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Tropomyosin isoforms differentially tune actin 
filament length and disassembly

ABSTRACT Cellular actin networks exhibit diverse filamentous architectures and turnover 
dynamics, but how these differences are specified remains poorly understood. Here, we used 
multicolor total internal reflection fluorescence microscopy to ask how decoration of actin 
filaments by five biologically prominent Tropomyosin (TPM) isoforms influences disassembly 
induced by Cofilin alone, or by the collaborative effects of Cofilin, Coronin, and AIP1 (CCA). 
TPM decoration restricted Cofilin binding to pointed ends, while not interfering with Coronin 
binding to filament sides. Different isoforms of TPM provided variable levels of protection 
against disassembly, with the strongest protection by Tpm3.1 and the weakest by Tpm1.6. In 
biomimetic assays in which filaments were simultaneously assembled by formins and disas-
sembled by CCA, these TPM isoform–specific effects persisted, giving rise to filaments with 
different lengths and treadmilling behavior. Together, our data reveal that TPM isoforms have 
quantitatively distinct abilities to tune actin filament length and turnover.

INTRODUCTION
Mammalian cells build a wide range of filamentous actin structures 
with properties uniquely tailored to different biological functions 
such as cell migration, cytokinesis, and intracellular transport. This 
functional diversity depends on the ability of cells to assemble actin 
building blocks into architectures that persist for long periods of 
time (e.g., stereocilia and sarcomeres) or are dynamically assembled 

and disassembled (e.g., lamellipodia or filopodia) (Watanabe and 
Mitchison, 2002; Rzadzinska et al., 2004; Narayanan et al., 2015). 
How cells are able to assemble actin structures with such vastly dif-
ferent turnover rates, side by side in a shared cytoplasm, has re-
mained an important open question. Resolving this mystery requires 
gaining a deeper understanding of the rules that underlie molecular 
self-assembly, as well as how different actin-associated proteins 
work in concert and affect one another.

A key triad of proteins ubiquitously involved in promoting actin 
filament disassembly are Cofilin/ADF (actin depolymerizing factor), 
Coronin, and AIP1 (actin-interacting protein 1), collectively referred 
to herein as “CCA.” These proteins have been shown to work in 
concert to rapidly disassemble actin filaments by promoting robust 
severing, depolymerization, and barbed-end capping (Brieher et al., 
2006; Kueh et al., 2008; Chen et al., 2015; Gressin et al., 2015; Jan-
sen et al., 2015; Nadkarni and Brieher, 2014). The CCA three-com-
ponent mechanism can also induce rapid filament disassembly, 
even under assembly-promoting conditions, where the concentra-
tion of actin monomers exceeds the critical concentration of actin 
assembly. To date, the effects of CCA have been analyzed only on 
bare (undecorated) actin filaments, whereas filaments in vivo are 
decorated by many other proteins.

One of the most prominent families of actin filament–interacting 
proteins are the Tropomyosins (TPMs), which decorate almost all 
known cellular actin structures in organisms ranging from yeast to 
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humans (Gunning et al., 2015; Hitchcock-DeGregori and Barua, 
2017). TPMs are coiled-coil proteins that form stable parallel dimers, 
which in turn polymerize head-to-tail into long strands along the 
sides of actin filaments (Gunning et al., 2015). Some TPMs have 
been shown to compete with Cofilin for binding to actin filaments in 
cosedimentation assays and/or to inhibit Cofilin-induced actin dis-
assembly in bulk fluorescence experiments (DesMarais et al., 2002; 
Robaszkiewicz et al., 2016; Gateva et al., 2017; Ostrowska et al., 
2017). Two recent TIRF studies directly showed that TPM and Cofilin 
decoration is mutually exclusive, which provides key insights into 
the molecular basis of how TPMs attenuate Cofilin-induced F-actin 
disassembly (Jansen et al., 2015; Mikati et al., 2015; Christensen 
et al., 2017; Gateva et al., 2017). However, important mechanistic 
questions remain about how different TPM isoforms influence the 
binding and activity of Cofilin on F-actin as well as the more potent 
cellular actin-disassembly activity of CCA.

Mammals have four separate TPM genes that are alternatively 
spliced to produce 18 different TPM isoforms in nonmuscle cells 
(Gunning et al., 2015). These TPM isoforms localize to most known 
cellular actin structures and drive a wide range of actin-based pro-
cesses. However, it is not clear what the precise mechanistic role of 
each TPM isoform is, or how TPM isoforms differ in their abilities to 
control actin filament turnover dynamics and/or the binding of other 
actin-associated proteins to filaments.

In this study, we focus on five of the most prominent TPM iso-
forms (Tpm1.6, Tpm1.7, Tpm2.1, Tpm3.1, and Tpm4.2). These iso-
forms are expressed in nonmuscle cells and have critial roles in cell 
motility, cell morphogenesis, cytokinesis, neurogenesis, and intra-
cellular transport (Gunning et al., 2015). We use multicolor total in-
ternal reflection fluorescence (TIRF) microscopy to examine how 
each TPM isoform spatially influences Cofilin binding to actin fila-
ments, Cofilin- and CCA-mediated severing of filaments, and, ulti-
mately, filament length. These effects are tested both on preformed 
actin filaments in the absence of actin monomers and on treadmill-
ing filaments undergoing simultaneous actin assembly at their 
barbed ends and disassembly at their pointed ends.

