where we consistently measured a decrease in patch motility, though the 

difference was not always significant. The reduction in patch motility that was observed 

in some of our experiments may be due to the increased viscous drag of longer filaments 

extending out into cytoplasm as proposed by J. Berro, or a compromised force production 

due to the elongated filaments (Kim et al., 2006). 

We hypothesize that the reduced rate of actin nucleation in the absence of capping 

protein may be due to the effect that deleting capping protein has on bundling of fimbrin 

and the binding of Arp2/3 complex. Skau and colleagues (2011) describe in vitro studies, 

which show that in the absence of capping protein, bundling by fimbrin is increased 

which decreases branching by the Arp2/3 complex, while the presence of capping protein 

decreases bundling by fimbrin and leads to an increase in Arp2/3-mediated branching 

events from the side of existing mother filaments (Skau et al., 2011). This decrease in 

Arp2/3-mediated branching events would contribute to the reduced rate of nucleation 

events in cells with capping protein deletion. Also, longer actin filaments may be 

extending outwards farther away from the membrane where the highest concentrations of 

NPFs are located.   This would reduce the chance of a nucleation event occurring on 

longer filaments that grow farther away from the membrane and may result in a reduced 

rate of nucleation on that portion of filament. These hypotheses may provide a potential 
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explanation for the proposed reduction in the rate of nucleation by the Arp2/3 complex in 

the absence of capping protein in our study.   

 

The Effects of Capping Protein Over-expression on Actin Patch 

Dynamics 

The model predicted that with a 40-fold over-expression of capping protein, 

filaments would be capped so quickly that actin would not have the opportunity to be 

incorporated into filaments, completely blocking patch assembly (Figure 2). In contrast to 

predictions, our image analysis shows that patches not only assemble, but also 

internalize.  The capping protein over-expression produced a ~50% decrease in the rate of 

assembly that continued over a longer period of time until fimbrin reached a similar peak 

intensity as in wild-type cells. The ~1.8-fold increase in the number of patches is 

attributable to the increase in cell size, as the patch density is only ~1.2-fold greater than 

in control cells; however, this small increase in patch density is likely due to the ~1.3 fold 

increase in total patch lifetime.  

Previously, Kovar and colleagues (2005) showed that the over-expression of 

capping protein resulted in a cytokinesis defect due to the competition between capping 

protein and the formin Cdc12 for actin filament barbed ends. Since we observed this 

cytokinesis defect as well, the over-expression was sufficient to inhibit the formin Cdc12, 

yet the effects we saw on patches were only subtle, rather than the strong inhibition of 

patch assembly that was predicted by the model. These results indicate that some factor is 

either “protecting” the barbed ends of filaments from capping protein, or inhibiting 
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capping protein itself, allowing for filament elongation and the assembly of the actin 

network despite the high concentration of capping protein.  

Work in other systems have identified several factors that either protect filaments 

from capping by competing for filament barbed ends, or inhibit capping protein.  In vitro 

studies provided evidence that WH2 domain proteins such as N-WASp not only work as 

a Nucleating Promoting Factor (NPF), but also have the ability to protect filament ends 

from capping protein by binding their barbed ends, while still allowing filament 

elongation (Khanduja and Kuhn, 2014).  Mammalian studies indicate that the protein 

CARMIL binds and inhibits capping protein to increase actin polymerization, although 

no known CARMIL homologues appear to exist in yeast (Yang et al., 2005).  Other 

mammalian and budding yeast studies propose that phosphatidylinositol 4,5-bisphosphate 

(PIP2) inhibits capping protein and also promotes actin polymerization (Schafer et al., 

1996), though it has been demonstrated that the fission yeast capping protein is not 

strongly inhibited by PIP2 (Kuhn and Pollard, 2007), thus undermining the idea that the 

accumulation of PIP2 at the endocytic sites causes the dissociation of capping protein 

from actin filaments. 

Our findings that upon capping protein over-expression, patches assemble at a 

slower rate and over a longer lifetime until patches reach the same peak intensity as in 

wild-type cells, points towards a potential feedback mechanism that maintains actin 

assembly until a sufficient amount of actin is assembled to promote patch internalization.  

This mechanism may be working in the form of a feedback where the cell senses the actin 

network in some undetermined way, and allows assembly to continue until a “critical” 

level of actin is reached. Conversely, the actin assembly may be simply switched off by 
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patch internalization. This mechanism therefore must also be involved in the regulation 

of Arp2/3 complex–mediated nucleation of new filaments. 

 

The Effects of Actin Over-/Under-expression on Actin Patch Dynamics  

The model predicted that a 3-4-fold over-expression of actin in the cytoplasm 

would result in a ~4-6-fold increase in the amount of actin in patches, and an increased 

rate of assembly, while a 0.25-0.5-fold under-expression actin would result in a ~2.5-8-

fold decrease in the amount F-actin in patches and a decreased rate of assembly.  In 

contrast to those predictions, we observed experimentally that the ~3-4-fold over-

expression of actin did not result in a significant increase in accumulation of fimbrin in 

individual patches. Instead, actin over-expression produced a drastic increase in patch 

number, a greatly increased disassembly time, and had no significant effect on patch 

movement. Similarly, the under-expression of actin did not result in the dramatic 

decrease in fimbrin intensity that was predicted. Instead, under-expression of actin 

resulted in fewer patches, a longer assembly time, and also had no significant effect on 

patch movement.  These observations suggest that the concentration of actin in the 

cytoplasm has more of an effect on the number of patches in a cell rather than on the 

extent of actin assembly within individual patches.  

