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Twinfilin bypasses assembly conditions and actin
filament aging to drive barbed end depolymerization
Shashank Shekhar1,2*, Gregory J. Hoeprich1*, Jeff Gelles2, and Bruce L. Goode1

Cellular actin networks grow by ATP-actin addition at filament barbed ends and have long been presumed to depolymerize at
their pointed ends, primarily after filaments undergo “aging” (ATP hydrolysis and Pi release). The cytosol contains high levels of
actin monomers, which favors assembly over disassembly, and barbed ends are enriched in ADP-Pi actin. For these reasons,
the potential for a barbed end depolymerization mechanism in cells has received little attention. Here, using microfluidics-
assisted TIRF microscopy, we show that mouse twinfilin, a member of the ADF-homology family, induces depolymerization of
ADP-Pi barbed ends even under assembly-promoting conditions. Indeed, we observe in single reactions containing
micromolar concentrations of actin monomers the simultaneous rapid elongation of formin-bound barbed ends and twinfilin-
induced depolymerization of free barbed ends. The data show that twinfilin catalyzes dissociation of subunits from ADP-Pi
barbed ends and thereby bypasses filament aging prerequisites to disassemble newly polymerized actin filaments.

Introduction
Rapid remodeling and turnover of the actin cytoskeleton is es-
sential for many cellular processes, including cell migration,
endocytosis, cytokinesis, andwound healing (Pollard and Borisy,
2003). Actin networks are assembled by nucleation and elon-
gation factors, which seed the polymerization of new filaments
and facilitate addition of ATP-actin subunits at filament barbed
ends (Pollard and Borisy, 2003; Shekhar et al., 2016). Newly
added subunits immediately hydrolyze ATP, producing ADP-Pi
F-actin, and then release Pi at a much slower rate (0.005 s−1),
producing ADP F-actin (Carlier, 1987; Carlier and Pantaloni,
1986). ADP-Pi and ADP F-actin have distinct conformations,
dynamics, and binding partners (Chou and Pollard, 2019; Merino
et al., 2018). Notably, cofilin and its cofactors selectively target
ADP (“aged”) F-actin and catalyze severing and pointed end
depolymerization (Carlier et al., 1997; Maciver et al., 1991). Thus,
the nucleotide state of F-actin can serve as an internal “timer”
for turnover of actin networks, directing disassembly to older
regions of F-actin. However, some cellular actin networks, such
as those at the leading edge, and sites of endocytosis turn over at
a rate much faster than the actin aging process (Kaksonen et al.,
2003; Lacy et al., 2019; Watanabe and Mitchison, 2002). These
observations suggest that our understanding of actin disassem-
bly mechanisms remains incomplete and that there may be
cellular factors that target ADP-Pi F-actin to drive barbed end
depolymerization and/or accelerate filament aging.

For two reasons, barbed end depolymerization as a potential
mechanism for promoting actin disassembly in vivo has received
little attention. First, barbed ends are enriched in ADP-Pi actin,
which is more stable than ADP actin and does not attract cofilin.
Second, the cytosol contains micromolar levels of assembly-
competent ATP-actin monomers, well above the critical con-
centration for assembly at barbed ends (Carlier and Shekhar,
2017; Skruber et al., 2018). Therefore, under cellular con-
ditions, free barbed ends should grow rather than depolymerize,
unless there are specialized barbed end–associated factors that
can promote the net depolymerization of ADP-Pi and/or ADP
barbed ends even in the presence of ATP-actin monomers. Until
now, such factors have not been reported.

Two evolutionarily conserved members of the ADF-homology
(ADF-H) family, cofilin and twinfilin, promote actin depoly-
merization in vitro. Cofilin binds cooperatively to the sides of
ADP-actin filaments and induces severing to promote disas-
sembly (reviewed in Hild et al., 2014). In the absence of actin
monomers, cofilin alone also modestly increases the rate of
depolymerization at pointed ends, to ∼2–3 subunits s−1 (Shekhar
and Carlier, 2017; Wioland et al., 2017) and, together with
cyclase-associated protein (Srv2/CAP), increases the rate of
pointed end depolymerization by >300-fold, to >50 subunits s−1

(Kotila et al., 2019; Shekhar et al., 2019). In contrast to cofilin,
twinfilin binds poorly to the sides of actin filaments but readily
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associates with barbed ends (Helfer et al., 2006; Hilton et al.,
2018; Johnston et al., 2015; Paavilainen et al., 2007). Indeed,
twinfilin localizes to and functions in vivo at sites of dynamic
actin assembly enriched in barbed ends, including the tips of
filopodia and stereocilia, lamellipodial networks, and yeast cor-
tical actin patches (Hakala et al., 2019 Preprint; Johnston et al.,
2015; Rzadzinska et al., 2009). A number of different in vitro
activities have been reported for twinfilin, including filament
capping, depolymerization, and monomer sequestration (Goode
et al., 1998; Helfer et al., 2006; Hilton et al., 2018; Johnston et al.,
2015; Paavilainen et al., 2007; Vartiainen et al., 2002). Clarifi-
cation of twinfilin’s effects on actin filament dynamics repre-
sents a crucial step in understanding its biological functions.
Here, we attempted to resolve this open question using newly
developed microfluidics-assisted total internal reflection fluo-
rescence (mf-TIRF) microscopy.

