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with formin to dramatically accelerate actin filament uncapping
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For over four decades, our understanding of cellular actin dynamics has been guided
by the concept of treadmilling. However, this paradigm has been challenged by the evi-
dence that twinfilin can uncap and promote depolymerization of filament barbed ends,
though its precise mechanism remains debated. Using single-molecule microscopy
and microfluidics-assisted TIRF imaging, we demonstrate that twinfilin transiently
associates with barbed ends for ~0.2 to 0.5 s, acting as a nonprocessive depolymerase
that likely removes one or both terminal actin subunits. Furthermore, we show that
twinfilin’s barbed-end residence time and its ability to uncap CP-capped filaments
(both alone and with formin mDjal) are significantly influenced by filament age. The
synergistic enhancement in uncapping by twinfilin and mDial ranges from 11-fold
for newly assembled to ~318-fold for aged actin filaments. These represent the fast-
est uncapping rates measured in vitro and approach CP turnover rates in vivo. Our
study thus reinforces twinfilin’s central role as a multifunctional barbed-end regulator
which nonprocessively depolymerizes actin filaments, transiently caps barbed ends,
and synergizes with formin to destabilize CP, thereby facilitating rapid actin turnover
that depends on filament age.
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The dynamic actin cytoskeleton is a key determinant of cell shape and polarity, playing
essential roles in processes such as cell division, motility, and intracellular transport (1).
Traditionally, cellular actin dynamics have been thought to be governed by the concept
of treadmilling, where actin filaments primarily elongate at their barbed ends while depo-
lymerizing at their pointed ends (2, 3). Following elongation, filament barbed ends are
rapidly capped by capping protein (CP), which limits further polymerization.
Independently, the actin filament undergoes aging via nucleotide hydrolysis, where the
ATP bound to actin subunits in the filament is first converted into ADP-P, and subse-
quently into ADP through the release of the gamma phosphate (4, 5). The aged ADP-actin
subunits then get released back into the monomer pool by depolymerization at the filament
pointed end. Recent findings have however challenged the universality of the treadmilling
paradigm, particularly due to the action of ADF/cofilin-H family protein twinfilin in
promoting uncapping and depolymerization of actin filaments at their barbed ends (6-9).

Twinfilin is an evolutionarily conserved actin-binding protein, expressed in organisms
ranging from yeast to mammals, and plays multifunctional roles in actin filament turnover
(10). Initially characterized as a G-actin sequestering protein and a potential barbed-end
capper (11-14), twinfilin has since been shown to regulate actin filament barbed-end
dynamics in much more complex and nuanced ways. Twinfilin preferentially binds aged
ADP-actin filaments over newly assembled ADP-P-actin filaments (12), accelerating
barbed-end depolymerization in the former while decelerating barbed-end depolymerization
in the latter (8).

Twinfilin also directly binds CP through its CPI motif in the C-terminal tail domain,
and its localization to yeast cortical actin patches is disrupted upon deletion of CP (15,
16). CP plays a critical role in actin filament regulation by tightly binding barbed ends,
preventing both polymerization and depolymerization (17-19). Spontaneous uncapping
of CP-capped barbed ends is exceedingly slow in vitro, with an average dissociation time
of 30 min (kﬂﬁr: 3t04x 10757 (18, 20, 21). Uncapping in vivo, however, is thought
to occur significantly faster (/eoff= 0.14 to0 0.58 s7') (22, 23), three orders of magnitude
greater than in vitro. Twinfilin accelerates CP dissociation by sixfold (6), potentially gen-
erating free barbed ends for its depolymerization activity. Nevertheless, twinfilin alone
remains a modest uncapper compared to in vivo rates of uncapping, suggesting involve-
ment of additional factors for achieving physiological rates of uncapping (18, 20-23).
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While formins are primarily thought of as nucleators and
barbed-end elongators of actin filaments (24, 25), formins like
mDial, Daam1, and FMNL2 also enhance CP’s dissociation from
barbed ends, through the formation of a formin-CP “decision
complex” at filament barbed ends (26, 27). More recently, it was
shown that twinfilin can join formin mDial and CP at filament
barbed ends to form a three-protein elongator—capper—depoly-
merase complex (28). In this complex, twinfilin dramatically
accelerates CP dissociation from barbed ends, facilitating rapid
filament elongation by mDial.