The most striking result from changing the concentration of actin are the effects 

on the number of patches and the lack of predicted effects on the intensity levels of 

fimbrin.  This suggests that initiation of new patches via nucleation by the Arp2/3 

complex is dependent upon the concentration of G-actin.  At low concentrations of actin, 

the nucleation rate by the Arp2/3 complex appears to be decreased, resulting in fewer 
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patches, a longer assembly time, and the decreased rate of assembly that we observed. 

However, over-expression of actin increased the number of patches but did not increase 

the rate of patch assembly, which may be due to competition of increased number of 

patches and other actin structures for actin monomers (Burke et al., 2014). Additionally, 

if the number of patches is reduced, as with actin under-expression, there may be fewer 

filament fragments produced from the turnover of fewer patches, which would decrease 

the rate of new patch initiation in cells (Chen and Pollard, 2013), and could thus be 

responsible for the decreased patch number in actin under-expressing cells. Conversely, 

the increased number of patches with actin over-expression may have the opposite effect, 

and increase the rate of initiation of new patches.   

We again considered a trivial explanation for the lack of increase in patch 

intensity in actin over-expressing cells, which is that the increase in the number of 

patches dilutes the supply of the ABPs, Arp2/3 complex and fimbrin, available for 

assembly into patches in actin over-expressing cells.  The total concentration of Arp2/3 

complex and fimbrin is ~78% and ~68% in the cytoplasm and ~22% and 32% in patches 

(Sirotkin et al., 2010).  The ~2.3-fold increase in the number of patches observed in actin 

over-expressing cells would leave ~49% of the total Arp2/3 complex, and ~26% of total 

fimbrin in the cytoplasm.  However, if individual patches were, for example, twice as 

large in size, then they would incorporate twice as many ABPs, which therefore would 

now become limiting.  In such a case, there would still be enough fimbrin available to 

increase patch intensity only by ~50%; however, in actin over-expressing cells we did not 

see any increase of fimbrin in patches, indicating that in fact, patches did not accumulate 

as much actin as predicted by the model. Actin under-expression resulted in fewer 

92



 

patches, so that Fim1-mCherry and other ABPs, but not actin, would not be limiting.  The 

model predicted ~4-fold less actin in patches, however we see only a slight decrease, 

indicating once again, that the cytoplasmic concentration of actin has more of an effect 

on patch number than on accumulation of actin within an individual patch. 

The over-expression of actin was predicted to increase the rate of actin filament 

assembly in a patch and we questioned whether this increased rate of filament elongation 

would produce longer filaments that are cross-linked less densely, such that the amount 

of F-actin is increased, while the number of fimbrin cross-links remains the same.  

Conversely, actin under-expression would result in shorter filaments in a denser network 

but with the same number of fimbrin cross-links.  However, Burke and colleagues (2014) 

provided strong evidence against this potential explanation by demonstrating that the 

amount of filamentous actin in patches measured with the F-actin marker LifeAct-GFP, 

which decorates the sides of the actin filaments, remained the same in both actin over- 

and under-expressing cells (Burke et al., 2014).  This again indicates that fimbrin seems 

to provide an accurate measure of actin concentration in patches.     

Since the limited supply of fimbrin and the cross-linking hypothesis do not fully 

explain the minor defects in actin patch dynamics for cells over/under-expressing actin, 

something else must be at work to account for the lack of effect that varying actin 

concentration has on actin accumulation in patches.  Our results suggest that some 

mechanism exists that controls the rate of filament nucleation within a patch.  This 

mechanism appears to be inversely related to the concentration of actin, where an 

increased amount of actin would decrease the rate of nucleation, while a decreased 
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amount of actin would increase the nucleation rate, which could possibly explain why we 

see little effect on fimbrin intensity in actin over/under-expressing cells. 

 

The Distinct Effects of Changing Actin and Capping Protein 

Concentrations on Actin Patch Dynamics 

The model predicts that the over-expression of actin or capping protein deletion 

would increase the rate and extent of F-actin accumulation in patches, while actin under-

expression or capping protein over-expression would decrease the rate and extent of F-

actin accumulation in patches.  Those predictions did not come true, and we found that 

changing concentrations of actin or capping protein had distinct effects on patch 

dynamics.  While actin over-expression increased patch density 2-fold, decreased patch 

disassembly rate, and had no effect on patch movement, capping protein deletion 

increased patch density by only ~1.4-fold, had little effect on the patch disassembly rate, 

and decreased patch movement. The under-expression of actin greatly decreased patch 

density and had no effect on the disassembly rate, while capping protein over-expression 

had no effect on patch density and decreased the rate of patch disassembly. This is 

evidence that the concentration of actin is affecting the dendritic nucleation mechanism 

not only at the filament elongation step, but also has effects on the rate of new patch 

initiation, and at high concentrations, it may even counteract the disassembly of patches, 

where the continual addition of actin monomers to filament fragments prolongs the time 

of disassembly. 