Results and discussion
Two previous studies from our laboratory, both using conven-
tional total internal reflection fluorescence (TIRF) microscopy,
reported that budding yeast and mouse twinfilins accelerate
barbed end depolymerization in the absence of actin monomers
(Hilton et al., 2018; Johnston et al., 2015). However, a recent
study using mf-TIRF microscopy reported that twinfilin slows
rather than accelerates barbed end depolymerization (Hakala
et al., 2019 Preprint). This discrepancy inspired us to carefully
reexamine twinfilin’s effects at barbed ends, comparing them
side by side in conventional and mf-TIRF assays. Further, we
compared twinfilin’s effects on actin filaments in two different
nucleotide states (ADP and ADP-Pi) given that in our previous
studies we had not aged the filaments to the same extent as in a
previous study (Hakala et al., 2019 Preprint).

We first examined the effects of mouse twinfilin 1 (mTwf1)
on aged (ADP) F-actin barbed ends in a conventional TIRF ex-
periment (Fig. 1 a, left) using fluorescently labeled filaments
anchored to streptavidin-functionalized glass coverslips. After
polymerization, filaments were incubated in TIRF buffer for
15 min to allow complete conversion to ADP F-actin. These fil-
aments were then exposed to TIRF buffer with or without 5 µM
mTwf1 (in the absence of G-actin). In the presence of 5 µM
mTwf1, barbed ends depolymerized at a rate of 5.6 ± 1.5 subunits
s−1 (± SD; Fig. 1, b and c), slightly slower than in control reactions
lacking mTwf1 (7.9 ± 2.0 subunits s−1). These effects are con-
sistent with mTwf1 binding to barbed ends and slowing the
dissociation of ADP-actin subunits.

We next performed mf-TIRF assays in which the filaments
were only anchored at their pointed ends (Fig. 1 a, right). These
assays alleviate concerns that anchoring filaments along their
lengths might affect depolymerization rates. They also provide a
more accurate measurement of change in filament length over
time and more precise control when flowing in ingredients
(Jégou et al., 2011; Shekhar, 2017). After polymerization, fila-
ments were aged for 15 min as above. In the presence of 5 µM
mTwf1, ADP barbed ends depolymerized at 3.6 ± 0.8 subunits s−1

(Fig. 1, c–f), whereas in control reactions lacking mTwf1, they
depolymerized at 9.9 ± 1.3 subunits s−1. Thus, mTwf1 exhibited

the same or perhaps even stronger inhibition of depolymeriza-
tion at ADP barbed ends in mf-TIRF compared with that in
conventional TIRF assays. These results demonstrate that the
above-mentioned discrepancy in twinfilin effects at barbed ends
does not stem from differences in TIRF methods.

The recent study from Hakala et al., (2019 Preprint) investi-
gated the effects of twinfilin on extensively aged ADP-actin fil-
aments, and we noticed that in our earlier studies we had not
aged filaments for as long, suggesting theymay have consisted of
a mixture of ADP-Pi and ADP subunits. This prompted us to
directly investigate how the nucleotide state of the filaments
influences twinfilin’s effects at the barbed end. To keep fila-
ments in the ADP-Pi state, they were maintained in buffer
supplemented with 50 mM Pi (Fig. 2 a; Carlier and Pantaloni,
1988). In the presence of 5 µM mTwf1, ADP-Pi barbed ends de-
polymerized at 2.2 ± 0.3 subunits s−1, approximately sevenfold
faster than ADP-Pi barbed ends in control reactions lacking
mTwf1 (0.3 ± 0.1 subunits s−1; Fig. 2, b–d). Similar effects were
observed in conventional TIRF assays (Fig. 2 d). Further, mTwf1
accelerated the rate of barbed end depolymerization for ADP-
actin filaments incubated with BeF3 (without 50 mM Pi), which
essentially mimics the ADP-Pi state (Combeau and Carlier, 1988,
1989; Fig. 2 e). Thus, the ability of mTwf1 to increase the rate of
barbed end depolymerization is not the result of high free Pi
levels in solution, but rather the nucleotide state (ADP-Pi) of the
filaments.

Taken together, these observations reveal that mTwf1 has
strikingly opposite effects at barbed ends depending on their
nucleotide state, accelerating depolymerization at ADP-Pi ends
and slowing depolymerization at ADP ends (Fig. 2 f). Interest-
ingly, in the absence of additional cellular factors, free ADP
barbed ends depolymerize almost 33-fold faster than free ADP-Pi
barbed ends (0.3 subunits s−1 vs. 9.9 subunits s−1). In contrast,
the depolymerization rates for ADP-Pi and ADP barbed ends are
quite similar in the presence of mTwf1 (2.2 subunits s−1 and 3.6
subunits s−1, respectively). Therefore, in the presence of mTwf1,
new and old regions of F-actin will depolymerize at approxi-
mately the same rate. This is an effect that may be used to
control the disassembly of cellular actin structures where
twinfilin is known to reside (e.g., filopodia tips, stereocilia tips,
and lamellipodia; Hakala et al., 2019 Preprint; Peng et al., 2009;
Rzadzinska et al., 2009).