RESULTS
TPM isoforms restrict Cofilin binding to pointed ends of 
actin filaments and inhibit severing along filament sides
To investigate how human Tpm1.6, Tpm1.7, Tpm2.1, Tpm3.1, and 
Tpm4.2 isoforms influence actin filament disassembly by Cofilin, we 
first compared their effects on filament severing by human Cofilin-1. 
Previous studies have shown that each of the five TPM isoforms 
binds to actin filaments in a cooperative manner and has an affinity 
of ∼0.5 μM, with the exception of Tpm2.1, which has a much lower 
affinity of ∼5 μM (Janco et al., 2016). Further, these binding charac-
teristics for TPM isoforms are similar for muscle and nonmuscle F-
actin (Janco et al., 2016), and we used muscle actin for all of our 
experiments herein.

In TIRF microscopy assays, we first assembled sparsely tethered 
Oregon Green (OG)-labeled actin filaments in the presence or ab-
sence of different TPM isoforms (2 μM), and then washed out free 
actin monomers and flowed in Cy3-labeled human Cofilin-1 (Cy3-
Cof1). Our previous studies have shown that Cy3-Cof1 has the same 
severing activities as unlabeled Cofilin-1 (Jansen et al., 2015; Chin 
et al., 2016). In the absence of TPM, Cy3-Cof1 cooperatively deco-
rated filaments along their lengths and induced severing events at 
the bounderies between bare and Cofilin-decorated regions, as 
previously described (Suarez et al., 2011) (Figure 1A and Supple-
mental Figure S1A). However, predecoration of filaments with any 
TPM isoform except for Tpm2.1 confined Cy3-Cof1 binding to the 

pointed ends (Figure 1A, white arrowheads, and Supplemental 
Figure S1A). Identification of the pointed ends was unequivocal, as 
we tracked the assembly of filaments during their growth phase be-
fore flowing out actin monomers and flowing in Cy3-Cof1 (Supple-
mental Figure S1A). Over time, larger Cy3-Cof1 patches began to 
appear along the sides of actin filaments in the presence of Tpm4.2 
or Tpm1.6 (Supplemental Movie 1), but not Tpm3.1 or Tpm1.7. In 
the presence of Tpm2.1, Cy3-Cof1 immediately began to appear 
along the entire length of filaments. These observations, consistent 
with the lower binding affinity of Tpm2.1 for F-actin (Kd = 5.51 μM) 
(Janco et al., 2016), suggest that 2 μM Tpm2.1 may not decorate 
filaments as effectively as other TPM isoforms (Figure 1B).

The same TPM isoforms that blocked Cy3-Cof1 binding to fila-
ment sides also strongly inhibited severing by Cof1 (Figure 1, B and 
C, and Supplemental Figure S1A). Levels of inhibition ranged from 
nearly complete abrogation of severing by 2 μM Tpm3.1 to no inhi-
bition of severing by 2 μM Tpm2.1. However, at 15 μM Tpm2.1 (well 
above its Kd of 5.51 μM), Cy3-Cof1 decoration was restricted to 
pointed ends, and severing was strongly inhibited (Figure 1B and 
Supplemental Figure S1A). Thus, for all five TPM isoforms, inihibi-
tory effects on Cy3-Cof1 binding and Cof1-mediated severing scale 
with binding affinities for F-actin (listed in Figure 1B) (Janco et al., 
2016).

Further analysis of our two-color TIRF imaging data showed that 
each TPM isoform significantly increased the time between Cy3-
Cof1 binding to filament sides and subsequent severing events 
(Figure 1D). In addition, we observed specifically that addition of 
Tpm4.2 and Tpm2.1 (15 μM) resulted in Cy3-Cof1 patches of lower 
fluorescence intensity before severing, whereas Tpm3.1, Tpm1.7, 
and Tpm1.6 did not (Figure 1E). From these observations, we draw 
two conclusions. First, decoration by all five TPM isoforms increases 
the time required for Cofilin to induce severing. Second, for fila-
ments decorated by Tpm4.2 and Tpm2.1, reduced levels of Cy3-
Cof1 in patches on filament sides will induce fragmentation.

TPM isoform–specific effects on Cor1B, Cof1, and AIP1 
(CCA)-induced actin filament disassembly
Previous studies have shown that Cor1B and AIP1 strongly enhance 
Cof1-mediated severing and disassembly of actin filaments (Brieher 
et al., 2006; Jansen et al., 2015) and that this trio (which we refer to 
as CCA) works in concert through an ordered mechanism (Jansen 
et al., 2015). Cor1B binds to filaments first, and this leads to acceler-
ated recruitment of Cof1 to filament sides. Then, Cof1 recruits AIP1, 
and this immediately results in a severing event. Further, the CCA 
trio induces rapid severing and disassembly, even under assembly 
conditions, because it blocks growth at the new barbed ends gener-
ated by severing. Given that these three proteins are ubiquitous in 
animal cells, we tested how CCA disassembly activity is affected by 
TPM decoration of filaments. For these experiments, we used a mo-
lar ratio of 10:1:1 (Cof1, Cor1B, and AIP1, respectively), which is 
similar to the reported ratio in cells (Brieher et al., 2006; Jansen 
et al., 2015; Chin et al., 2016).

