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SUMMARY

Tropomyosin proteins form stable coiled-coil dimers
that polymerize along the a-helical groove of actin fil-
aments [1]. The actin cytoskeleton consists of both
co-polymers of actin and tropomyosin and polymers
of tropomyosin-free actin [2]. The fundamental
distinction between these two types of filaments is
that tropomyosin determines the functional capa-
bility of actin filaments in an isoform-dependent
manner [3–9]. However, it is unknown what portion
of actin filaments are associated with tropomyosin.
To address this deficit, we have measured the rela-
tive distribution between these two filament popula-
tions by quantifying tropomyosin and actin levels in a
variety of human cell types, including bone (U2OS);
breast epithelial (MCF-10A); transformed breast
epithelial (MCF-7); and primary (BJpar), immortalized
(BJeH), and Ras-transformed (BJeLR) BJ fibroblasts
[10]. Our measurements of tropomyosin and actin
predict the saturation of the actin cytoskeleton,
implying that tropomyosin binding must be inhibited
in order to generate tropomyosin-free actin fila-
ments. We find the majority of actin filaments to be
associated with tropomyosin in four of the six cell
lines tested and the portion of actin filaments associ-
ated with tropomyosin to decrease with transforma-
tion. We also discover that high-molecular-weight
(HMW), unlike low-molecular-weight (LMW), tropo-
myosin isoforms are primarily co-polymerized with
actin in untransformed cells. This differential parti-
tioning of tropomyosins is not due to a lack of N-ter-
minal acetylation of LMW tropomyosins, but it is, in
part, explained by the susceptibility of soluble
HMW tropomyosins to proteasomal degradation.
We conclude that actin-tropomyosin co-polymers
make up a major fraction of the human actin
cytoskeleton.
RESULTS AND DISCUSSION

Tropomyosin Co-localizes with Most Actin Structures
Tropomyosins have been implicated in a variety of different actin

structures, including stress fibers [6], lamellipodia [7], granules

[11], endosomes [12], cortical actin [13], the epithelial zonula ad-

herens [14], podosomes [15], the cleavage furrow of dividing

cells [16, 17], mitotic spindles [16], actin ruffles [18], short micro-

filaments associated with the Golgi [16, 19], filopodia [8], and the

endoplasmic reticulum [20]. Mammalian cells can produce over

40 different splice variants using four different tropomyosin

genes, TPM1–4, and the resulting gene products can be divided

into low-molecular-weight (LMW) isoforms that span six actin

monomers and high-molecular-weight (HMW) isoforms that

span seven actin monomers.

Using a panel of antibodies to different tropomyosin isoforms,

since no single tropomyosin antibody detects all isoforms, we

find that subgroups of tropomyosin isoforms co-localize with

almost all actin cables in BJpar cells (Figures S1A–S1C, solid ar-

rows). Rare regions of actin cables were detected that do not

stain with one of the antibodies (Figures S1A–S1C, open arrows);

however, it is possible that other tropomyosin isoforms are asso-

ciated with those filaments. Similar observations were made in

immunostained BJeH, U2OS, and MCF-10A cells (Figure 1).

BJeLR cells show a distinct loss of actin cables but retain

some finer actin structures that co-localize with various tropo-

myosins (Figure 1). MCF-7 cells do not produce stress fibers

either; rather, the most prominent actin structure in these cells

is a contractile actin ring that was observed to co-localize with

Tpm3.1/3.2 and Tpm4.2, but not Tpm1.6/1.7/2.1/4.1 (Figure 1).

Actin cables consist of numerous actin filaments, and confocal

imaging does not allow for quantitation of how many individual

actin filaments exist as either actin polymer alone or actin poly-

mer associated with tropomyosin. Hence, we have addressed

this question using a biochemical approach.

Tropomyosin Quantification
Two tropomyosin polymers run in parallel along an actin filament,

one in each major actin groove [1]. In vitro studies have demon-

strated that the interaction between actin and individual

tropomyosin dimers is quite weak; however, end-to-end-linked
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Figure 1. Most Actin Structures Co-localize

with Tropomyosin in BJpar, BJeH, BJeLR,

U2OS, MCF-10A, and MCF-7 Cells

(A–C) Cells were immunostained against (A)

Tpm1.6/1.7/2.1/4.1, (B) Tpm3.1/3.2, or (C)

Tpm4.1/4.2 (green) and co-stained with g-actin

(A and C) or phalloidin (B) (magenta); overlap in

composite images is shown in white. Scale bar,

20 mm. See also Figure S1.
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tropomyosins bind to actin filaments with approximately 1,000-

fold greater affinity, promoting the uniform coating of actin

filaments [21]. To determine whether our cell lines produce suffi-

cient tropomyosin to be able to saturate all the individual actin fil-

aments, the quantities of the major tropomyosin isoforms and

actin were measured in moles per gram of total protein, to allow

for the evaluation of the molar ratio of actin to tropomyosin. The

quantification was performed through the use of a set of actin

and recombinant tropomyosin protein standards and a panel

of anti-tropomyosin antibodies that detect the full spectrum of
2 Current Biology 28, 1–7, July 23, 2018
tropomyosin isoforms [22] (Figure S2).