Our data also show that mTwf1’s effects on ADP-Pi barbed
end depolymerization are saturable (Fig. 2 g). The concentration
dependence is consistent with a simple mechanism in which
mTwf1 molecules bind independently to a site at the filament
barbed end, and themaximum disassembly rate is reachedwhen
that site is fully occupied. The estimated cytosolic concen-
trations of twinfilin in mammalian cells and Saccharomyces cer-
evisiae are 0.5 and 1 µM, respectively (Johnston et al., 2015,
2018). Our in vitro experiments predict that these concen-
trations of twinfilin could strongly accelerate depolymerization.

We next considered whether mTwf1’s depolymerization ef-
fects at ADP-Pi barbed ends can occur under actin assembly-
promoting conditions (i.e., ATP-actin monomer levels above
the barbed end critical concentration). In cells, the cytosol con-
tains micromolar levels of assembly-competent actin monomers
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Figure 1. mTwf1 slows the depolymerization of aged (ADP) actin filament barbed ends. (a) Schematics of conventional TIRF and mf-TIRF experiments to
monitor barbed end depolymerization of ADP-actin filaments. In conventional TIRF (left), filaments are polymerized using 2 µM G-actin (15% Alexa-488 labeled
and 0.5% biotinylated) and 3 µM profilin. In mf-TIRF assays (right), filaments with free barbed ends are polymerized by exposing coverslip-anchored spectrin-
actin seeds to 2 µM G-actin (15% Alexa-488 labeled) and 5 µM profilin. In both setups, filaments are aged to produce ADP F-actin by incubation for 15 min in
TIRF buffer or mf-TIRF buffer containing 0.1 µM G-actin (critical concentration at the barbed end, to prevent change in filament length). Then 5 µM mTwf1 or
control buffer is flowed in, and barbed end depolymerization is monitored over time. Note that G-actin and profilin are no longer present when depoly-
merization is monitored. BE, barbed end; PE, pointed end. (b) Representative time-lapse images from conventional TIRF assays showing the effects of 5 µM
mTwf1 on barbed end depolymerization. Blue arrowheads, barbed ends. Yellow arrowheads, pointed ends. (c) Comparison of single filament rates (mean ± SD)
for barbed end depolymerization in the presence and absence of 5 µM mTwf1 and in conventional TIRF and mf-TIRF assays. *, Statistical comparison by two-
sample t test between indicated conditions (P < 0.05). Number of filament ends analyzed for each condition (left to right): 58, 38, 40, and 78. Conventional TIRF
experiments were performed two times and mf-TIRF experiments three times and yielded similar results. Data shown are from one experiment each.
(d) Representative field of view from mf-TIRF assay, showing filaments aligned under flow in the microfluidic chamber with anchored pointed ends (left) and
free barbed ends (right). (e) Representative kymograph of an Alexa-488–labeled actin filament (green) depolymerizing in control buffer from mf-TIRF assay.
(f) Same as e but in the presence of 5 µM mTwf1. White dotted lines indicate the slope of the depolymerizing barbed ends.
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Figure 2. mTwf1 accelerates the depolymerization of newly polymerized (ADP + Pi) actin filament barbed ends. (a) Schematic showing the experi-
mental strategy for measuring barbed end depolymerization of ADP-Pi actin filaments in mf-TIRF assays. Actin filaments with free barbed ends were poly-
merized using coverslip-anchored spectrin-actin seeds by the addition of 2 µM G-actin (15% Alexa-488 labeled) and 5 µM profilin in mf-TIRF buffer containing
50 mM Pi. Next, mf-TIRF buffer (supplemented with 50 mM Pi) with or without 5 µMmTwf1 was introduced into the chamber, and depolymerization at barbed
ends was monitored. Note that G-actin and profilin were no longer present when depolymerization was monitored. BE, barbed end; PE, pointed end.
(b) Representative kymograph of Alexa-488–labeled actin filament (green) depolymerizing in mf-TIRF buffer with 50 mM Pi (Control). (c) Same as b but in the
presence of 5 µMmTwf1. White dotted lines indicate the slope of depolymerizing barbed ends. (d) Rates (mean ± SD) of barbed end depolymerization with and
without 5 µM mTwf1 in conventional TIRF versus mf-TIRF assays. *, Statistical comparison by two-sample t test between indicated conditions (P < 0.05).
Number of filament ends analyzed for each condition (left to right): 25, 28, 29, and 29. Note that the scale in this panel is different than that in Fig. 1 c. (e) Rates
(mean ± SD) of barbed end depolymerization in the presence of BeF3 with and without 5 µM mTwf1. *, Statistical comparison by two-sample t test between
indicated conditions (P < 0.05). Number of filament ends analyzed for each condition (left to right): 77 and 109. (f) Percent change in the rate of barbed end
depolymerization induced by 5 µM mTwf1 for ADP- (left) or ADP-Pi–actin (right) filaments (mean ± SEM for two replicates). (g) Rates (mean ± SD) of barbed
end depolymerization for ADP-Pi filaments as a function of mTwf1 concentration in mf-TIRF. Number of filament ends analyzed for each concentration (left to
right): 29, 45, 41, 36, 42, and 46. The line is a fit to a hyperbolic binding curve (see Materials and methods). Conventional TIRF experiments were performed two
times and mf-TIRF experiments three times and yielded similar results. Data shown are from one experiment each.
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(free and profilin bound), well above the ∼0.1-µM critical con-
centration for assembly. This favors growth over disassembly at
free barbed ends, as well as at barbed ends bound to polymeri-
zation factors such as formins or Ena/VASP (Bear and Gertler,
2009; Goode and Eck, 2007). A study (Hakala et al., 2019 Preprint)
recently called into question twinfilin’s ability to drive barbed
end depolymerization in the presence of G-actin and instead
proposed that twinfilin sequesters actin monomers and thereby
lowers the concentration of assembly-competent G-actin to
indirectly cause net depolymerization under actin assembly–
promoting conditions.