CCA alone (no TPMs) led to the rapid decoration of filaments by 
Cy3-Cof1 and the rapid disassembly of actin (Figure 2, A and C, and 
Supplemental Movie 2). However, in the presence of TPMs, CCA-
induced disassembly was attenuated (Figure 2, A–C, and Supple-
mental Movie 2), with the level of protection scaling approximately 
with TPM affinities for F-actin. Interestingly, in the combined pres-
ence of TPMs and CCA, Cy3-Cof1 binding was observed at both the 
barbed and pointed ends of filaments. These Cof1-bound regions 
underwent rapid disassembly, leading to filaments gradually disap-
pearing over time (Figure 2B). This behavior is different from what 
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we observed for Cy3-Cof1 alone (without Cor1B and AIP1), where 
Cy3-Cof1 decoration was restricted to the pointed ends by TPM, 
and the filaments shortened much less rapidly. Thus, the presence 
of Cor1B and AIP1 enable Cof1-mediated disassembly at filament 
ends in the presence of TPMs.

Because Cor1B binding to F-actin leads to the rapid recruitment 
of Cof1 on filament sides in the absence of TPMs (Jansen et al., 
2015; Mikati et al., 2015), our results raise the possibility that TPM 
blocks Cor1B binding to F-actin. To test this model, we repeated the 
experiments using labeled Cor1B (Cor1B-SNAP649). These experi-

FIGURE 1: TPMs restrict Cof1 binding to the pointed end and block severing. OG-labeled actin 
filaments were preassembled in the presence or absence of the indicated human TPM isoform 
(2 µM). Then, excess actin monomers were flowed out and human Cy3-Cof1 (150 nM) was 
flowed in. (A) Representative time points and kymographs from TIRF microscopy movies with 
and without Tpm3.1. The pointed end of each filament is indicated by white arrowheads. For 
representative time points from TIRF reactions containing other TPM isoforms, see 
Supplemental Figure S1. Scale bars: 5 µm. (B) From time-lapse imaging (as in A and 
Supplemental Figure S1), severing rates were measured (n = 120, from three independent 
experiments). The Kd of each TPM isoform for actin filament binding (as determined by Janco 
et al., 2016) is indicated above the bar graph. (C) Accumulation of Cy3-Cof1 fluorescence on 
actin filaments in the absence (purple curves) or presence (teal curves) of Tpm3.1. 
(D) Distributions of time intervals between first appearance of a Cy3-Cof1 spot on an actin 
filament and severing event near that Cy3-Cof1 spot. The box-and-whisker plots represent 
minimum, median, and maximum values for each condition. (E) Distributions of fluorescence 
intensities of Cy3-Cof1 spots immediately before severing events. The box-and-whisker plots 
represent minimum, median, and maximum values for each condition. For B, D, and E, statistical 
difference from control reactions (No TPM) was determined using one-way analysis of variance 
(ANOVA). ****, p < 0.0001; ***, p < 0.001; **, p < 0.01.

ments showed that Cor1B-SNAP649 readily 
bound to filament sides in the presence of 
any of the five different TPM isoforms 
(Figure 3, A and B). To further characterize 
these effects, we performed three-color im-
aging using labeled actin, Cor1B-SNAP649, 
and Cy3-Cof1 (with unlabeled AIP1 and 
TPM). We focused on Tpm3.1, as it is 
the isoform with the strongest protective ef-
fects against CCA. Cor1B-SNAP649 readily 
bound to filament sides, both in the pres-
ence and absence of Tpm3.1, whereas Cy3-
Cof1 was observed to bind filament sides 
only in the absence of Tpm3.1 (Figure 3, C 
and D). Thus, TPM decoration does not in-
terfere with Cor1B binding to filament sides, 
yet it blocks Cof1B-induced recruitment of 
Cof1 to the same sites. Therefore, TPMs 
may provide a mechanism in cells to coun-
teract the rapid actin-disassembly effects of 
CCA, while still allowing Coronin to bind fil-
aments and perform its other functions, for 
example, in bundling F-actin and regulating 
Arp2/3 complex activities (Goode et al., 
1999; Humphries et al., 2002; Cai et al., 
2007).

TPM effects on actin filament length 
and turnover dynamics in a biomimetic 
treadmilling system
We next tested the effects of TPM decora-
tion on reconstituted filaments that were 
being rapidly polymerized at their barbed 
ends by the formin mDia1 and simultane-
ously disassembled at their pointed ends by 
CCA. In the absence of TPMs, formin-elon-
gated filaments showed rapid barbed-end 
growth balanced by rapid pointed-end dis-
assembly, making filaments relatively short 
(Figure 4, A–D, and Supplemental Movie 3). 
The addition of TPMs to this system had lit-
tle effect on formin-mediated elongation 
rates at barbed ends (Figure 4D), but 
strongly inhibited filament severing (Figure 
4, A–C). As a result, TPM addition led to 
much longer filaments (Figure 4E and Sup-
plemental Figure S2A). Moreover, the ef-
fects on filament length correlated with the 
strength of the TPM isoform in blocking 
CCA-induced severing and disassembly. In-
terestingly, we never observed binding of 
Cy3-Cof1 to the barbed end of growing fila-

ments, which differs from our observations on preassembled (non-
growing) filaments. This is most likely because the barbed ends of 
growing filaments consist of ATP/ADP-Pi–bound actin, and Cofilin 
binds preferentially to ADP-actin (Blanchoin and Pollard, 1998). 
These results suggest that the barbed-end effects of Cofilin and 
CCA may be most relevant in vivo on nongrowing filaments and/or 
filaments that do not have processive elongators on their barbed 
ends.