G-actin-to-F-actin ratios were measured

and combined with our total actin quanti-

fication to calculate the amount of actin in

the form of G-actin or F-actin in moles per

gram of total protein. Based on the num-

ber of actin monomers that could be

bound by each tropomyosin (6 actin

monomers per LMW tropomyosin dimer

and 7 actin monomers per HMW tropo-

myosin dimer) and the molar ratio of

tropomyosins to actin, we calculated

that there is more than sufficient tropomy-

osin to coat all of the actin polymers in all

six cell types (Table 1). This excess of

tropomyosin may be important for estab-

lishing a protein equilibrium that is condu-

cive to the interaction of tropomyosin with

actin. The majority of other actin-binding

proteins have not yet been quantified in

cells, so it is possible that there are others

also present at saturating concentrations;

however, the actin-binding proteins that

have been quantified in mammalian cells,

ADF/Cofilin, profilin, gelsolin, CapZ, Arp2,

and Arp3, were all found to be expressed

at low levels relative to that of actin [23].

As is typically observed in transformed

cells [24–26], BJeLR cells showed a dra-

matic decrease in the expression of all

tropomyosin isoforms, especially the

HMW isoforms (Tpm1.6/1.7 and Tpm2.1/

4.1), compared to the primary and immor-

talized fibroblasts. The exception to this

observation was Tpm3.1/3.2, which ex-

hibited an increase in expression (Table 1).

In BJeLR cells, about 70% of the total

tropomyosin consisted of Tpm3.1/3.2.
The majority of the additional tropomyosin was composed of

the other LMW tropomyosins, Tpm1.8/1.9 and Tpm4.2 (Table 1).

Similar to the BJeLR cells, U2OS, MCF-10A, and MCF-7 cells

also expressed relatively low levels of HMW tropomyosin iso-

forms, and Tpm3.1/3.2 also made up the majority of the

tropomyosin in these cells (Table 1). This result may reflect the

requirement in transformed cells for Tpm3.1/3.2 filaments in

MAPK/ERK signaling [27], glucose transport [13], and the inhibi-

tion of apoptosis [28]. This result was expected for the U2OS and

MCF-7 cells as these cell lines were known to be transformed,



Table 1. Quantity of Tropomyosin and Actin in Human Cells Indicates an Excess of Tropomyosin Required to Saturate All Actin

Filaments

Protein (nmol/g Total Cell Protein ± SD)

BJpar BJeH BJeLR U2OS MCF-10A MCF-7

Tpm1.6/1.7 83 ± 3 100 ± 16 11 ± 1 18 ± 3 14 ± 4 10 ± 2

Tpm1.8/1.9 127 ± 8 109 ± 17 27 ± 19 22 ± 4 7 ± 1 78 ± 22

Tpm2.1/4.1 27 ± 1 18 ± 4 6 ± 1 2.5 ± 0.1 16 ± 1 <1

Tpm3.1/3.2 150 ± 22 176 ± 3 260 ± 29 64 ± 11 154 ± 13 115 ± 23

Tpm4.2 216 ± 13 223 ± 55 66 ± 12 18 ± 11 12 ± 1 13 ± 3

Total Tpm 603 626 370 124 203 216

G-actin 918 ± 206 719 ± 375 310 ± 27 186 ± 34 568 ± 149 650 ± 115

F-actin 809 ± 183 650 ± 340 207 ± 22 148 ± 28 560 ± 148 460 ± 85

Percentage of F-actin that could be

saturated by tropomyosin

230% 298% 541% 259% 112% 143%

See also Figure S2 and Tables S1–S3.
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but not for the MCF-10A cell line that is typically used as a model

for normal human mammary epithelial cells. However, a recent

study of MCF-10A cells revealed unique and atypical differentia-

tion marker expression, calling into question their suitability as a

model of normal mammary cells [29].

The observation that tropomyosins are present at high

enough levels to saturate the actin cytoskeleton mole for

mole led us to quantify how much of the actin cytoskeleton

could be saturated based on tropomyosin-binding affinities.

To this end, we estimated the concentration of actin and tropo-

myosin in cells based on our quantification and previous re-

ports that cells contain approximately 200 g protein per 1 L

volume [30, 31] (Table S1). We used these concentration esti-

mates together with tropomyosin Hill coefficients and experi-

mental Kd(app)/K50% values from the literature [4, 32] to calculate

the predicted binding capacity of each tropomyosin in these

cells, without accounting for binding competition or binding

catalysts (Table S2). In all 6 cell lines, all tropomyosins, except

for un-acetylated Tpm2.1, were predicted to be almost

completely bound to actin filaments. This observation predicts

that the generation of tropomyosin-free actin filaments would,

of necessity, require the active inhibition of tropomyosin bind-

ing to filaments. Some actin-binding proteins known to

compete with tropomyosin include cofilin, fimbrin, and a-actinin

[9, 33] as well as Arp2/3-branched actin networks, which are

incompatible with tropomyosin binding [34]. Conversely, medi-

ators of tropomyosin recruitment like formins [6, 35] and a sub-

set of myosins [5, 36, 37] are expected to favor the binding to

actin of specific tropomyosin isoforms.