To clarify how twinfilin promotes barbed end depolymer-
ization, we prepared a mixed population of filaments, some with
free and some with formin (mDia1)-capped barbed ends (Fig. 3,
a–c). Approximately 20% of barbed ends were capped by mDia1,
as judged by their faster growth rates upon exposure to G-actin
and profilin (Video 1 and Video 2). When this mixed filament
population was then exposed to mTwf1 (25 nM to 5 µM) in the
presence of G-actin and profilin, the formin-bound barbed ends
continued to grow rapidly, at rates similar to those observed
before the addition of mTwf1 (Fig. 3 d). Thus, mTwf1 does not
significantly reduce the concentration of assembly-competent
actin monomers under these conditions. In contrast, mTwf1
changed the dynamics of free barbed ends, slowing net polym-
erization at lower concentrations of mTwf1 and inducing net
depolymerization at higher concentrations of mTwf1 (Fig. 3 e).
We note that the rate of barbed end depolymerization observed
here is higher than in Fig. 1 c. This is likely due to these reactions
containing free profilin, which was included to enable formins
to polymerize the barbed ends. Profilin alone increases the rate
of depolymerization at barbed ends (Pernier et al., 2016). Thus,
the higher rates of depolymerization we observed in these ex-
periments could be due to the combined effects of mTwf1 and
profilin on barbed end depolymerization. Importantly, our ob-
servation that free barbed ends rapidly shortened while formin-
bound barbed ends continued to rapidly grow, all within the
same reactions (Fig. 3, c and f; and Video 1), demonstrates that
mTwf1 promotes net depolymerization of barbed ends under
assembly-promoting conditions (0.5 µM G-actin) and that these
effects are not due to actin monomer sequestration by mTwf1. At
higher concentrations of G-actin (3 µM and 10 µM), mTwf1 con-
tinued to suppress growth and promote net depolymerization of
filaments but at slower rates (Fig. 3 g). Overall, these observations
show that under assembly-promoting conditions, mTwf1 attenu-
ates growth and promotes barbed end depolymerization.

Combining the new observations here with previous work,
we present a working model for twinfilin’s overall regulatory
effects at barbed ends (Fig. 4). Twinfilin first binds, alone or
together with its interaction partner capping protein (Johnston
et al., 2018; Palmgren et al., 2001), to newly polymerized (ADP-Pi)
barbed ends.When capping protein alone or twinfilin and capping
protein together are bound to a barbed end, filament growth is
paused. Twinfilin catalyzes capping protein dissociation from
barbed ends (Hakala et al., 2019 Preprint), leaving twinfilin alone
at the barbed end to processively depolymerize ADP-Pi actin fil-
aments (accelerating subunit dissociation while blocking the ad-
dition of new subunits).

To date, no other cellular factors have been shown to promote
the net depolymerization of ADP-Pi barbed ends in the presence
of excess G-actin (as found in the cytosol). Cofilin is capable of
increasing the rate of dissociation of actin subunits from ADP-Pi
(and ADP) barbed ends, but not in presence of actin monomers
(Shekhar and Carlier, 2017; Wioland et al., 2017). We speculate
that the unique ability of twinfilin to drive barbed end depoly-
merization under assembly-promoting conditions may arise
from an ability to suppress ATP-actin subunit exchange at
barbed ends while permitting the exchange of ADP-Pi-actin and
ADP-actin subunits. Further, these novel capabilities of twinfilin
may stem from its specific molecular architecture, consisting of
two connected ADF-H domains and a short C-terminal tail, with
each domain binding to actin and contributing to its in vitro and
in vivo functions (Johnston et al., 2015; Palmgren et al., 2001).

Finally, our observations reinforce the view that different
ADF-H domain proteins have evolved to perform distinct roles
in promoting cellular actin turnover (Hild et al., 2014). Under
assembly-promoting conditions, twinfilin promotes capping
protein dissociation from barbed ends and drives depolymer-
ization of ADP-Pi F-actin, while cofilin works with AIP1 and
Srv2/CAP to induce severing and accelerated pointed end de-
polymerization of ADP F-actin (Fig. 4; Andrianantoandro and
Pollard, 2006; Blanchoin and Pollard, 1999; Brieher et al.,
2006; Carlier et al., 1997; Jansen et al., 2014; Kotila et al., 2019;
Michelot et al., 2007; Nadkarni and Brieher, 2014; Shekhar and
Carlier, 2017; Shekhar et al., 2019; Wioland et al., 2017). The
nucleotide-dependent effects of twinfilin at the barbed end allow
it to bypass filament aging requirements (Pi release) and pro-
mote disassembly of recently polymerized F-actin. These activ-
ities may play an important role in the regulation of cellular actin
structures that undergo rapid turnover (Carlier, 1987; Carlier and
Pantaloni, 1986) and/or whose lengths are tightly controlled by
growth and disassembly at barbed ends (e.g., filopodia and
stereocilia tips), where twinfilin has been localized (Hakala et al.,
2019 Preprint; Peng et al., 2009; Rzadzinska et al., 2009).