Finally, in our reconstituted actin turnover system, we observed 
that the combination of Tpm3.1 and mDia1 yielded extremely long 
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filaments (39.49 ± 15.8 μm) (Figure 4F and Supplemental Figure 
S2B). This was in contrast to reactions containing only Tpm3.1 with-
out mDia1 (2.5 ± 0.9 μm) or mDia1 without Tpm3.1 (3.96 ± 3.6 μm) 
or reactions lacking both Tpm3.1 and mDia1 (1.6 ± 0.7 μm). These 
results suggest that mDia1 and Tpm3.1 can synergize under assem-
bly-promoting conditions in protecting filaments from the disassem-
bly effects of CCA.

DISCUSSION
Actin filaments can assemble into many different architectures, char-
acterized by unique dimensions, turnover dynamics, and lifetimes 
ranging from seconds, to minutes, or even to hours and days. Our 
results here suggest that some of this diversity in the length and 
dynamics of actin structures can be achieved by the influence of dif-
ferent TPM isoforms on actin-disassembly mechanisms. Most cellu-
lar actin structures are decorated by one or more TPM isoforms, al-
though our knowledge of the specific isoforms that decorate each in 
vivo actin structure is still incomplete (Gunning et al., 2015). Previ-
ous studies have demonstrated convincingly that TPMs can antago-
nize actin disassembly induced by Cofilin or by Cofilin and AIP1 

FIGURE 2: TPM isoform-specific protection of actin filaments from the collaborative 
disassembly effects of Cor1B, Cof1, and AIP1. (A) OG-actin filaments were first assembled in the 
presence or absence of 2 µM Tpm3.1, then the indicated concentrations of Cor1B, Cy3-Cof, and 
AIP1 were flowed in. Shown are representative time points and kymographs from TIRF imaging. 
Scale bars: 5 µm. (B) Kymographs from movies, as in A, but in the presence of different TPM 
isoforms (concentrations indicated). (C) Disassembly rates of actin filaments (OG labeled) in TIRF 
reactions measured by monitoring the decrease in OG-actin fluorescence over time (n = 60 
filaments, pooled from three independent experiments). Filaments were assembled in the 
presence of different TPM isoforms (2 µM unless otherwise indicated), and disassembly was 
induced at time zero by washing out actin monomers and flowing in 150 nM Cof1, 15 nM Cor1B, 
and 15 nM AIP1.

(Bryce et al., 2003; Yu and Ono, 2006; Mikati 
et al., 2015; Robaszkiewicz et al., 2016; 
Christensen et al., 2017; Gateva et al., 2017; 
Ostrowska et al., 2017). Further, these stud-
ies have shown that TPM and Cofilin com-
pete for binding on actin filaments. How-
ever, a number of important questions 
about the underlying mechanism and the 
TPM isoform-specific effects have remained. 
By using multiwavelength TIRF imaging and 
directly visualizing the effects of five promi-
nent mammalian nonmuscle TPM isoforms 
on both Cofilin- and CCA-mediated actin 
disassembly and on both preformed and ac-
tively growing filaments, we have gained 
new insights into these mechanisms and 
TPM differences.

In our multiwavelength TIRF analysis, we 
used labeled actin and labeled Cofilin. In 
contrast, a previous TIRF study on TPM iso-
forms by Gateva and coworkers used la-
beled TPMs and Cofilin with unlabeled actin 
filaments (Gateva et al., 2017), and there-
fore did not directly visualize and quantify 
effects on severing. Our experimental con-
ditions allowed us to quantify severing 
events and simultaneously monitor where 
Cofilin binds on filaments in real time in the 
presence of different TPMs. We found that 
filament decoration by any one of the five 
mammalian TPM isoforms spatially restricts 
human Cy3-Cof1 binding to the pointed 
ends of filaments and strongly impedes sev-
ering. These effects are similar to those re-
ported for Schizosaccharomyces pombe 
TPM and ADF/Cofilin (Christensen et al., 
2017), suggesting there is a conserved func-
tional relationship between TPMs and Co-
filin in species as diverse as fission yeast and 
mammals. We also observed that the pres-
ence of TPM isoforms increased the delay 
between Cy3-Cof1 binding to filaments and 

resulting severing events. The relative strength of these TPM protec-
tive effects against Cof1 severing scaled with the reported binding 
affinities of the TPM isoforms for F-actin (Janco et al., 2016). Tpm3.1 
showed the strongest protective effects against Cof1-mediated sev-
ering, in agreement with previous in vivo studies showing that over-
expression of Tpm3.1 leads to cellular F-actin structures being more 
resistant to Latrunculin A-induced disassembly (Percival et al., 2000; 
Creed et al., 2008). Because different TPMs decorate different cel-
lular actin networks and function in highly variable physiological pro-
cesses, it has been suggested that they may have qualitatively dis-
tinct effects on actin assembly and turnover dynamics. However, 
with respect to actin disassembly (Cof1 and CCA mediated), our 
data indicate that the differences between TPM isoforms are primar-
ily quantitative rather than qualitative.