Partitioning of Tropomyosins to F-actin-Associated
versus Soluble Pools
Since there is insufficient actin in these cells to accommodate

the predicted binding of all the tropomyosins to actin filaments,

we measured what portion of tropomyosin was associating

with actin filaments. This was done by quantifying the partition-

ing of the different tropomyosin isoforms between the insoluble

(F-actin) and the soluble (G-actin) fractions. In the BJpar,

BJeH, and MCF-10A cells, the HMW tropomyosins (1.6/1.7

and 2.1/4.1) were largely found in the insoluble fraction, whereas
the majority of the LMW Tpms (1.8/1.9, 3.1/3.2, and 4.2) were

found in the soluble fraction (Figures 2A, 2B, 2E, and 2G). This

result was not predicted from the binding calculations (Table

S2) but may reflect the greater binding cooperativity [4] and

stability of binding [9] of HMW, compared with LMW, tropomyo-

sins observed in in vitro cell-free analyses. The high soluble

levels of Tpm3.1/3.2 may explain the rapid exchange of soluble

Tpm3.1 with Tpm3.1-containing actin filaments observed in

cell-free assays [9], cells in culture, and intravital imaging in

mice [39]. Soluble tropomyosin itself may also play a role in regu-

lating the actin cytoskeleton, such as inhibiting gelsolin-medi-

ated actin severing [40].

Furthermore, the preferential sorting of Tpm2.1 to the pellet

suggests that the majority of Tpm2.1 is most likely acetylated,

since acetylated Tpm2.1 has a much higher affinity for actin fila-

ments than the un-acetylated form [32], and based on our calcu-

lations un-acetylated Tpm2.1 could not achieve this extent of

partitioning (Table S2). The high level of soluble Tpm3.1/3.2

and Tpm4.2 is not due to a lack of acetylation. We measured

the prevalence of acetylated tropomyosin and found that all de-

tected Tpm4.2 and Tpm3.1/3.2 was N-terminally acetylated

(Table S3). Unfortunately, we have been unable to detect the

N terminus of the other isoforms using multiple approaches.

In contrast with BJpar, BJeH, and MCF-10A cells, the parti-

tioning of tropomyosin isoforms to the actin-bound fraction is

substantially reduced in the transformed cell lines (BJeLR,

U2OS, and MCF-7; Figures 2C, 2D, 2F, and 2G), suggesting

that tropomyosin association with actin filaments is inhibited in

these cells compared with untransformed cells. Only Tpm1.6/

1.7 exhibits enrichment in the pellet fraction, but the levels are

still reduced in comparison with that observed in primary and

immortalized cells (Figure 2G). We also observed an extra

band under Tpm1.8 in the F-actin fraction, exclusive to themam-

mary epithelial cells (MCF-7 and MCF-10A), which we identified

as Tpm1.9 (Figure 2G) [38].

We calculated the population of actin filaments saturated with

tropomyosin by first multiplying the insoluble:soluble ratio of

each tropomyosin (Figure 2G) with the amount of each tropomy-

osin present in each cell type (Table 1) to estimate the amount of

tropomyosin present in the actin filament pellet. These values
Current Biology 28, 1–7, July 23, 2018 3



Figure 2. Tropomyosin Partitioning be-

tween Soluble and Insoluble Pools

(A–F) Quantity of tropomyosin in soluble and

insoluble pools in (A) BJpar, (B) BJeH, (C) BJeLR,

(D) U2OS, (E) MCF-10A, and (F) MCF-7 cells.

(G) Blots showing tropomyosin and actin parti-

tioning in all six cell lines. Tpm1.9 runs slightly

faster than Tpm1.8 in the insoluble fraction due to

fractionated protein pellets being resuspended in

urea [38], as seen in MCF-10A and MCF-7 cell

lines. G, soluble; F, insoluble.

(H) Estimated population of actin filaments asso-

ciated with tropomyosin was calculated based on

total cellular tropomyosin and actin quantities and

the portion of actin and tropomyosin in the insol-

uble pool of all six cell lines. As a control experi-

ment, BJeH cells were pre-treated with 0, 1, 5, or

10 mM Lat A for 1 hr prior to fractionation.

(I and J) Blots (I) and graph (J) based on results

from 3 independent experiments demonstrate that

tropomyosin pelleting is proportional to actin

cytoskeleton integrity. The only tropomyosin that

pellets with F-actin at higher concentrations of Lat

A is Tpm1.8/1.9.