Materials and methods
Purification and labeling of actin
Rabbit skeletal muscle actin was purified from acetone powder
(Spudich andWatt, 1971) generated from frozen ground hind leg
muscle tissue of young rabbits (Pel-Freez). Lyophilized acetone
powder stored at −80°C was mechanically sheared in a coffee
grinder, resuspended in G-buffer (5 mM Tris-HCl pH 7.5, 0.5 mM
DTT, 0.2 mM ATP, and 0.1 mM CaCl2), and then cleared by cen-
trifugation for 20 min at 50,000 ×g. Supernatant was collected and
further filtered withWhatman paper. Actin was polymerized by the
addition of 2 mM MgCl2 and 50 mM NaCl to the filtrate and over-
night incubation at 4°C with slow stirring. Next morning, NaCl
powderwas added to a final concentration of 0.6M, and stirringwas
continued for another 30 min at 4°C. F-actin was pelleted by cen-
trifugation for 150 min at 120,000 ×g, and the pellet was solubilized
by dounce homogenization and dialyzed against G-buffer for 48 h at
4°C. Monomeric actin was then precleared at 435,000 ×g and loaded
onto an S200 (16/60) gel-filtration column (GE Healthcare) equili-
brated in G-buffer. Fractions containing actin were stored at 4°C.
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Figure 3. mTwf1 induces depolymerization of newly polymerized barbed ends even under assembly-promoting conditions. (a) Schematic showing the
experimental strategy for investigating the effects of mTwf1 on barbed ends in assembly-promoting conditions. Filaments with free barbed ends were po-
lymerized by exposing coverslip-anchored spectrin-actin seeds to a flow containing 0.5 µM G-actin (15% Alexa-488 labeled) and 2 µM profilin. 20 nM mDia1
was then introduced for 20 s, which resulted in ∼20% of barbed ends being capped by mDia1. The filaments were then briefly exposed to 0.5 µM G-actin (15%
Alexa-488 labeled) and 2 µM profilin in mf-TIRF buffer (<1 min) to identify the fast-growing mDia1-capped ends. Next, mf-TIRF buffer containing 0.5 µM
G-actin (15% Alexa-488 labeled), 2 µM profilin, and 0–5 µM mTwf1 was introduced into the chamber, and barbed end dynamics were monitored. (b) Rep-
resentative field of view showing filaments growing at their barbed ends before mDia1 flow in (left), then the same filaments growing at their free barbed ends
(white dotted rectangles) or growing more rapidly at their mDia1-capped barbed ends (yellow dotted rectangles) in the presence of actin and profilin (middle),
and finally the same barbed ends shortening or elongating, respectively, after flowing in 5 µM mTwf1 with G-actin and profilin (right). White arrow denotes a
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To biotinylate actin, the F-actin pellet abovewas dounced and
dialyzed against G-buffer lacking DTT. Monomeric actin was
then polymerized by the addition of an equal volume of 2× la-
beling buffer (50 mM imidazole pH 7.5, 200 mM KCl, 0.3 mM
ATP, and 4 mMMgCl2). After 5 min, the actin was mixed with a
fivefold molar excess of NHS-XX-Biotin (Merck KGaA) and in-
cubated in the dark for 15 h at 4°C. The F-actin was pelleted as
above, and the pellet was rinsed with G-buffer, then homoge-
nized with a dounce, and dialyzed against G-buffer for 48 h at
4°C. Biotinylated monomeric actin was purified further on an
S200 (16/60) gel-filtration column as above. Aliquots of biotin-
actin were snap frozen in liquid N2 and stored at −80°C.

To fluorescently label actin, G-actin was polymerized by di-
alyzing overnight against modified F-buffer (20 mM Pipes pH
6.9, 0.2 mM CaCl2, 0.2 mM ATP, and 100 mM KCl; Shekhar,
2017). F-actin was incubated for 2 h at room temperature with
a fivefold molar excess of Alexa-488 NHS ester dye (Life Tech-
nologies). The F-actin was then pelleted by centrifugation at
450,000 ×g for 40 min at room temperature, and the pellet was
resuspended in G-buffer, homogenized with a dounce, and in-
cubated on ice for 2 h to depolymerize the filaments. The
monomeric actin was then repolymerized on ice for 1 h by the
addition of 100 mM KCl and 1 mM MgCl2, and the F-actin was
pelleted by centrifugation for 40 min at 450,000 ×g at 4°C. The
pellet was homogenized with a dounce and dialyzed overnight at
4°C against 1 liter of G-buffer. The solution was precleared by
centrifugation at 450,000 ×g for 40 min at 4°C. The supernatant
was collected, and the concentration and the labeling efficiency
of actin were determined by measuring the absorbance at 280
nm and 495 nm, respectively. Molar extinction coefficients used
were as follows: ε280 actin = 45,840 M−1 cm−1, ε495 Alexa-488 =
71,000 M−1 cm−1, and ε280 AF488 = 7,810 M−1 cm−1.