It is also important to note that some of our results differ from 
the effects of TPM isoforms reported in the Gateva et al. study 
(2017). Using TIRF assays, we found that the TPM isoforms with the 
strongest protective effects against Cof1 were (in order from 
strongest to weakest): Tpm3.1, Tpm1.7, Tpm1.6, Tpm4.2, and 
Tpm2.1. In contrast, Gateva et al. used bulk assays to quantitatively 
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compare Cof1-induced F-actin disassembly, and observed that 
Tpm3.1 was the least protective against Cof1 and that Tpm1.6 
was the strongest. It is possible that these discrepancies arise from 
differences in the assays and/or differences in the preparation of 
TPM isoforms. Gateva and coworkers used bulk assays to assess 
the ability of TPMs to protect filaments from Cof1-induced disas-
sembly. In contrast, we used TIRF assays to directly visualize the 
effects of TPM isoforms in protecting filaments from Cof1 binding 

and severing. Another important difference is that, in our assays, 
TPMs were present during the initial actin-filament assembly 
phase, permitting TPMs to bind F-actin before conversion of 
ADP+Pi actin to ADP-actin. This may help facilitate filament deco-
ration by some TPM isoforms. In addition, while both studies used 
TPM isoforms expressed in Escherichia coli, Gateva and coworkers 
modified their TPMs to include short N-terminal “acetylation 
mimic” motifs, whereas we did not. Acetylation can play an 

FIGURE 3: TPM decoration permits Cor1B binding but inhibits Cof1 recruitment. (A) Representative time points from 
TIRF microscopy imaging of Cor1B-SNAP649 binding to preassembled OG-actin filaments that were either undecorated 
(top) or decorated with 2 µM Tpm3.1 (bottom). (B) Accumulation of Cor1B-SNAP649 fluorescence on individial OG-actin 
filaments (n = 45, pooled from three independent experiments) decorated by 2 µM of the indicated TPM isoform. 
(C) Representative time points and kymographs from TIRF microscopy imaging, in which OG-labeled actin filaments 
were assembled in the presence or absence of Tpm3.1 (2 µM), and then the indicated concentrations of Cy3-Cof1 and 
Cor1B-SNAP-649 were flowed in. (D) Accumulation over time of Cy3-Cof1 fluorescence on actin filaments in the 
presence or absence of Tpm3.1 (2 µM). The average fluorescence signal is shown (n = 45 filaments, pooled from three 
independent experiments). Scale bars in all panels: 5 µm.
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FIGURE 4: TPM isoforms differentially tune the length of actin filaments undergoing simultaneous assembly and 
turnover. (A) Example of actin filaments being elongated by the formin mDia1 (1 nM) and profilin (PFN; 5 µM), while 
simultaneously being disassembled by Cy3-Cof1, Cor1B, and AIP1 (150, 15, and 15 nM, respectively) in the presence or 
absence of different TPM isoforms (2 µM unless otherwise indicated). (B) Kymographs of filaments from TIRF movies as 
shown in A. (C) Effects of different TPM isoforms on filament severing rate by the three-component system (Cy3-Cof1, 
Cor1B, and AIP1). Severing rates were obtained from kymographs as in B (n = 80 filaments per condition). (D) Filament 
barbed-end elongation rates, quantified from reactions as in A containing mDia1, profilin, Cy3-Cof1, Cor1B, AIP1, and 
different TPM isoforms (n = 80 filaments per condition; su = subunit). (E) Average length of filaments measured 15 min 
after reactions were initiated. (F) Average length of filaments measured 10 min after reactions were initiated. CCA 
indicates reactions contain Cor1B, Cof1, and AIP1. Statistical significance from the control condition (No TPM) was 
determined using one-way ANOVA. ****, p < 0.0001; ***, p < 0.001; *, p < 0.05.
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important role in regulating TPM interactions with F-actin (Monteiro 
et al., 1994); however, in most cell types, it remains unclear what 
fraction of each TPM isoform is acetylated versus nonacetylated in 
vivo. Therefore, it is important to continue studying the activities of 
acetylated and nonacetylated TPMs. Indeed, a direct comparison 
of our results and those of Gateva et al. (2017) raises the intriguing 
possibilty that acetylation more tightly controls the activities of 
Tpm2.1 and Tpm3.1 than the activities of some of the other TPM 
isoforms.

Our study also examines for the first time the effects of TPM 
isoforms on actin disassembly induced by Cof1, Cor1B, and AIP1 
(CCA), a ubiquitous group of actin binding proteins that work to-
gether to induce rapid F-actin disassembly, even under assembly-
promoting conditions (Brieher et al., 2006; Jansen et al., 2015). Our 
data show that all five mammalian TPM isoforms protected filament 
sides from CCA-induced severing and restricted decoration of Cy3-
Cof1 to the pointed ends of actin filaments. On the other hand, TPM 
decoration allowed Cor1B binding to filament sides, while hamper-
ing Cor1B's ability to recruit Cof1 to filaments and acclerate sever-
ing. Thus, all five TPM isoforms obstruct binding of Cof1, but not 
Cor1B, to F-actin. This agrees with recent electron microscopy stud-
ies suggesting that Cor1B and Cof1 have neighboring yet distinct 
binding sites on F-actin and that TPM and Cof1 binding sites on F-
actin overlap (Ge et al., 2014; von der Ecken et al., 2015, 2016).