(K) Confocal images of BJeH cells transfected with

Tpm1.8-NeonGreen (Tpm1.8-NG, green), treated

with 0, 1, 5, or 10 mMLat A for 1 hr, and stained with

ATTO 647n-conjugated phalloidin (magenta) show

that Tpm1.8-NG co-localizes with F-actin at all

tested concentrations of Lat A (arrows). All graphs

show data presented as mean ± SD. Scale bar,

20 mm. See also Figure S3.
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weremultiplied by the actin-binding capacity (actin-binding sites

per tropomyosin dimer) of each tropomyosin isoform then

summed for each cell type and compared with the amount of

actin filament in each cell type to yield the fraction of actin fila-

ments saturated by tropomyosin (Figure 2H). Therewasadiverse

spread across thedifferent cell lines,with >80%of actin filaments

estimated to be associated with tropomyosin for the BJpar and

BJeH cell lines and 30%–60% estimated for the transformed

cell lines and theMCF-10A cells (Figure 2H). The BJeLR estimate

was found tobe significantly smaller than its untransformedBJeH

counterpart (Figure 2H). In 4 (BJpar, BJeH, BJeLR, and U2OS) of

the 6 cell lines tested, more than half of the actin filaments were

estimated to be saturatedwith tropomyosin (Figure 2H), suggest-
4 Current Biology 28, 1–7, July 23, 2018
ing that tropomyosin-associated actin fil-

aments make up a major component of

the human actin cytoskeleton.

It was predicted the majority of actin fil-

aments would be associated with tropo-

myosin, given that tropomyosins localize

to most actin structures, are important

for stabilizing actin filaments, and support

the function of myosin motors [5, 6, 41–

43]. We conclude that levels of tropomy-

osin-associated actin filaments in cells

are not simply a product of the concentra-

tion of free tropomyosin but that the pro-

duction of different filament types is

actively regulated by the cell. Our data
also demonstrate that the presence of actin bundles alone

does not necessarily determine the fraction of tropomyosin-actin

polymer in a cell, since we observed that BJeLR cells, which do

not contain actin bundles, and U2OS cells, which contain prom-

inent actin bundles, both have similar levels of tropomyosin satu-

ration of their actin cytoskeleton (Figures 1 and 2H).

To confirm that the co-sedimentation of tropomyosin with

actin filaments in our partitioning assay was a result of tropomy-

osin interacting with actin filaments, we performed a control

experiment perturbing the actin cytoskeleton in BJeH cells with

various concentrations of Latrunculin A (Lat A) (Figures 2I–

2K). Lat A does not interact with actin filaments to cause depo-

lymerization; rather, it binds to monomeric actin and inhibits



Figure 3. High-Molecular-Weight Tropomyosin Isoforms Are

Degraded by the Proteosome When Excluded from Actin Filaments

BJpar cells were treated with DMSO or Lat A with or without MG132 for 6 hr

and blotted for tropomyosin, with a-tubulin as a loading control.

(A and B) Representative blots (A) and graph (B) based on 4 experimental

replicates show a large decrease in HMW tropomyosin isoforms (Tpm1.6/1.7

and Tpm2.1/4.1) and a small decrease in Tpm4.2 levels with Lat A treatment,

which could be ameliorated with the addition of proteosome inhibitor MG132.

(C) BJpar cells were treated with proteosome inhibitor MG132 or DMSO

control for 24 hr, and tropomyosin levels were measured and normalized to the

DMSO control. Graph shows results from 3 independent experiments, where

no significant changes in tropomyosin levels were observed. All graphs show

data presented as mean ± SD.*p < 0.05 and ***p < 0.001.
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the incorporation of the bound actin into growing actin filaments

[44]. Hence, in the presence of Lat A, actin filaments as they turn

over release actin monomer and associated proteins, including

tropomyosin, and the rate of reassembly of actin filaments is in-

hibited by the binding of Lat A to the actin monomer pool. This
leads to severely disorganized actin filaments, which often

appear as aggregates (Figures 2K and S3), as seen in many

cell biology studies [45, 46]. Tropomyosin does not co-pellet

with the resulting newly synthesized disorganized filaments,

with the exception of a reduced quantity of Tpm1.8/1.9 (Figures

2I and 2J), which suggests that, when the rate of actin polymer-

ization is compromised, tropomyosin co-polymerization is

largely abrogated. This finding is consistent with tropomyosin

co-polymerizing with actin and further suggests that tropomy-

osin cannot bind to actin filament aggregates. It also confirms

that the co-pelleting of tropomyosin with actin filaments is

indeed actin filament dependent. Furthermore, fluorescently

tagged Tpm1.8 continues to co-localize with actin filaments at

different concentrations of Lat A (arrows, Figure 2K), while

Tpm3.1/3.2 co-localizes very poorly with F-actin after treatment

with 5 or 10 mM Lat A (arrows, Figure S3). This result may reflect

the recent finding that Tpm1.8/1.9 is the only isoform known to

localize at the leading edge of cells and is capable of coating

newly de-branched actin filaments [7], as well as its high actin-

binding affinity observed in vitro [5].