Purification of twinfilin
mTwf1 was expressed as a GST fusion protein in Escherichia coli
strain BL21 (pRARE). Cells were grown to log phase at 37°C, and
then expression was induced for 16 h at 18°C by the addition of
0.4 mM IPTG. Cells were harvested by centrifugation, and the
pellets were stored at −−80°C. Frozen cell pellets were re-
suspended in 10 ml of PBS supplemented freshly with 0.5 mM
DTT, 1 mM PMSF, and protease inhibitors (0.5 µM each of
pepstatin A, antipain, leupeptin, aprotinin, and chymostatin).
Lysozyme (0.5 mg/ml) was added, and the cells were lysed by
sonication using a tip sonicator while keeping the tubes on ice.
The lysate was clarified by centrifugation at 12,500 ×g for
20min, and then the supernatant was incubated at 4°C (rotating)
for 2–3 hwith 0.5ml glutathione–agarose beads (Sigma-Aldrich).
Beads were washed three times in cold PBS supplemented with
1 M NaCl and then washed twice in cold PBS.

mTwf1 was released from the beads by incubation with
PreScission Protease (GEHealthcare) overnight at 4°C (rotating), thus
leaving GST on the beads. The released mTwf1 was concentrated to
0.3 ml, then loaded on a Superose12 size-exclusion column (GE
Healthcare) equilibrated in 20 mM Hepes pH 7.5, 1 mM EDTA,
50 mM KCl, and 0.5 mM DTT. Peak fractions were pooled, concen-
trated, aliquoted, snap frozen in liquid N2, and stored at −80°C.

depolymerizing free barbed end, and the yellow arrow denotes a rapidly elongating formin-bound barbed end. (c) Kymographs of the same two filaments
highlighted in b, grown in the presence of 0.5 µM G-actin and 2 µM profilin (red bar) before and after pulsing in 20 nMmDia1 (gray bar). Upon subsequent flow
in of 5 µM mTwf1 with 0.5 µM G-actin and 2 µM profilin (blue bar), the free barbed end starts to depolymerize (bottom), while the mDia1-capped barbed end
continues to rapidly elongate (top). (d) Rates (mean ± SD) of mDia1-capped barbed end elongation in the presence of 0.5 µM G-actin (15% Alexa-488 labeled),
2 µM profilin, and different concentrations of mTwf1. BE, barbed end. (e) Rates (mean ± SD) of free barbed end elongation in the presence of 0.5 µM G-actin,
2 µM profilin, and different concentrations of mTwf1. The red line is a fit to a hyperbolic binding curve (see Materials and methods). (f) Percent change in
elongation rate by 5 µM mTwf1 (compared with control reactions) for free barbed ends versus mDia1-capped barbed ends (mean ± SEM for three replicates).
Reactions contained 0.5 µM G-actin and 2 µM profilin, with or without 5 µMmTwf1. (g) Effects of 5 µMmTwf1 on rate (mean ± SD) of depolymerization of free
barbed ends in the presence of different concentrations of profilin-bound actin monomers: 0.5 µM G-actin with 2 µM profilin, 3 µM G-actin with 4 µM profilin,
and 10 µM G-actin with 15 µM profilin. *, Statistical comparison by two-sample t test between indicated conditions (P < 0.05). Number of filament ends
analyzed for each condition (left to right): 90, 61, and 78. All experiments were performed at least three times and yielded similar results. Data shown are from
one experiment each.

Figure 4. Workingmodel for twinfilin activities at actin filament barbed
ends. Actin filament barbed ends grow by the addition of ATP-actin mono-
mers, which rapidly hydrolyze their bound ATP, producing ADP-Pi–actin
subunits. Subsequently, barbed ends are bound by twinfilin alone, capping
protein (CP) alone, or twinfilin-capping protein complexes, in each case in-
hibiting barbed end growth. Twinfilin catalyzes the dissociation of capping
protein from barbed ends (Hakala et al., 2019 Preprint), leaving twinfilin alone
at the barbed end. Twinfilin then induces the depolymerization of ADP-Pi
barbed ends, even in the presence of G-actin at concentrations far above the
critical concentration for assembly. We postulate that twinfilin achieves these
effects using a processive barbed end tracking mechanism, which was di-
rectly observed for yeast twinfilin (Johnston et al., 2015). Once twinfilin
reaches regions of ADP F-actin, its interactions with the barbed end slow the
rate of depolymerization (compared with that of free ADP barbed ends).
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Purification of profilin
Human profilin-1 was expressed in E. coli BL21 DE3 by growing
cells to log phase at 37°C in Terrific Broth (TB) medium and
inducing expression with 1 mM IPTG at 37°C for 3 h. Cells were
harvested by centrifugation, and pellets were stored at −80°C.
Cell pellets were resuspended in lysis buffer (50 mM Tris-HCl
pH 8.0, 1 mMEDTA, 0.2% Triton X-100, and lysozyme + protease
inhibitors as above), kept on ice for 30 min, and then further
lysed by sonication. Lysates were cleared for 25 min at 272,000
×g at 4°C, and the supernatant was collected and fractionated on
a HiTrap Q column (buffer: 20 mM Tris-HCl, pH 8.0). Peak
fractions were concentrated and then purified further on a Su-
perdex 75 column equilibrated in 20 mM Tris-HCl pH 8.0, and
50 mMNaCl. Peak fractions were pooled, aliquoted, snap frozen
in liquid N2, and stored at −80°C.