The combination of actin over-expression with capping protein deletion was 

predicted to greatly enhance the level and extent of actin assembly into patches, which 
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we also found not to be true. In contrast, the distinct effects from actin over-expression 

and capping protein deletion appeared to be additive, and further compromised the 

defects seen in cells with only capping protein deletions or actin over-expression.  We 

found that fimbrin intensity significantly diminished, patch number was similar to what 

we saw with only actin over-expression, and the rate of assembly was further reduced 

compared to patches in cells with actin over-expression alone or capping protein deletion 

alone.  Our attempt to inhibit the effects of actin over-expression by combining it with 

capping protein over-expression completely froze patches at the cell cortex and 

internalization failed.  Interestingly, the patch number increased, providing further 

evidence that actin plays a role in the earlier patch initiation step, which is independent of 

capping protein concentrations.   

  

Conclusions 

The goal of our study was to challenge the mathematical model of the Dendritic 

Nucleation Hypothesis and we found that the mathematical model does not fully account 

for the mechanism of actin patch assembly in living cells.  While existing evidence 

clearly shows that the Arp2/3 complex assembles a branched actin network at sites of 

clathrin-mediated endocytosis, our study reveals several underappreciated aspects of the 

mechanism.  (1) We found that the role of capping protein was overstated in the model 

and that capping protein does not play as significant of the role in limiting actin assembly 

as predicted, either because other ABPs are competing for the barbed ends of actin 

filaments, or other unknown mechanisms that regulate capping protein.  (2) We found 

that the concentration of actin in the cytoplasm has more of an effect on the number of 
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patches in a cell, than on the extent of actin filament assembly within individual patches.  

(3) While the original model is based on an unlimited supply of patch components in the 

cytoplasm, this is not reasonable when considering an increase in patch number, where 

patch components may become limiting and therefore affect the rates of reactions 

occurring within a patch.  In summary, the lack of effects observed when varying the 

concentration of both actin and capping protein, two important components of the 

Dendritic Nucleation Model, suggests that within the highly structured and coordinated 

process of actin patch assembly, there may exist additional mechanisms that work to 

ensure the assembly of a minimal required actin network needed for patch assembly and 

internalization.   
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Materials and Methods  

Yeast Strains and Constructs 

 All Schizosaccharomyces pombe strains used in this study are listed in Table 1. 

Cells were maintained on solid 1.7% agar YE5S nutrient rich media or EMM5S minimal 

media at 25°C. Solid 1.7% agar Malt Extract (ME) medium with or without 5 µg/ml 

thiamine was used for crosses and sporulation. All yeast media were from Sunrise 

Science Products (San Diego, CA).  

Fluorescent protein (FP) tag sequences and thiamine-repressible Pnmt1 promoters 

were integrated into the genome by PCR-based gene tagging (Bahler et al., 1998) via a 

lithium acetate transformation procedure described below. Fim1 was tagged at the C-

terminus with mCherry by replacing the stop codon with mCherry-TADH1-natMX6 

cassette amplified from plasmid pKS391 (Snaith and Sawin, 2005). The acp1Δ and 

acp2Δ were previously constructed (Kovar et al., 2005) by replacing the entire Open 

Reading Frames (ORFs) with the kanMX6 cassette amplified from pFA6a-kanMX6 

(Bahler et al., 1998). The capping protein over-expression (CP-OE) alleles were 

previously constructed by replacing both endogenous Pacp1 and Pacp2 promoters with 

the 3x-Pnmt1 promoter of kanMX6-3x-Pnmt1 cassette that was amplified from pFA6a-

kanMX6-P3nmt1 (Bahler et al., 1998), inserted in place of the start codons of acp1+ and 

acp2+ (Kovar et al., 2005). Similarly, actin under-expression/over-expression allele was 

constructed by replacing endogenous Pact1 promoter with 3x-Pnmt1 promoter of 

kanMX6-P3nmt1 cassette that was amplified from pFA6a-kanMX6-P3nmt1 (Bahler et 

al., 1998) and inserted between -173 nt in 5’UTR and +3 nt in the ORF of the act1 gene 

(Burke et al., 2014). The expression from the Pnmt1 promoter is repressed by thiamine. 
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The three different versions of Pnmt1 promoter, 3x, 41x, and 81x, differ in their 

expression levels, with the strongest expression from 3x-Pnmt1, intermediate expression 

from 41xPnmt1, and the weakest expression from 81xPnmt1. Removal of thiamine results 

in protein over-expression from the 3x-Pnmt1 promoter while the addition of thiamine 

suppresses the over-expression.  To induce over-expression, cells were grown in EMM5S 

without thiamine. To suppress expression, cells were grown in EMM5S media containing 

5 µg/ml thiamine or YE5S media that contains ambient amount of thiamine. Cells 

overexpressing capping protein or over/under expressing actin can be identified by 

replica plating on EMM5S plates containing 5 µg/ml Phloxin B with or without 5 µg/ml 

thiamine. Colonies of capping protein over-expressing cells stain dark in the absence but 

not the presence of thiamine, colonies of actin over/under-expression cells stain dark in 

the presence and the absence of thiamine. 