HMW Tropomyosins Are Degraded by the Proteasome
When Excluded from Actin Filaments
Lat A treatment discriminates the relative stability of HMW and

LMW tropomyosins. While short-term (%1-hr) Lat A treatments

did not significantly impact total tropomyosin levels, we found

that long-term (6-hr) Lat A treatment resulted in an 83%–92%

reduction of HMW tropomyosins and a 43% reduction in

Tpm4.2 that could be ameliorated with the addition of protea-

some inhibitor MG132 (Figures 3A and 3B). Taken together

with our data that show that Lat A perturbs actin structures in

BJ fibroblasts and disrupts actin-tropomyosin co-polymers (Fig-

ures 2I–2K), this result suggests that HMW tropomyosins are

preferentially degraded when they are not associated with actin

filaments. This most likely reflects the observation that HMW

tropomyosins have a lower stability than LMW tropomyosins

[47] and may also help to explain the loss of HMW isoforms in

transformed cells. The HMW tropomyosin isoforms may be

degraded in transformed cells as a result of failure to be

incorporated into actin filaments, which we observed, as HMW

tropomyosin partitioning with actin filaments was indeed

reduced in transformed cells (Figure 2G). Degradation of HMW

isoforms such as Tpm2.1 is also predicted to reduce the cell’s

sensitivity to apoptosis [28] and enable cells to engage in

anchorage-independent growth [48] and to form contractile focal

contacts [42], thus promoting a transformed cell phenotype.

The turnover of HMW tropomyosins by the proteasome raises

the question of how rapidly they are turning over in untreated

cells. Exposure of primary BJ fibroblasts to MG132 for 24 hr re-

sulted in no significant increase in tropomyosin levels (Figure 3C).

We therefore suggest that there is not extensive turnover of the

HMW tropomyosin mediated by the proteasome under normal

growth conditions.

We conclude that tropomyosins (1) localize to most actin

structures in cultured cells, (2) associate with themajority of actin

filaments in untransformed cultured cells, (3) are present in suffi-

cient levels to saturate all actin filaments and (4) would therefore

need to be actively inhibited from binding to actin filaments to

allow the formation of tropomyosin-free actin filaments, and
Current Biology 28, 1–7, July 23, 2018 5
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(5) are inhibited from binding actin filaments in transformed cells,

as well as that (6) LMW isoforms are mostly soluble and display

reduced susceptibility to proteolytic degradation and (7) HMW

isoforms are mostly actin bound and show increased suscepti-

bility to degradation by the proteasome in their soluble form.

These results indicate that co-polymers of actin with tropomy-

osin make up a major fraction of actin filaments in human cells.

Since tropomyosins determine the functional and kinetic proper-

ties of actin filaments [4, 9] and the functional consequences of

their engagement with myosin motors [3, 5, 9, 42, 43], our results

highlight the importance of identifying what type of actin filament

is engaged in any specific cellular function.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mouse monoclonal anti-g-actin (clone 2A3) Biorad Cat#MCA5776GA; RRID:AB_2571583

sheep polyclonal anti-g-actin [49] N/A

mouse monoclonal anti-actin (clone C4) [50] N/A

mouse monoclonal anti-tropomyosin CG3, detecting

Tpm3.1-3.11

[22] N/A

rabbit polyclonal anti-tropomyosin d/9d, detecting

Tpm2.1, Tpm4.1 and Tpm4.2

[22] N/A

mouse monoclonal anti-tropomyosin Tm311, detecting

Tpm1.1-1.7, Tpm1.10, Tpm2.1 and Tpm4.1

Sigma-Aldrich Cat#T2780; RRID:AB_261632

sheep polyclonal anti-tropomyosin a/1b, detecting

Tpm1.8, Tpm1.9, Tpm1.11 and Tpm1.12

[22] N/A

mouse monoclonal anti-GAPHD (clone 6C5) Merck Cat#MAB374; RRID:AB_2107445

mouse monoclonal anti-a-tubulin (clone DM1A) Sigma-Aldrich Cat#T9026; RRID:AB_477593

Atto fluor 647N conjugated phalloidin Atto Tec Cat#AD 647N-81

Alexa fluor 488 or Alexa Fluor 647 conjugated

secondary antibodies

Invitrogen N/A

HRP conjugated anti-mouse Abcam Cat#ab97046

HRP conjugated anti-rabbit Jackson Cat#711-035-152

HRP conjugated anti-sheep Santa Cruz Cat#SC-2473

Chemicals, Peptides, and Recombinant Proteins

Latrunculin A Adipogen Cat#AG-CN2-0027-C100

MG-132 Sigma-Aldrich Cat#M7449

Recombinant His-tagged tropomyosins [22] N/A

Cholera Toxin Sigma-Aldrich Cat#C8052

Insulin Sigma-Aldrich Cat#91077C

Hydrocortisone Sigma-Aldrich Cat#H0888

Epidermal Growth Factor Sigma-Aldrich Cat#E9644

Mowiol 4-88 Sigma-Aldrich Cat#81381

4 x Laemmli sample buffer Biorad Cat#161-0747

Luminata Crescendo Western HRP substrate Merck Cat#WBLUR0500

BSA Standard Pierce Cat#PI23210

Critical Commercial Assays

G-actin/F-actin In Vivo Assay Biochem Kit Cytoskeleton, Inc. Cat#BK037

Precision Red Advanced Protein Assay Cytoskeleton, Inc. Cat#ADV02-A

Experimental Models: Cell Lines

U2OS [51] RRID:CVCL_0042

MCF-7 [52] RRID:CVCL_0031

MCF-10A [53] RRID:CVCL_0598

BJpar [10] RRID:CVCL_3653

BJeH [10] RRID:CVCL_6573

BJeLR [10] N/A

Recombinant DNA

Plasmid: Tpm1.8-NeonGreen This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Excel 2010 Microsoft https://products.office.com/excel