Despite these advances in our understanding of regulation of
barbed end dynamics by twinfilin, several key questions remain
unanswered. Is twinfilin a processive depolymerase, capable of
successive subunit removal while remaining bound? How does
filament age influence twinfilin’s barbed-end residence time?
Twinfilin was previously proposed to be a processive depolymerase,
which catalyzed successive rounds of actin subunit removal while
remaining bound for over a minute at a time (7). This view has
since been challenged by a recent structural study which, based
on a cocrystal of twinfilin, CB and G-actin, instead proposed that
twinfilin likely acts as a nonprocessive depolymerase possibly
removing only the terminal actin subunits (9)—nevertheless,
direct single-molecule evidence for this proposal has so far been
lacking. Further, it is unclear how twinfilin’s ability to uncap CP
(alone and together with formin) is influenced by filament age.
This question is especially important as actin subunlt aging
involves a slow conversion of ADP-P; into ADP (0.002s™"), orders
of magnitude slower than the rate at which filaments are thought
to turn over in vivo (29, 30). Understanding how twinfilin’s activ-
ity is influenced by filament age is therefore crucial.

To address these open questions, we employed single-molecule
microscopy and microfluidics-assisted TIRF (mf-TIRF) imaging.
Our findings reveal that both yeast and mouse twinfilin transiently
associate with barbed ends of newly assembled and aged actin
filaments, with residence times two orders of magnitude shorter
than previously thought (7). Our analysis, based on previously
measured twinfilin-mediated barbed-end depolymerization rates
and the dwell times measured here, indicates that twinfilin func-
tions as a nonprocessive depolymerase, removing one or two actin
subunits per binding event. Furthermore, we demonstrate that
twinfilin and formin synergize to promote a 318-fold increase in
uncapping of CP-bound barbed ends of aged ADP filaments,
achieving uncapping rates (~0.1 s™') comparable to in vivo con-
ditions (/e =0.14t0 0.58 s7") (22, 23) and approximately twice
as fast as b CARMIL, the most potent uncapper known so far
(~180- fold) (21). We find that newly assembled ADP-P; filaments
are more resistant to uncapping, underscoring the importance of
filament age in regulating actin dynamics. In contrast to their
synergistic uncapping of ADP filaments, formin mDial and twin-
filin only cause an additive 11-fold increase on uncapping of
ADP-D, actin filaments.

Results

Twinfilin Transiently Associates with Actin Filament Barbed
Ends. In light of disagreement among previous studies regarding
whether twinfilin acts as a processive depolymerase, we conducted
single-molecule experiments to directly visualize fluorescently
labeled twinfilin interacting with filament barbed ends. Mouse
twinfilin-1 (mTwfl) was expressed as a SNAP-tagged fusion
protein and fluorescently labeled with bezylguanine-549 dye, as
previously described (28). Photobleaching data confirmed that the
majority of 549-mTwfl molecules were labeled with a single dye
molecule, consistent with the monomeric nature of twinfilin (28).

https://doi.org/10.1073/pnas.2501078122

Alexa-488 labeled actin filaments were polymerized in a con-
ventional, nonmicrofluidic open flow cell and anchored onto the
glass coverslip using biotinylated-actin monomers. The filaments
were then aged to ADP F-actin by exposure to 0.1 uM G-actin
for 15 min [as done previously (31)] and subsequently exposed
to fluorescently labeled mTwf1 (549-mTwf1). Twinfilin molecules
preferentially associated with filament barbed ends rather than
filament sides (SI Appendix, Fig. S1). We observed repeated, tran-
sient, short-lived appearances of the 549-mTwf1 fluorescence
signal at barbed ends (Fig. 14). Notably, 549-mTwf1 intensity at
the barbed end appeared and disappeared in a single step, indi-
cating that only a single 549-mTwf1 molecule was present at a
time at the barbed end (Fig. 1 B and C and Movie S1). The
barbed-end residence times of 549-mTwf1 molecules were expo-
nentially distributed, with an average dwell time of about 0.54 +
0.05 s (mean + SEM) and off rate, £,;0f 1.85 £ 0.15 s~ (F1g 1D).
Only binding events lasting at least four frames (20.123 s) were
counted as true twinfilin binding events and included in the cal-
culation of average dwell times, causing a potential overestimation
of the mean dwell time of twinfilin. This was done to avoid false
positives arising from transient, nonspecific interactions of
549-mTwf1 molecules with the coverslip surface. We additionally
confirmed that the average dwell time was not significantly altered
by the specific crowding agent used (0.54 + 0.05 s for methylcel-
lulose vs 0.34 + 0.05 s for dextran) (S/ Appendix, Fig. S2).