Strains combining several modified genes were constructed by either PCR-based 

gene targeting, or by genetic crosses and tetrad dissections, as described below.  

Following tetrad dissection, tetrad plates were replica plated onto YE5S+G418 to identify 

the kanMX6 selectable marker that marks mGFP- and mYFP-tagged genes, capping 

protein deletion and over-expression alleles, and actin over/under-expression allele, 

YE5S+NAT to identify the natMX6 selectable marker that marks Fim1-mCherry, and 

onto EMM5S+Phloxin B with or without 5 µg/ml thiamine to identify actin over/under-

expressing clones and capping protein over expressing clones. Since most of these alleles 

are marked with kanMX6, screening by microscopy and PCR diagnostics (see below) 

were also used to identify strains that contain kanMX6 marker at multiple locations. 
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All strains were confirmed by microscopy to verify the presence of the Fim1-

mCherry, Fim1-mGFP, Fim1-mYFP, or mGFP-actin fluorescent markers and by PCR to 

verify the presence of CP deletions, CP over-expression alleles, or actin over/under-

expression allele (Primer Table 2; Figure 6). The acp1Δ was confirmed using the direct 

primer acp1CHd in acp1 5’UTR with reverse primers acp1CHr in acp1 3’UTR or PTEF 

within kanMX6. The acp2Δ  was confirmed using the direct primer WACH within 

kanMX6 with the reverse primer acp2xCHr in acp2 3’UTR.  The 3x-Pnmt1-acp1 allele 

was confirmed with the direct primer acp1CHd in acp1 5’UTR and the reverse primer 

WACH within kanMX6.  The 3x-Pnmt1-acp2 was confirmed with the direct primer 

acp2xCHd in acp2 5’UTR and the reverse primer acp2xCHr in 3’UTR.  The 3x-Pnmt1-

act1 allele was confirmed using the forward primer PTEF in kanMX6 and the reverse 

primer act1CHp in act1 ORF.  The fim1-mCherry-natMX6 alleles created by integration 

of PCR-amplified gene tagging cassettes via homologous recombination in different 

strain backgrounds were checked for the lack of PCR errors by sequencing (Genewiz, 

South Plainfield, NJ) PCR products amplified using the forward primer fim1Gch5 in 

fim1 ORF and the reverse primer PTEF in kanMX6.  

Fim1-mCherry strains. Fim1-mCherry was combined with capping protein gene 

deletions by crossing fim1-mCherry-natMX6 strain (VS1010B) with acp1Δ::kanMX6 

(kv807) or acp2Δ::kanMX6 (kv806), resulting in strains VS1437A-3B and VS1438A-1D, 

respectively. The fim1-mCherry-natMX6 allele was also combined with capping protein 

over-expressing alleles kanMX6-3x-Pnmt1-acp1 and kanMX6-3x-Pnmt1-acp2 by crossing 

VS1010B to VS805AA, resulting in strain VS1439D-1C. To label fimbrin in actin 

under/over expressing cells, fimbrin was previously directly tagged with mCherry by 
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integrating mCherry-kanMX6 cassette PCR-amplified from pKS391 (Snaith and Sawin, 

2005) in place of the fim1 stop codon in the actin over/under-expression strain VS887-

B1, resulting in the strain VS895B.  

To tag Fim1 with mCherry in cells combining actin over/under-expression with 

capping protein deletions or over-expression, actin over-expression alleles were first 

combined with capping protein deletions or over-expression alleles by genetic crosses. 

Actin under/over-expression strain VS887-B1 was crossed with the following strains: 

acp1Δ::kanMX6 (kv807) resulting in strain VS1353C-D6, acp2Δ::kanMX6 (VS1276-B3) 

resulting in strain VS1385-C10, and capping protein over expressing strain VS805AA.  

The cross of actin over-expression strain VS887-B1 with capping protein over-expression 

strain VS805AA produced two strains overexpressing only one of the two capping 

protein subunits, one strain combining kanMX6-3x-Pnmt1-act1 with kanMX6-3x-Pnmt1-

acp1 (VS1352A-1B), and another strain combining kanMX6-3x-Pnmt1-act1 with 

kanMX6-3x-Pnmt1-acp2 (VS1351B-4), which were then crossed together to produce a 

strain over expressing actin and both capping protein subunits (VS1408-34).  Next, Fim1 

in strains VS1353C-D6, VS1385-C10, and VS1408-34 was tagged with mCherry by 

replacing, via homologous recombination based gene tagging, the fim1 stop codon with 

the mCherry-TADH1-natMX6 cassette that was PCR-amplified from pKS391 and 

introduced into cells via Lithium Acetate transformation (Bahler et al., 1998). The 

integrated clones were selected on YE5S+NAT plates, to select for natMX6 that marks 

mCherry tag, and integrations were confirmed by PCR and checked for PCR errors by 

sequencing. The resultant strains (Table 1) combined fim1-mCherry-kanMX6 and 3x-
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Pnmt1-act1 alleles with acp1Δ (VS1426-8), acp2Δ (VS1425-2), or 3x-Pnmt1-acp1 and 

3x-Pnmt1-acp2 capping protein over-expression alleles (VS1427-4).  