Prism 7 Graphpad https://www.graphpad.com/scientific-

software/prism/

Fiji (ImageJ) National Institute of Health, USA https://fiji.sc/

Mascot v2.5 Matrix Science http://www.matrixscience.com

Leica Application Suite Leica https://www.leica-microsystems.com/

products/microscope-software/details/

product/leica-application-suite/

Other

Rabbit skeletal muscle actin Kindly provided by Irina Dedova [54] N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Prof. Peter Gunning

(p.gunning@unsw.edu.au).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
U2OS (Female), MCF-7 (Female), BJpar (Male), BJeH (Male) and BJeLR (Male) cells [10, 51, 52] were cultured in DMEM (Sigma) sup-

plemented with 10% fetal bovine serum (FBS; GIBCO); MCF-10A (Female) cells [53] were cultured in DMEM supplemented with 5%

FBS, 0.1 mg/mLCholera Toxin (Sigma), 10 mg/mL Insulin (Sigma), 0.5 mg/mL Hydrocortisone (Sigma) and 40 ng/mL Epidermal Growth

Factor (EGF; Sigma), and kept at 37�C in a humidified chamber with 5%CO2. Cell lines were tested to ensure they wereMycoplasma

free.

METHOD DETAILS

Cell transfection
Tpm1.8-NeonGreen plasmid was synthesized by GeneArt in a pcDNA3.1+ expression vector and transfected into cells 48 hr prior to

experiment using Lipofectamine3000 (Thermo Fisher) as per manufacturer’s instructions.

Immunofluorescence microscopy
Cells were seeded on #1.5 glass 12 mm round coverslips and grown until 90% confluency. Cells were fixed for 30 min in 1% para-

formaldehyde (PFA) in DMEM with 20 mM HEPES pre-warmed to 37�C. Coverslips were washed once with PBS before permeabi-

lizing with ice cold methanol for 5 min. Coverslips were washed 6 times with PBS and blocked in 5% (w/v) BSA for 1 hr before

proceeding to antibody incubations. Cells to be stained with phalloidin were fixed for 10 min with 4% Paraformaldehyde (PFA) in

PBS and permeabilized for 1 hr in 0.1% (v/v) triton-X in 2.5% (w/v) BSA in PBS. Coverslips were washed with PBS before proceeding

to the antibody incubations. Antibodies were diluted in 2.5% BSA in PBS and incubated on coverslips for 1 hr at room temperature

inside a dark humidified chamber. Coverslips were washed 4 times with PBS between primary and secondary antibody incubations

and after secondary antibody incubation, prior to mounting with Mowiol (10% (w/v) Mowiol 4-88 (sigma), 25% (v/v) glycerol, 100mM

Tris-HCl pH 8.5). Slides were imaged on a confocal laser scanning microscope (Leica TCS SP5), using a 100x/1.4 oil Plan Apo objec-

tive. Images were captured using Leica Application Suite (LAS) acquisition software.

Antibodies and staining
The following primary antibodies were used: mouse monoclonal cytoplasmic g-actin (Biorad, clone 2A3, 1:250 for IF); sheep poly-

clonal g-actin (1:250 for IF); mouse monoclonal C4 actin (1:2000 for western blots); mouse monoclonal CG3 detecting Tpm3.1

and Tpm3.2 (1:250 for IF, 1:500 for western blots); rabbit polyclonal d/9d detecting Tpm4.1 and Tpm4.2 (1:50 for IF, 1:500 for western

blots); mousemonoclonal Tm311 detecting Tpm1.6, Tpm1.7 and Tpm2.1 (Sigma Aldrich, 1:200 for IF, 1:500 for western blots); sheep

polyclonal a/1b detecting Tpm1.8 and Tpm1.9 (1:500 for western blots); mouse monoclonal GAPHD (Merck, 1:5000 for western

blots); mouse monoclonal a-tubulin DM1A (Sigma, 1:1000 for western blots). All antibodies have been previously described

[22, 49, 50, 55].

Secondary antibodies used were raised against the species of the primary antibodies and conjugated with Alexa fluor 488 or Alexa

fluor 647 (Invitrogen, 1:500 for IF) or HRP (anti-mouse, Abcam, 1:10,000 for western blots; anti-rabbit, Jackson, 1:5,000 for western
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blots; anti-sheep, Santa Cruz, 1:5,000 for western blots). Phalloidin conjugated with Atto fluor 647N (Atto Tec, 1:1000 for IF) was used

to stain for F-actin.