Surprisingly, our measured mTwf1 barbed-end residence time
was approximately two orders of magnitude lower than the pre-
viously reported value for S. cerevisiae twinfilin yTwfl (~69s) (7).
To explore potential factors contributing to this discrepancy, we
first considered the differences in the nucleotide state of actin
filaments between the two studies. Notably, the Johnston et al
study (7) did not actively age the actin filaments in their experi-
ments, which may have resulted in filaments containing a mix of
ADP and ADP-P; actin subunits. To test this hypothesis, we
repeated our single-molecule experiments using ADP-P; actin
filaments, which were maintained in the ADP-P; state by the addi-
tion of 50 mM P, as described previously (8). Remarkably, we
observed a 2.5-fold reduction in the barbed-end residence time
of twinfilin molecules (0.20 + 0.01 s, mean + SEM) compared to
our measurements on ADP-actin filaments (Fig. 1 £ and F).
Nevertheless, mTwf1 barbed-end residence times remained over
two orders of magnitude shorter than the previously reported
yIwfl dwell times (7).

We also determined the association rate constant (#,,) of mTwfl
at filament barbed ends by measuring the waiting time from the
end of one 549-mTwfl binding event to the beginning of the
next. This analysis yielded an on-rate (£,) 0f 12.9 + 1.2 ' uM™!
and an equilibrium dissociation constant (K)) of 143 + 20 nM for
twinfilin binding to ADP-actin barbed ends For ADP-P-actin
filaments, the #,, and K, were 4.52 + 0.85s™' uM " and 1. 1£0.2
UM, respectlvely Although the affinities measured here are approx-
imately 10-fold higher than those previously inferred from bulk
pyrene assays (12), both studies consistently indicate a higher
affinity of mTwfl for ADP-actin filaments compared to
ADP-P;-actin filaments. We note that our recent study employing
depolymerization rate measurements to determine twinfilin’s affin-
ity found a dissociation constant of 0.77 + 0.32 uM for
ADP-DP;-actin barbed ends (Arya et al, 2024), which is interme-
diate between the values obtained from bulk and single-molecule
measurements.

We next considered whether the observed discrepancies in mean
dwell times could arise from previously reported species-specific
differences in twinfilin behavior (32). To test this, we purified and
fluorescently labeled SNAP-tagged S. cerevisiae Twfl (yTwil).
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Fig. 1. Directvisualization of mouse and yeast twinfilin at actin filament barbed ends. (A) Representative images of a multicolor single-molecule TIRF experiment.
Actin filaments (cyan) were first assembled from 1 uM G-actin (15% Alexa-488 labeled, 0.5% biotin labeled) and 0.5 uM profilin. The chamber was washed with
TIRF buffer, filaments were aged to ADP-F-actin state for 15 min and then subsequently exposed to 30 nM 549-mTwf1 (red). The yellow and magenta arrowheads
indicate free and 549-mTwf1-bound barbed ends respectively. (Scale bar, 2 um.) (B) Kymographs showing transient binding of 549-mTwf1 to filament barbed
ends recorded at 0.041 s time resolution. Alexa-488 actin (cyan, Top), 549-mTwf1 (red, Middle), and merge (Bottom), see Movie S1. The horizontal dark line near
the barbed end in Fig. 1B and the dark spot on one of the filaments in Fig. 1A are fiduciary markers due to the stochastic distribution of fluorophores along the
filament. (C) Time record of 549-mTwf1 fluorescence intensity at the barbed end of a filament. Intensity is integrated over a 6 x 6 pixel square centered around
the barbed end of the filament and was smoothed using a moving window of 0.164 s (4 frames) (D) Distribution of barbed-end residence times of 549-mTwf1
on ADP-actin filaments (n = 94 binding events across 8 filaments). Mean residence time = 0.54 + 0.05 s (+ SEM) () Distribution of barbed-end residence times of
549-mTwf1 on ADP-P;-actin filaments (n = 98 binding events across 7 filaments). Mean residence time = 0.20 + 0.01 s (+ SEM). (F) Average residence times of 549-
mTwf1 on ADP and ADP-P; filament barbed ends. *, statistical comparison by the two-sample t test against ADP condition (P < 0.05). (G) Distribution of residence
times of 549-yTwf1 on ADP filament barbed ends (n = 72 binding events across 3 filaments). Mean dwell-time = 0.44 + 0.06 s (+ SEM). (H) Average residence time
of 549-mTwf1 and 549-yTwf1 on ADP filament barbed ends. ns, no evidence for significance at P = 0.05, determined by comparing with the average 549-mTwf1
dwell time on ADP filaments using a two-sample t test.