In contrast to Cof1 alone, CCA was effective in promoting 
pointed-end disassembly of TPM-decorated filaments. These ob-
servations have important implications for the in vivo regulation of 
actin turnover. They suggest that combining TPM decoration and 
CCA may provide a powerful mechanism for preserving the filamen-
tous architecture of an actin network (e.g., polarized cables, cytoki-
netic rings, stress fibers, and stereocilia), while permitting turnover 
at the pointed ends of the network.

Our work has also exposed a working relationship between 
TPMs and formins in assembling long filaments in the presence of 
CCA. This observation suggests that specific TPMs and formins may 
function together in vivo to promote formation of specific actin net-
work architectures consisting of long filaments. Indeed, yeast TPMs 
are recruited to actin cables and cytokinetic rings, which are nucle-
ated by formins, but excluded from cortical actin patches nucleated 
by Arp2/3 complex (DesMarais et al., 2002). Further, specific TPMs 
can pair with specific formins in yeast to drive actin cable assembly 
(Johnson et al., 2014; Alioto et al., 2016). Similarly, in mammalian 
cells, TPMs heavily decorate a number of actin structures polymer-
ized by formins, including stress fibers, cytokinetic rings, and neuro-
nal microspikes (Gunning et al., 2015). Finally, although more effort 
is needed to determine how TPMs and formins work together to 
control actin organization and dynamics, the expression of 18 differ-
ent nonmuscle TPM isoforms combined with 15 different formins 
provides a rich and diverse platform for tuning the architectures and 
dynamics of cellular actin networks.

MATERIALS AND METHODS
Plasmids
pET bacterial expression plasmids for human Tpm 1.6 (Tm 2), hu-
man Tpm 1.7 (Tm 3), human Tpm2.1 (Tm 1), human Tpm3.1 
(Tm5NM1), and human Tpm4.2 (Tm4) were graciously sent by Peter 
Gunning (University of New South Wales, Australia). A plasmid for 
expressing mouse Coronin-1B (Cor1B) with a C-terminal 8His-Strep 
tag in mammalian cells (vector pTT5SH8Q2) was kindly provided by 
Jim Bear (University of North Carolina). A SNAP tag was cloned at 
the C-terminus to generate Cor1B-SNAP. The plasmid-carrying 
mouse AIP1 was kindly provided by Naoki Watanabe (Tohoku Uni-

versity, Japan), and the insert was cloned into the same mammalian 
expression vector as Cor1B. The plasmid for expressing human 
Cof1 in E. coli was generously provided by David Kovar (University 
of Chicago). For fluorescence labeling of human Cof1, we used a 
previously described Cof1 construct that has only one exposed Cys 
residue (Jansen et al., 2015). All constructs were verified by DNA 
sequencing.

Protein purification and labeling
Rabbit skeletal muscle actin (RMA) was purified as previously de-
scribed (Graziano et al., 2013). In brief, RMA was purified by generat-
ing an acetone powder from ground muscle tissue, which was stored 
in aliquots at −80°C. Aliquots of acetone powder were then pulver-
ized using a coffee grinder, resuspended in G-buffer, and cleared by 
low-speed centrifugation. The actin was polymerized overnight and 
then pelleted. The pellet was disrupted by dounce homogenizing, 
dialyzed against G-buffer for 2–3 d, and then gel filtered on a 16/60 
S200 column (GE Healthcare). Column fractions were stored at 4°C. 
Actin was labeled on Cys-374 with OG maleimide as described in 
Kuhn and Pollard (2007). Briefly, monomeric actin reconstituted from 
an actin pellet was dialyzed against two changes of G-buffer without 
dithiothreitol (DTT) for 1 h each. After clarification at 500 × g for 
5 min, actin was polymerized by mixing an equal volume of cold 2× 
label buffer (2× = 50 mM imidazole, pH 7.5, 0.2 M KCl, 4 mM MgCl2, 
6 mM NaN3, and 0.6 mM ATP). After 5 min, polymerized actin was 
diluted to 1 mg/ml with cold 1× label buffer, and then a 10-fold molar 
excess of OG was added dropwise to the actin while stirring, and the 
solution was stirred gently overnight. Labeled actin was first clarified 
at 500 × g for 5 min to remove large aggregates and then centri-
fuged at 105,000 × g for 2 h to pellet actin filaments. The pellet was 
resuspended in G-buffer by dounce homogenizing, dialyzed for 2 d 
against two changes of G-buffer, and gel filtered on a 16/60 S200 
column (GE Healthcare). Peak fractions were combined and stored at 
−20°C. Labeling efficiency of OG-actin was measured by absorbance 
at 290 and 491 nm, and extinction coefficient E491 = 77,800 M−1cm−1. 
The absorption at 290 nm was corrected for background fluores-
cence from the OG dye (correction factor 0.016991).