Fim1-mGFP strains. All strains combining fim1-mGFP-kanMX6 with actin 

over/under-expression, capping protein deletions or over-expression were created via 

genetic crosses and confirmed by PCR using the same primer pairs as for Fim1-mCherry 

tagged strains.  The fim1-mGFP-kanMX6 allele was combined with the actin over/under-

expression allele or capping protein deletions by crossing fim1-mGFP-kanMX6 

expressing strains VS698-B1 or VS698-A1 with the kanMX6-3x-Pnmt1-act1 strain 

VS887-A1, resulting in strain VS1440, acp1Δ::kanMX6 strain kv807, resulting in strain 

VS1441 and acp2Δ::kanMX6  strain VS1276-A1, resulting in strain VS1442.  To 

combine fim1-mGFP-kanMX6 allele with capping protein over-expression, the fim1-

GFP-kanMX6 expressing strain VS698-A1 was previously crossed with capping protein 

over expressing strain TP344, resulting in strain VS810A.  The fim1-mGFP-kanMX6 and 

actin over/under expressing kanMX6-3x-Pnmt1-act1 alleles were combined with capping 

protein deletions or over-expression alleles by crossing strain VS1440B-12 carrying fim1-

mGFP-kanMX6 and kanMX6-3x-Pnmt1-act1 alleles from the previous cross, with the 

strain VS1441A-10C carrying fim1-mGFP-kanMX6 and acp1Δ::kanMX6 alleles, 

resulting in strain VS1506,  the strain VS1442A-4C carrying fim1-mGFP-kanMX6 and 

acp2Δ::kanMX6 alleles resulting in strain VS1507, and with the strain VS810A carrying 

fim1-mGFP-natMX6, kanMX6-3x-Pnmt1-acp1 and kanMX6-3x-Pnmt1-acp2 alleles, 

resulting in strain VS1508-A5. Following tetrad dissection, strains combining all desired 

markers were identified by replica plating onto YES+G418 to select for the kanMX6 
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marker, plated onto EMM+Phloxin B +/- thiamine to identify actin and capping protein 

over-expressing alleles, as well as by PCR and screening by microscopy.    

mGFP-actin strains. We combined mGFP-actin expression cassettes integrated 

into the leu1 locus with capping protein deletions or over-expression alleles, and actin 

under/over-expression allele by either genetic crosses or by direct gene tagging. The 

expression of mGFP-actin in these cassettes is controlled by the thiamine-repressible 

81xPnmt1 (weak) or 3x-Pnmt1 (strong) promoters. Strain VS909-3 carrying a single copy 

of the 81xPnmt1-GFP-act1 cassette was crossed with the acp1Δ::kanMX6 strain kv807 

resulting in strain VS1585, with the acp2Δ::kanMX6 strain VS1276-B3 resulting in strain 

VS1586-A4 or, for actin over-expression, with the strain VS887-A1 carrying kanMX6-

3x-Pnmt1-act1 allele resulting in strain VS1587.  For actin under-expression, strain 

VS897-4 carrying a single copy of the 3x-Pnmt1-GFP-act1 cassette was crossed with the 

strain VS887-A1 carrying the kanMX6-3x-Pnmt1-act1 allele, resulting in the strain 

VS1588.  To introduce mGFP-actin cassettes into strains over-expressing capping 

protein, the pJK148sph-81xPnmt1-mGFP-actin plasmid containing 81xPnmt1-mGFP-

actin expression cassette was integrated into the leu1 locus in the capping protein over-

expression strain VS805B, resulting in strain VS1525-1, containing multiple integrations 

of the mGFP-actin expressing cassette.  The pJK148sph-81xPnmt1-mGFP-actin plasmid 

was linearized with NruI at the leu1+ locus and integrated into the leu1-32 locus on 

chromosome II using lithium acetate transformation. Integration at the leu1 locus and the 

number of copies integrated was confirmed by PCR and the integrated GFP-actin 

cassettes were checked by sequencing PCR product amplified using direct primers 
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GFP5dir in mGFP and Nmt1-TATA in 81xPnmt1, and reverse primer Nmt3 located 

upstream of the act1 ORF (Table 2). 

 

Genomic DNA Preparation  

Cells for genomic DNA preparations were grown overnight in 4 ml YE5S 

medium and pelleted in a Beckman Coulter Allegra X-15R (Indianapolis, IN) table top 

centrifuge at 3K rpm for 5 min. Cell pellets were re-suspended in 250 µl buffer QG from 

Qiagen (Gaithersburg, MD) QIAquick Gel Extraction kit and transferred to tubes 

containing 0.3 g of glass beads. Cells were disrupted by mechanical lysis of cells in M.P. 