Actin and tropomyosin quantification
In order to quantify actin and tropomyosin in cell lysates a set of standards were first prepared. Rabbit skeletal muscle actin was pre-

pared as described in Dedova et al. [54] (Kindly provided by Irina Dedova) and diluted in general actin buffer (5 mM Tris-HCl pH8,

0.2 mM CaCl2, 0.2 mM ATP, 0.5 mM DTT). His-tagged tropomyosins were produced in a pProEXHT vector system and purified

as described in Schevzov et al. [22]. Purified actin, tropomyosin and cell lysate total protein concentrations were measured with a

Precision Red Advanced Protein assay (Cytoskeleton) using serial dilutions of a BSA standard (Pierce) as a standard curve. For

each cell line lysates were collected from 3 different passages by growing cells on 10 cm dishes till 90% confluency, washing

once with PBS and harvesting in radio-immunoprecipitation assay buffer (RIPA) (20 mM Tris pH7.4, 150 mM NaCl, 1% (v/v) Nonidet

P-40, 0.5% (v/v) sodium deoxycholate, 1mM EDTA, 0.1% (v/v) SDS). Lysates were homogenized via sonication and mixed with

appropriate amounts of 4 x Laemmli sample buffer (Biorad) and boiled at 95�C for 10 min. Samples were run on a 10% SDS-

PAGE gel and transferred to a PVDF membrane using the Trans-Blot Turbo (Biorad) transfer system, then probed for actin or tropo-

myosin using specific antibodies. Membranes were developed using Luminata Crescendo Western HRP substrate (Merck) and

imaged on a Chemidoc MP imaging system (Biorad), densitometry was quantified in Fiji (downloaded from https://fiji.sc/). Standard

curves were plotted in Microsoft Excel and used to calculate the amount of actin or tropomyosin present per known quantity of cell

lysate as detailed below.

Let molTpm = moles of tropomyosin per gram total protein (see Table 1)

Let molActin = moles of actin per gram total protein (see Table 1)

Let grTpm = grams of tropomyosin in lysate

Let grActin = grams of actin in lysate

Let grTotalProtein = grams of total protein in lysate

Let MWTpm = Molecular weight of tropomyosin in Da (30,000 Da for Tpm1.8/1.9, Tpm3.1/3.2 & Tpm4.2; 34,000 Da for Tpm1.6/

1.7; 38,000 Da for Tpm2.1/4.1 [22])

Let MWActin = Molecular weight of actin in Da (42,000 Da)
molTpm=

grTpm

grTotalProtein

MWTpm
molActin=

grActin

grTotalProtein

MWActin

Let actinperTpm = themonomeric binding ratio of actin to tropomyosin for a particular tropomyosin isoform, this equals 3 for LMW

tropomyosin isoforms (Tpm1.8/1.9, Tpm3.1/3.2 & Tpm4.2) and 3.5 for HMW tropomyosins (Tpm1.6/1.7 & Tpm2.1/4.1).

Let possible %TpmActin = % F-actin that could be saturated by tropomyosin (see Table 1)
Let i= fTpm1:6=1:7; Tpm1:8=1:9; Tpm2:1=4:1; Tpm3:1=3:2; Tpm4:2g

 Pi
possible %TpmActin=
ðmolTpm 3 actinperTpmÞ
molActin 3 fActin

!
3 100%

Let [Tpm] = the estimated molar concentration of tropomyosin in a cell (See Table S1)
Let the concentration of total protein in the cell=
200g

L

[30, 31]
½Tpm�=
�
molTpm3

200g

L

�
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Let Kd(app) = the experimental equilibrium constant indicating the concentration of tropomyosin required to saturate 50% of actin

filaments (See Table S2 or [4, 32])

Let n = the experimentally determined Hill coefficients (See Table S2 or [4, 32])

Let %TpmBindingPrediction = % Tropomyosin predicted to bind actin filaments based on Hill Equation [4] (see Table S2)
%TpmBindingPrediction=

� ½Tpm�n
KdðappÞ + ½Tpm�n

�
3 100%

Let fTpm = fraction of tropomyosin in pellet (See Figure 2G)

Let fActin = fraction of actin in the form of F-actin (See Figure 2G and Table 1)

Let %TpmActin = The % F-actin that is associated with tropomyosin (see Figure 2H)
%TpmActin=

 PiðmolTpm 3 fTpm3actinperTpmÞ
molActin 3 fActin

!
3100%

Let SDmolTpm = standard deviation of moles of tropomyosin per gram total protein

Let SDfTpm = standard deviation of fraction of tropomyosin in pellet

Let %Error TpmActin = % error of F-actin associated with tropomyosin (see Figure 2H)
%Error TpmActin=

0
BB@
Pi

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðSDfTpm3molTpmÞ2 + ðSDmolTpm3 fTpmÞ2

q
3 actinperTpm

�
molActin 3 fActin

1
CCA3 100%
Tropomyosin partitioning assay
Cells were plated on 10cmdishes and grown till 90% confluency. Cells were washed twice with 37�CPBS before harvesting in 500 mL