The formin mDia1 (6xHis-FH1-FH2-C) was inducibly expressed 
in yeast and purified by sequential Ni2+-NTA and gel-filtration 
chromatography steps. Cor1B and AIP1 were expressed and puri-
fied from transfected HEK293T cells (ATCC). Cells were grown on 
plates at 37°C under a humidified atmosphere containing 5% CO2 
in DMEM, supplemented with 10% (vol/vol) heat-inactivated fetal 
bovine serum, glucose (4.5 g/l), penicillin (100 U/ml), and strepto-
mycin (100 μg/ml). Cells at 30–40% confluence were transiently 
transfected using 25 kDa linear polyethylenimine (Polysciences, 
Warrington, PA). At 72 h posttransfection, cells were harvested in 
phosphate-buffered saline (PBS), pelleted by centrifugation at 
1000 × g for 5 min, and lysed by repeated freeze-thawing in 
20 mM Tris/HCl (pH 7.5), 150 mM NaCl, 1% (vol/vol) Triton X-100, 
and a standard cocktail of protease inhibitors (Roche, Germany). 
After a 30 min incubation on ice, cell lysates were cleared by cen-
trifugation at 20,000 × g at 4°C using an eppendorf tabletop cen-
trifuge and incubated with Ni2+-NTA beads (Qiagen, Valencia, CA) 
for 90 min at 4°C in the presence of 20 mM imidazole. After being 
washed with Buffer A (20 mM Tris, pH 7.5, 300 mM NaCl, 50 mM 
imidazole, and 1 mM DTT), proteins were eluted in Buffer A sup-
plemented with 250 mM imidazole, concentrated, and purified 
further on a Superose 6 gel-filtration column (GE Healthcare Bio-
sciences, Pittsburgh, PA) equilibrated in Buffer B (20 mM Tris, pH 
8.0, 50 mM KCl, and 1 mM DTT). For fluorescence labeling of 
SNAP-Cor1B, the fusion protein was bound to Ni2+-NTA beads, 
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washed extensively in PBS with 1 mM DTT, and incubated with a 
fivefold excess of benzylguanine or benzylchloropyrimidine SNAP-
Surface 649 (New England Biolabs, Ipswich, MA) for 2 h at room 
temperature. Next, beads were washed extensively in PBS with 1 
mM DTT and eluted in PBS with 250 mM imidazole. Proteins were 
exchanged into Buffer B on PD-10 columns (GE Healthcare Biosci-
ences) to remove free dye. Labeling efficiencies were determined 
spectrophotometrically using the absorbance at 650 nm and an 
extinction coefficient of 250,000 M−1 cm−1 for SNAP-Surface 649, 
combined with absorbance at 280 nm and an estimated extinction 
coefficient of 82,850 M−1 cm−1 for Cor1B-SNAP. The absorption 
at 280 nm was corrected for background fluorescence from the 
dye (correction factor 0.024). Human Cof1 was expressed in 
BL21 (DE3) E. coli by growing cells at 37°C in TB medium to log 
phase, then inducing expression with 1 mM isopropyl β-d-1-
thiogalactopyranoside (IPTG) at 18°C for 16 h. Cells were har-
vested by centrifugation and stored at −80°C and then lysed by 
sonication in 20 mM Tris (pH 8.0), 50 mM NaCl, 1 mM DTT, and 
protease inhibitors. Lysates were cleared by centrifugation at 
30,000 × g for 20 min in a Fiberlite F13-14 × 50CY rotor (Thermo 
Scientific, Rockport, IL), and applied to a 5 ml HiTrap HP Q column 
(GE Healthcare Biosciences). The flow-through containing Cof1 
was collected and dialyzed into 20 mM HEPES (pH 6.8), 25 mM 
NaCl, and 1 mM DTT. Next, the protein was applied to a 5 ml 
HiTrap SP FF column (GE Healthcare Biosciences) and eluted with 
a linear gradient of NaCl (25–500 mM). Fractions containing Cof1 
were concentrated and dialyzed into Buffer B, aliquoted, snap-
frozen in liquid N2, and stored at −80°C until use. Dye-labeled 
Cof1 was purified similarly, except that the protein was eluted from 
the SP FF column with PBS and then incubated with a 10-fold ex-
cess of Cy3-maleimide (GE Healthcare Biosciences) for 2 h at room 
temperature in the presence of 0.3 mM Tris(2-carboxyethyl)phos-
phine (TCEP). Excess dye was removed by passing the protein 
over a PD-10 column equilibrated in Buffer B. Final labeling effi-
ciency was 30%. Labeling efficiency was determined as described 
earlier, using absorbance at 550 nm and an extinction coefficient 
of 150,000 M−1 cm−1 for Cy3, combined with absorbance at 
280 nm and an estimated extinction coefficient of 14,440 M−1 cm−1 
for Cof1.