Biomedicals (Santa Ana, California)	  FastPrep®-24 Instrument in 4-5 sets of two 45-s 

pulses at the 6.5 m/s power setting. After lysis, 600 µl of QG buffer was added, and after 

brief vortexing cell lysates were centrifuged in a microcentrifuge at 14K rpm for 3 min.  

Supernatants were applied onto columns from Qiagen Gel Extraction or PCR purification 

kits attached to a vacuum manifold. Columns were washed with 750 µl of washing buffer 

(PE) followed by centrifugation at 14K rpm for 2 min to remove residual buffer.  DNA 

was eluted with 50 µl of elution buffer and collected by centrifugation for 1 min at 14K 

rpm.   

 

PCR Diagnostics  

PCR diagnostics were carried out using genomic DNA in the reactions containing 

2 µl of genomic DNA, 2 µl 10x Thermopol buffer, 1 µl 4 mM dNTPs, 0.2 µl (5,000U/ml) 

Taq Polymerase, 1 µl 10 µM forward primer, and 1 µl 10 µM reverse primers, and 12.8 
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µl H20. The Thermopol buffer, dNTPs, and Taq were from New England Biolabs 

(Ipswich, MA). Primers were from Sigma-Genosys (Spring, TX) and listed in Table 2.  

The PCR protocol cycle consisted of initial incubation at 94°C for 2 min followed by 35 

cycles of 30 seconds at 94°C, 30 seconds at 50°C, 1 min/kb elongation at 72°C.  

 

Lithium Acetate Transformation 

For gene tagging by lithium acetate transformation, 10-50 ml cell cultures were 

grown in YE5S overnight to OD595 of 0.2-1.0. Cells were harvested in a Beckman 

Coulter Allegra X-15R (Indianapolis, IN) tabletop centrifuge at 3K rpm for 5 min, 

washed with 10 ml sterile H2O, and cells were again collected by centrifugation.  Cell 

pellets were re-suspended in 1 ml sterile H2O and then collected by centrifugation in a 

microcentrifuge at 5K rpm for 2 min.  Next, cell pellets were re-suspended in 1 ml of 1x 

LiAC/1x TE (freshly prepared from 10x stock of 1 M Lithium Acetate at pH 7.5, and 10x 

stock of TE containing 100 mM Tris-HCl at pH 7.5, 10 mM EDTA).  Then, cells were 

again collected by centrifugation and cell pellets were re-suspended in 1x LiAc/1x TE to 

a final volume 100 µl followed by addition of 10 µl of PCR product and 2 µl of carrier 

DNA (10 mg/ml single strand DNA from herring testes from Clontech Laboratories; 

Mountain View, CA). After 10 min incubation at room temperature, 260 µl of 

PEG/LiAc/TE (40% w/v PEG 3350-Sigma P4338, 1xLiAc, 1x TE) was added and cells 

were incubated at 25°C for 30 min. Next, 43 µl of DMSO were added and cells were 

immediately heat shocked at 42°C for 5-10 min, collected by centrifugation in a 

microfuge at 3,500 rpm for 1 min, washed with 1 ml sterile water, and re-suspended in 

400 µl of water.  Three separate volumes (60 µl, 120 µl, and 240 µl) of cell suspensions 
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were seeded onto YE5S plates and incubated at 25°C for 24 h.  The transformation plates 

were then replica plated onto YE5S + G418 (100 µg/ml) to select for the kanMX6 

marker, and onto YE5S + clonNAT (100 µg/ml) to select for the natMX6 marker.  The 

mGFP-actin cassette transformations were directly plated onto EMM5S-leucine plates 

without thiamine, or for actin or capping protein over-expression strains, containing 5 

µg/ml thiamine to suppress over-expression.  

 

Strains Construction by Tetrad Dissection 

Crosses were performed by mixing parental strains of opposite mating types and 

containing complementary ade6-M216 and ade6-M210 alleles in 15 µl of water on 1.7% 

agar Malt Extract (ME) plates without thiamine, or for crosses involving actin or capping 

protein over-expression strains, with 5 µg/ml thiamine. After 24-hour incubation at 25°C, 

crosses were streaked onto EMM-adenine plates without thiamine, or for actin or capping 

protein over-expression strains with 5 µg/ml thiamine, to isolate diploids that grow as 

white colonies on EMM plates lacking adenine. Diploids were re-streaked onto YE-

adenine plates for maintenance and patched onto ME plates without thiamine, or for 

crosses involving actin or capping protein over-expression strains, with 5 µg/ml thiamine 

for sporulation.  After 2-5 days at 25°C, spores from asci of sporulated diploids were 

dissected on YE5S plates using a Nikon (Nikon/MVI, Victor, NY) Eclipse 50i Tetrad 

Dissection Microscope. Typically, 12 sets of tetrads were dissected for each cross. Tetrad 

dissection plates were incubated for 4-7 days at 25°C and replica plated onto YE-adenine 

plates to identify the ade6-M216 vs. ade6-M210 alleles, YE5S + G418 plates to select for 

kanMX6 marker, YE5S + clonNAT plates to select for natMX6 marker, and EMM5S + 
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Phloxin B (5 µg/ml) plates with and without 5 µg/ml thiamine to identify actin or capping 

protein over-expression colonies.  