LAS2 lysis and F-actin stabilization buffer prepared as per manufacturer’s instructions and pre-warmed to 37�C, from the G-actin/

F-actin In Vivo Assay Biochem Kit (Cytoskeleton). Samples were further processed using the G-actin/F-actin In Vivo Assay Biochem

Kit (Cytoskeleton) as per manufacturer’s instructions. Briefly, lysates were transferred to a pre-warmed Eppendorf tube and homog-

enized by pipetting up and down 10 times, then incubated at 37�C for 20min (beginning after cell suspension in LAS2). Unbroken cells

were pelleted by centrifuging lysates at 2000rpm for 5 min in an Eppendorf 5415R tabletop centrifuge pre-warmed to 37�C, super-
natant was then collected in a pre-warmed Eppendorf tube labeled ‘total lysate’. 200 mL of total lysate was transferred into a pre-

warmed ultracentrifuge tube (Hitachi, 0.5PC, S300533A) and centrifuged at 100,000 x g for 1 hr at 37�C in aHitachi CS150NX tabletop

micro ultracentrifuge fitted with a S120AT3 rotor. After centrifugation, the supernatant (G-actin) was immediately transferred into an

Eppendorf tube labeled ‘G-actin supernatant’ and placed on ice. The F-actin pellet was resuspended in 200 mL F-actin depolymer-

ization solution (Cytoskeleton) transferred into a tube labeled ‘F-actin pellet’ and incubated on ice for 1 hr, vortexing every 15 min.

Samples were mixed with an appropriate amount of 4 x Laemmli sample buffer (Biorad) and the G-actin sample was boiled at

95�C for 10 min. The F-actin sample was not boiled due to the urea in the F-actin depolymerization solution, but instead incubated

at 37�C for 10 min prior to loading the sample on a gel. Equal volumes were run on a 10% SDS-PAGE gel, transferred to a PVDF

membrane, probed with specific anti-actin and tropomyosin antibodies and developed as before. Densitometry and ratios were

analyzed using Fiji and Excel.

Liquid chromatography (LC)
Nano-Liquid chromatography (nano-LC) was performed using an Ultimate 3000 HPLC and autosampler system (Dionex,

Amsterdam, Netherlands). Samples were injected into a fritless nanoLC column (75 mm x �12 cm) containing C18 media

(1.9mm, 120 Å ReproSil-Pur 120 C18-AQ, Dr Maisch GmbH) manufactured according to Gatlin [56] and heated to 45�C for all

runs. Peptides were eluted using a linear gradient according to the conditions in the table below, over 52 min, at a flow rate of

0.200 mL/min. Mobile phase A consisted of 0.1% Formic Acid in H2O, while mobile phase B consisted of ACN:H2O (8:2) with

0.1% Formic Acid.
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Liquid chromatography conditions for peptide separation prior to MS/MS
Time (min) %B

0.0 2.0

4.0 2.0

36.0 45.0

37.0 80.0

37.5 80.0

39.0 2.0

52.0 2.0
Tandem mass spectrometry (MS/MS)
High voltage (2000 V) was applied to a low volume tee (Upchurch Scientific) and the column tip positioned �0.5 cm from the heated

capillary (T = 275�C) of a LTQ Orbitrap Velos (Thermo Fisher Scientific, Waltham, Massachusetts, USA) mass spectrometer. Positive

ions were generated by electrospray and the mass spectrometer operated in data dependent acquisition mode (DDA). Full scan MS

spectra were acquired (m/z 350-1750) by the Orbitrap at a resolution of 30,000. The 15 most abundant ions (> 5,000 counts) with

charge states R +2 were sequentially isolated and fragmented within the linear ion trap using collisionally induced dissociation

with an activation q = 0.25 and activation time of 10 ms at a target value of 30,000 ions. M/z ratios selected for MS/MS were dynam-

ically excluded for 35 s.

Peak lists of MS/MS data were generated using Mascot Daemon/extract_msn (Matrix Science, London, England) and were

entered into the search program Mascot version 2.5 (http://www.matrixscience.com) and searched against Homo sapiens proteins

in the NCBIprot database in March 2017. Precursor tolerances were 4 ppm and product ion tolerances were ± 0.4 Da. Modifications

accounted for are Carbamidomethyl (C), Oxidation (M), Propionamide (C) and Acetyl (N-term) with trypsin and 1missed cleavagewas

possible. No decoy database was employed.

Drug treatments
For all of the drug assays cells were grown to 90% confluency in 10 cm dishes. Drugs were diluted in growth media, Lat A (Adipogen)

was used at 1 mMunless specified otherwise, MG132 (Sigma) was used at 20 mMandDMSO volumewas equalised across treatment

groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values in the text are presented as mean ± standard deviation and number of experimental replicates is indicated in the figure

legends. Data were analyzed in Microsoft Excel 2010 and two-sample two-tailed t tests were used to compare treatment groups

with DMSO control. All graphs were produced using Prism (Graphpad Software).
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