Conventional TIRF microscopy
Glass coverslips (60 × 24 mm; Thermo Fisher Scientific) 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 in ethanol for 60 min. Coverslips were then washed ex-
tensively with H2O and dried in an N2 stream. The cleaned
coverslips were coated with 2 mg/ml methoxy–poly(ethylene
glycol [PEG])–silane MW 2,000 and 2 µg/ml biotin-PEG-silane
MW 3,400 (Laysan Bio) in 80% ethanol pH 2.0, and incubated
overnight at 70°C. Flow cells were assembled by rinsing PEG-
coated coverslips with water, drying with N2, and adhering to
μ-Slide VI0.1 (0.1 × 17 × 1 mm) flow chambers (Ibidi) with
double-sided tape (2.5 cm × 2 mm × 120 µm) and 5-min epoxy
resin (Devcon). Before each reaction, the flow cell was sequen-
tially incubated for 1 min each with 4 µg/ml streptavidin in HEK
buffer (20 mM Hepes pH 7.4, 1 mM EDTA, 50 mM KCl, and 5%
glycerol) and 1% BSA in HEK buffer. The flow cell was then
equilibrated with TIRF buffer (10 mM imidazole pH 7.4, 50 mM
KCl, 1 mMMgCl2, 1 mM EGTA, 0.2 mMATP, 10 mMDTT, 15 mM
glucose, 20 µg/ml catalase, 100 µg/ml glucose oxidase, and 0.5%
methylcellulose [4,000 cP]). Actin filaments were grown using
2 µM G-actin (15% Alexa-488 labeled and 0.5% biotinylated
G-actin) and 3 µM profilin until they reached lengths of ∼10–20
µm. After this assembly phase, the filaments were aged (to
produce ADP actin) by incubating them for 15min in TIRF buffer
in the presence of 0.1 µM G-actin (to prevent their depolymer-
ization during aging). We then flowed in mTwf1 diluted in TIRF
buffer or buffer alone and monitored change in filament length
over time. For experiments with ADP-Pi–actin filaments, the
filaments were polymerized using 2 µM ATP–G-actin and 3 µM
profilin in modified TIRF buffer containing 50 mM PO4 (the
50 mM KCl was replaced with 34.8 mM K2HPO4 and 15.2 mM
KH2PO4). Effects of mTwf1 on ADP-Pi barbed ends were moni-
tored in the continuous presence of modified TIRF buffer.

mf-TIRF microscopy
Actin filaments were first assembled in mf-TIRF flow cells
(Jégou et al., 2011; Shekhar, 2017; Shekhar and Carlier, 2016,
2017). 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 in ethanol for 60 min. Coverslips

were then washed extensively with H2O and dried in an N2

stream. The cleaned coverslips were coated with an 80% ethanol
solution adjusted to pH 2.0 with HCl containing 2 mg/ml
methoxy-PEG–silane MW 2,000 and incubated overnight at
70°C. A 40-µm-high Polydimethylsiloxane (PDMS) mold with
three inlets and one outlet was mechanically clamped onto a
PEG-silane–coated coverslip. The chamber was then connected
to a Maesflo microfluidic flow-control system (Fluigent), rinsed
withmf-TIRF buffer (10mM imidazole pH 7.4, 50mMKCl, 1 mM
MgCl2, 1 mM EGTA, 0.2 mM ATP, 10 mM DTT, 15 mM glucose,
20 µg/ml catalase, and 100 µg/ml glucose oxidase) and incu-
bated with 1% BSA and 10 µg/ml streptavidin in mf-TIRF buffer
for 5min. Spectrin-actin seedswere nonspecifically anchored on
the glass coverslip. Actin filaments with free barbed ends were
formed by exposing spectrin-actin seeds to a flow containing
2 µM G-actin (15% Alexa-488 labeled) and 5 µM profilin in mf-
TIRF buffer at room temperature.

After filaments were polymerized in mf-TIRF flow cells,
barbed-end depolymerization was monitored at room temper-
ature as follows. For experiments on ADP-actin filaments, newly
polymerized filaments were aged for 15 min under continuous
flow in mf-TIRF buffer containing 0.1 µM G-actin (unlabeled)
before monitoring depolymerization. For experiments on
ADP-Pi actin filaments, the polymerized filaments were main-
tained in the presence of modified mf-TIRF buffer con-
taining 50 mM PO4 (where 50 mM KCl was replaced by
34.8 mM K2HPO4 and 15.2 mM KH2PO4). For experiments
on ADP-BeF3 actin filaments, the polymerized filaments
were maintained in the presence of modified mf-TIRF buffer
containing 5 mM NaF and 100 µM BeSO4 (Combeau and Carlier,
1988, 1989).