 

Growth Conditions 

For imaging Fim1-mGFP (Figure 3) and Fim1-mYFP (Figure 4), cells were 

seeded into 4 ml YE5S, washed 1 time by centrifugation at 5K rpm in table top centrifuge 

and re-suspension in EMM5S, re-seeded into 12 ml of EMM5S with and without 5 µg/ml 

thiamine, grown at 25°C to OD595 of 0.2-1.0, and imaged at 19-25 hours after reseeding.  

For imaging Fim1-mCherry in diploid and haploid cells (Figure 5), diploid cells were 

grown in YES medium lacking adenine and haploid cells in regular YE5S medium. 

For the time-course in Figure 7, cells were seeded into YE5S on day 1 and re-

seeded into 20 ml YE5S on day 2.  On day 3 cells were washed 3 times by centrifugation 

at 5K rpm in tabletop centrifuge and re-suspending in 10 mL EMM5S.  Cells were then 

re-seeded into 20 ml of EMM5S with and without 5 µg/ml thiamine, and grown at 25°C 

to OD595 ranging from 0.4-1.0 and collected by centrifugation for immunoblotting at 13, 

17, 21, and 25 h post seeding into EMM5S+/- 5 µg/ml thiamine.  In this experiment, cells 

were imaged at a single time-point at 21-22.5 hours (imaging analysis not shown) after 

seeding into EMM5S +/- 5 µg/ml thiamine.  

For the time-course experiments in Figures 8 and 9, cells were seeded into YE5S 

on day 1 and re-seeded into 10 ml YE5S on day 2.  On day 3 cells were washed 3 times 

by centrifugation at 5K rpm in tabletop centrifuge and re-suspending in 10 mL EMM5S.  

Cells were then re-seeded into 50 ml of EMM5S with and without 5 µg/ml thiamine, and 

grown overnight at 25°C. For the time-course of actin over-expression in the absence of 
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thiamine (Figure 8), the cells were imaged at 18 h (OD595=0.18), 21 h (OD595=0.33), 

and 24 h (OD595=0.41).  For the time-course of actin under-expression in the presence of 

thiamine (Figure 9), the cells were imaged at 17 h (OD595=0.10), 20 h (OD595=0.13), 

and 23 h (OD595=0.15). 

For experiments in Figures 10-14, cells were seeded into YE5S, washed 3 times 

by centrifugation at 5K rpm in a table top centrifuge, re-suspended in EMM5S, re-seeded 

into 10 ml of EMM5S without thiamine, grown at 25°C to OD595=0.2-1.0, imaged at 

~21-23 hours, and collected by centrifugation for immunoblotting at 21 hours.  

 

Confocal Microscopy 

Cells were collected by centrifugation for 20 seconds in a microcentrifuge and 

mounted on pads of 25% gelatin (Wu et al., 2008) in EMM5S with or without 5 µg/ml 

thiamine. Cells were imaged using UltraView VoX (Perkin Elmer, Waltham, MA) 

spinning disk confocal system equipped with C9100-50 EMCCD camera (Hamamatsu) 

and installed on a Nikon Ti-E microscope with a 100x, 1.4 NA Plan Apo lens. Two types 

of data were collected: time-series in a single confocal section and z-series spanning the 

entire cell depth. For the Fim1-mCherry strains, time-series of images were collected at 

an exposure of 200 ms every second for 60 s and Z-stacks that spanned 6 µm at 0.4-µm 

intervals, collected at a single time-point.  The time-series of Fim1-mYFP images were 

taken every 3 s for a total of 60 s.  The time-series of Fim1-mGFP images were taken 

every second for 60 s. The image series were exported in the 16-bit TIFF format for 

analysis with ImageJ software (http://rsb.info.nih.gov/ij/). 
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Data Analysis 

All cell image analysis was done with ImageJ software (NIH) and data were 

processed in Microsoft Excel and plotted using KaleidaGraph (Synergy software, 

Reading, PA).  To minimize variation due to uneven illumination, a 500x500 pixel square 

area in the brightest part of the 1000x1000 pixel images were cropped for analysis. For 

all data, whole cell fluorescence intensity and extracellular background were measured 

using ImageJ polygon selection tool in order to compare the expression levels of 

fluorescent proteins in different strains and, in case of Fim1-mYFP data, to correct for 

photobleaching.   

Mean fluorescence intensities and position of fimbrin patches were manually 

tracked using a ten-pixel wide ImageJ circular selection tool that was centered on a patch 

at each time-point. The patch intensities were subtracted for cytoplasmic background that 

was measured using a ten-pixel wide ImageJ circular selection tool that was placed in 

areas away from patches, vacuoles or nuclei. For each time-series, time-courses of 

intensity and distance from origin for 5-20 individual patches were aligned to the time 

when each patch first moved (time zero) and values were averaged at each time-point to 

generate average time-courses of fluorescence intensity and distance from origin. Raw 

and average time-courses were used to measure the following parameters: time when a 

patch first appeared, time when a patch first moved, time when a patch disappeared, and 

the peak fimbrin intensity in patches.  These parameters were used to calculate total patch 

lifetime, time of patch assembly defined as time from the initial patch appearance until 

first path movement, time of patch disassembly defined as time from the first patch 
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movement until patch disappearance, the rate of patch assembly measured as the slope of 

patch fluorescence intensity curves during the assembly phase, and the rate of patch 

disassembly defined as the slope of patch fluorescence intensity curves during the 

disassembly phase. 