Human TPM isoforms were expressed in BL21 (DE3) E. coli by 
growing cells at 37°C in TB medium to log phase and then induc-
ing expression with 1 mM IPTG at 18°C for 16 h. Cells were har-
vested by centrifugation, and lysed by sonication in 20 mM Tris 
(pH 7.5), 0.5 M NaCl, and 5 mM MgCl2. For separation of the 
heat-stabile TPMs from contaminating proteins, the lysate was 
incubated at 80°C for 10 min in a waterbath, cooled for 10 min at 
−20°C, and cleared by centrifugation at 30,000 × g for 20 min. 
Next, the supernatant was isoelectrically precipitated by drop-
wise addition of 0.3 M HCl to pH ∼4.7 and centrifuged at 5000 
rpm for 15 min at 4°C, after which the pellet was resuspended in 
100 mM Tris (pH 7.5), 0.5 M NaCl, 5 mM MgCl2, and 1 mM DTT. 
This precipitation step was repeated one more time, and the re-
suspended pellet was dialyzed to 20 mM HEPES (pH 6.8), 50 mM 
NaCl, and 0.5 mM DTT. Next, dialyzed protein was applied to a 5 
ml HiTrap Q HP column (GE Healthcare Biosciences) and eluted 
with a linear gradient of NaCl (50–600 mM). The fractions con-
taining TPM protein were concentrated and further purified on a 
Superose 6 gel-filtration column (GE Healthcare Biosciences) 
equilibrated in 20 mM Tris (pH 7.5), 50 mM KCl, 2 mM MgCl2, 
and 1 mM DTT). Aliquots were flash-frozen and stored at −80°C. 
For three of the TPM isoforms (Tpm1.6, Tpm3.1, and Tpm4.2), 
we verified that the concentration we used in our TIRF assays 

(2 μM) saturated F-actin binding in cosedimentation assays, as 
previously reported (Janco et al., 2016).

TIRF microscopy
For all TIRF experiments, coverslips were first cleaned by sonication 
in detergent for 60 min, followed by successive sonications in 1 M 
KOH and 1 M HCl for 20 min each and then sonication in ethanol for 
at least 60 min. Coverslips were then washed extensively with H2O; 
dried in an N2-stream; layered with 200 μl of 80% ethanol (pH 2.0), 
2 mg/ml poly-ethylene glycol (PEG)-silane, and 2 μg/ml biotin-PEG-
silane (Laysan Bio, Arab, AL); and incubated for 16 h at 70°C. Flow 
cells were assembled by rinsing PEG-coated coverslips extensively 
with H2O, then attaching them to a flow chamber (Ibidi, Martinsried, 
Germany) using double-sided tape (2.5 cm × 2 mm × 120 μm) and 
epoxy resin. Lightly tethered actin filaments were used for all TIRF 
experiments in this study. To accomplish this, flow cells were incu-
bated for 3 min with HBSA (HEK buffer with 1% bovine serum 
albumin), which was followed by 30 s incubation with 0.1 mg/ml 
streptavidin in HEK buffer. Flow cells were washed with HBSA 
and equilibrated with TIRF buffer (10 mM imidazole, pH 7.4, 50 mM 
KCl, 1 mM MgCl2, 1 mM ethylene glycol-bis(β-aminoethyl ether)-
N,N,N′,N′-tetraacetic acid [EGTA], 0.2 mM ATP, 10 mM DTT, 15 mM 
glucose, 20 μg/ml catalase, 100 μg/ml glucose oxidase, and 0.5% 
methylcellulose [4000 cP]). Reactions were initiated by rapidly dilut-
ing actin monomers (1 μM final, 10% OG-labeled, 0.25% biotinyl-
ated) into TIRF buffer, after which the mixture was transferred into a 
flow chamber. After filaments had polymerized to lengths of ∼10–
15 μm, the reaction mixture was replaced with TIRF buffer contain-
ing the indicated proteins. Multiwavelength time-lapse TIRF imaging 
was performed using a Nikon-Ti200 inverted microscope equipped 
with a 150 mW Ar- Laser (Mellot Griot, Carlsbad, CA), a TIRF-objec-
tive with a NA of 1.49 (Nikon Instruments, New York, NY), and an 
EMCCD camera (Andor Ixon, Belfast, Northern Ireland). During 
measurements, optimal focus was maintained by the perfect focus 
system (Nikon Instruments).

TIRF data analysis
TIRF data were analyzed using ImageJ software (National Insti-
tutes of Health [NIH], Bethesda, MD). Before each analysis, the 
background was subtracted using the standard background sub-
traction tool (rolling ball radius 50 pixels). Severing rates for 
Cofilin in the absence of Cor1B and AIP1 were calculated by mea-
suring the initial lengths of filaments before flow-in, and then by 
counting severing events observed during the next 600 s after 
flow-in of the indicated protein combinations. For analysis of 
Cy3–Cof1 patches, severing events were scored, and then a 1 μm  
× 1 μm box was drawn around the Cy3–Cof1 patch one frame 
before severing and saved as a region of interest (ROI). The fluo-
rescence intensity of the Cy3 fluorescence in the boxes was deter-
mined using the Measure Integrated Density function. For kinetic 
analysis of Cor1B-SNAP649 or Cy3–Cof1 binding to filaments, 
OG-actin filaments were traced based on the signal in the 488-nm 
channel, saved as an ROI, and then used to determine the fluores-
cence profiles in the 561 or 640 nm channel using the Plot Z-axis 
profile tool. Severing rates of the three-component (CCA) system 
were obtained by monitoring the decrease in OG fluorescence of 
individual filaments during 600 s after flow-in of the indicated 
protein combinations. For reconstituted actin filaments simultane-
ously assembling and undergoing turnover, individual kymo-
graphs were generated for each filament. The slope of the kymo-
graphs was used to determine barbed-end elongation rates, 
whereas the number of troughs over the entire filament length 
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over time was used to determine the severing rates. Statistical 
analyses were performed with Prism 5.0.
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