Image acquisition and analysis
Single-wavelength time-lapse TIRF imaging was performed on a
Nikon-Ti2000 inverted microscope equipped with a 150-mW
Argon laser (Melles Griot), a 60× TIRF-objective with a numer-
ical aperture of 1.49 (Nikon Instruments Inc.), and an electron-
multiplying charge-coupled device (EMCCD) camera (Andor Ixon).
One pixel was equivalent to 143 × 143 nm. Focus was maintained
by the Perfect Focus system (Nikon Instruments Inc.). Images
were acquired every 5 s or 10 s and exposed for 100 ms using
imaging software Elements (Nikon Instruments Inc.).

Images were analyzed in Fiji (Schindelin et al., 2012). Drift
correction was performed using coverslip-anchored streptavidin-
functionalized TransFluoSpheres (Thermo Fisher Scientific)
and processing of the images with the MultiStackReg plugin.
Background subtraction was conducted using the rolling ball
background subtraction algorithm (ball radius, 5 pixels). For
conventional TIRF assays, depolymerization rates were de-
termined by tracking the initial and final positions of the actin
filament barbed ends using the MTrackJ plugin. For mf-TIRF
assays, the kymograph plugin was used to draw kymographs
of individual filaments. The kymograph slope was used to
calculate barbed end depolymerization rate of each individual
filament (assuming one actin subunit contributes 2.7 nm to
filament length). Data analysis and curve fitting were performed
in Microcal Origin. Depolymerization rate (D) data (Fig. 2 g) and
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polymerization rate (P) data (Fig. 3 e) were fit to the hyperbolic
binding curve:

D � − P � D0 + (Dmax − D0) C
K + C

,

where C is the mTwf1 concentration, D0 is the rate of depoly-
merization in the absence of mTwf1, Dmax is the rate of depo-
lymerization at saturating mTwf1 concentration, and K is the
mTwf1 concentration at half-saturation. Fitting the data in
Fig. 2 g to this equation gives Dmax = 2.4 ± 0.1 subunits s−1, D0 =
0.32 ± 0.02 subunits s−1, and K = 0.7 ± 0.1 µM, and fitting the data
in Fig. 3 e gives Dmax = 8.0 ± 0.9 subunits s−1, D0 = 2.3 ± 0.2
subunits s−1, and K = 0.3 ± 0.1 µM.

Percent changes in elongation rate in the presence of mTwf1
(Fig. 2 f and Fig. 3 f) were determined using the following
equation:

(RT − Rc)
Rc

∗ 100,

where RT and Rc are the rates of barbed end elongation in the
presence of twinfilin (RT) or control buffer (Rc).

Statistical analysis
As indicated in the legend for each figure, all experiments were
repeated multiple times and yielded similar results. Data shown
are from one experiment each. Means and errors (SD or SEM)
were calculated using Microcal Origin. Data distributions were
assumed to be normal, but this was not formally tested. Sta-
tistical comparison between indicated conditions was con-
ducted using the two-sample t test (Fig. 1 c; Fig. 2, d and e; and
Fig. 3 g). Differences were considered significant if the P value
was <0.05 (*).

Data availability
Data supporting the findings of this manuscript are available
from the corresponding author upon reasonable request.

Online supplemental material
Video 1 and Video 2 show that twinfilin promotes depoly-
merization of actin filament–free barbed ends under assembly-
promoting conditions while having no effect on the rate
of elongation of formin-capped barbed ends in the same
reactions.
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Supplemental material

Video 1. mTwf1 promotes the depolymerization of free barbed ends even under assembly-promoting conditions. Alexa-488–labeled actin filaments
(green) anchored at their pointed ends (magenta arrowheads) and growing at their free barbed ends (yellow arrowheads) were transiently exposed to 20 nM of
the formin mDia1 (FH1-FH2-C). Filaments were then exposed to a continuous flow of 0.5 µM G-actin and 2 µM profilin to identify fast-growing mDia1-capped
barbed ends (red arrowheads) and slow-growing free barbed ends (yellow arrowheads). Finally, filaments were exposed to a continuous flow of 0.5 µM
G-actin, 2 µM profilin, and 5 µMmTwf1. Under these assembly-promoting conditions, the mDia1-capped barbed ends continued to rapidly elongate, while free
barbed ends depolymerized. Playback speed is 15 frames per second.

Video 2. Control reaction under assembly-promoting conditions showing that in the absence of mTwf1, free and formin-capped barbed ends both
continue to polymerize, as expected. Alexa-488–labeled actin filaments (green) anchored at their pointed ends (magenta arrowheads) and growing at their
free barbed ends (yellow arrowheads) were transiently exposed to 20 nM of the formin mDia1 (FH1-FH2-C). Filaments were then exposed to a continuous flow
of 0.5 µM G-actin and 2 µM profilin. Under these assembly-promoting conditions, free barbed ends (yellow arrowheads) and mDia1-capped barbed ends (red
arrowheads) elongated. Playback speed is 25 frames per second.
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