Fluorescence intensities of Fim1-mYFP patches were also corrected for 

photobleaching using the equation Icorr=M+(I-M)*e(k*t) where I is the uncorrected patch 

intensity at time t, M is the minimum extracellular background taken at the last time 

point, and kobs is the photobleaching rate.  The photobleaching rates were determined by 

fitting whole cell intensities measured over time-series and subtracted for extracellular 

background to a single exponential function. The kobs for Fim1-mYFP in different strains 

were similar: 0.01381in WT, 0.01293 in acp2Δ, 0.01214 in capping protein over-

expression strain in the absence of thiamine, and 0.01163 in capping protein over-

expression strain in the presence of thiamine.  

Western Blotting 

Cells for immunoblotting were collected from 5-10ml cell cultures by 

centrifugation at 3K rpm for 5 min and the supernatant decanted.  Next, samples were 

centrifuged again at 3K rpm for 1 min and the remaining supernatant was removed 

without disrupting the pellet.  Cell pellets were re-suspended in 300 µl of lysis buffer 

(50mM Hepes, pH7.5, 100mM KCl, 3mM MgCl2, 1mM EGTA, 1mM EDTA, 0.1% 

Triton X-100, 1mM DTT, 1mM PMFS, 1 tablet Roche (Mannheim, Germany) EDTA-

free protease inhibitor) and transferred into 1.5 ml screw-top tubes containing 600 mg of 

acid washed 425-600µm glass beads (Sigma-Aldrich, St. Louis, MO).  The samples were 
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mechanically lysed in a Fast Prep-24 MP-Bio (Santa Ana, California) in 4 sets of two 45-

s pulses at the power setting of 6.5 with 5-min incubation between sets.  Next, 150µl of 

hot (100°C) 5X Sample Buffer (50% v/v glycerol, 25% v/v beta-mercaptoethanol, 15% 

w/v SDS, 2.5M Tris-HCl, pH 6.8, 0.025% w/v bromophenol blue, 10% v/v H2O) was 

added, mixed thoroughly, and samples were heated at 100°C for 2 min followed by 

centrifugation at 14K rpm for 5min. 100-200 µl aliquots of supernatant were collected 

from above glass beads and used for immunoblotting.  To ensure equal loading, samples 

were diluted using 1.67X Sample Buffer initially based on cell culture optical densities 

and later further adjusted based on Coomassie staining of samples on SDS-PAGE gels.  

Protein samples were fractionated on 10-20% gradient gels at 170V for 1 h in a 1X 

Running Buffer prepared from 10X stock (100g SDS, 303g TRIS Base, 1441g Glycine 

per 10 L) using Bio-Rad Mini-Protean Tetra Cell electrophoresis system.  Gels were 

either stained with Coomassie, or transferred onto Millipore Immobilon PVDF 

membranes at 100 V for 1h in Transfer Buffer (20% v/v methanol, 10 % v/v 10x Sample 

Buffer, 70% v/v MilliQ H2O) using Bio-Rad Mini Trans-Blot Cell system.  The 

membranes were stained with Ponceau S to mark molecular weight standards, washed 

with TBS-T (2% v/v 1 M Tris-HCl, pH 7.5, 3% v/v 1 N NaCl, 5 g Tween-20 per 5 L) and 

incubated with 5% Carnation Instant Dry Milk in TBS-T to block non-specific binding.  

Next, membranes were incubated overnight at 4°C with primary antibodies in 5% 

Carnation Instant Dry Milk in TBS-T. Capping protein was detected using rabbit 

polyclonal antibodies (“Hamlet”, courtesy of D. Kovar and T. Pollard, Yale University) 

at the dilution of 1:60,000. Actin was detected using C4 mouse monoclonal antibody 

(Sigma, St. Louis, MO) at the dilution of 1:15,000.  Fimbrin was detected using rabbit 

110



 

polyclonal anti-Sac6 antibody (courtesy of D. Drubin, U. California at Berkeley; (Drubin 

et al., 1988)) at the dilution of 1:15,000.  After, incubation with primary antibodies, 

membranes were rinsed with TBS-T five times for 5 min each and incubated for 1 hour at 

room temperature with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies 

diluted 1:5,000 in 5% Dry Milk in TBS-T. Membranes were rinsed with TBS-T five 

times for 5 min each. The blots were developed using 1:1 ratio of the two components of 

SuperSignal West Dura ECL kit (Pierce, Rockfod, IL) and imaged using Bio-Rad 

ChemiDoc MP imaging system controlled by ImageLab software.  The quantitation of 

blot images was done using either ImageLab (Bio-Rad Hercules, CA), or ImageJ. 

ChemiDoc (Bio-Rad Hercules, CA) system was also used to acquire images of 

Coomassie-stained gels, which were quantified in ImageJ to adjust samples for equal 

loading. 
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