Surprisingly, contrary to the previously reported longer-lived inter-  £,,=2.26 + 0.30 s”'. We also determined the on rate of yTwfl as
actions (7), our single-molecule experiments revealed that yeast 4, =17.7 + 1.8 5™ uM ™, resulting in an equilibrium dissociation
twinfilin also exhibited transient interactions with filament barbed constant (K)) of 128 + 21 nM of yTwfl for ADP-actin barbed
ends. The average dwell time of yTwil at barbed ends was 0.44 s+ ends. The reasons for the discrepancy between our measured dwell

0.06 s (mean + SEM) (Fig. 1 G and H), corresponding to a times and those reported by Johnston etal. remain unclear.
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However, it is noteworthy that in the Johnston et al. study, yeast
twinfilin molecules were immobilized on the glass coverslip, rather
than freely diffusing in solution. This immobilization might have
hindered the detection of twinfilin’s dissociation from barbed ends,
potentially leading to reassociation events that gave the appearance
of longer-lived interactions. Additionally, the possibility that labe-
led twinfilin molecules in the Johston et al. study existed as oli-
gomers cannot be ruled out. Oligomeric twinfilin, through
multivalent interactions, could exhibit longer barbed-end dwell
times than monomeric twinfilin.

Twinfilin Is a Nonprocessive Barbed-End Depolymerase.
Twinfilin was previously proposed to act as a processive
depolymerase, wherein each twinfilin molecule removes
successive actin subunits while tracking the barbed end of the
depolymerizing filament (7). To revisit this question in light of our
findings, we examined the number of actin subunits removed per
binding event. Unfortunately, due to Brownian motion—related
fluctuations of twinfilin-bound barbed ends, precise measurements
of filament length changes during individual short-lived twinfilin
binding events proved challenging. To overcome this limitation,
we employed an alternate approach: multiplying our measured
dwell times with maximal barbed-end depolymerization rates
at saturating twinfilin concentrations reported previously. This
analysis allowed us to calculate the average number of actin
subunits removed (from the barbed end) per mTwf1 binding event.

At saturating twinfilin concentration, the barbed end is expected
to be nearly always occupied by a twinfilin molecule (8) i.e., the
departure of one twinfilin molecule from the barbed end will
almost immediately be followed by arrival of another twinfilin
molecule. For ADP-P; filaments, the maximal depolymerization
rate at saturating twinfilin was reported as ~2.2 subunits per sec-
ond (8). Given our measured average dwell time of ~0.2 s for
549-mTwfl at ADP-P; barbed ends, we estimate that approxi-
mately 0.4 actin subunits are removed during a single
twinfilin-binding event. These data suggest that not all
twinfilin-binding events are productive, meaning not every twin-
filin molecule associating with the barbed end induces actin sub-
unit removal. For ADP filaments, the maximal depolymerization
rate at saturating twinfilin was previously measured as 3.6 subunits
per second (8). Given our measured average dwell time of 0.54 s
for 549-mTwf1 at ADP barbed ends, we estimate that approxi-
mately 1.9 actin subunits are removed per twinfilin-binding event.
In this scenario, we speculate that twinfilin may simultaneously
interact with both terminal actin subunits of ADP-actin filaments,
potentially stabilizing the barbed end and causing the reported
reduction in the depolymerization rate of twinfilin-bound barbed
ends over free barbed ends (6, 8).

Taken together, our analysis suggests that, independent of the
filament nucleotide state, each twinfilin molecule likely results in
the removal of one or two actin subunits. Our findings thus chal-
lenge the idea of twinfilin as a processive depolymerase, as pro-
posed in the previous TIRF study (7). Instead, our data confirm
a model proposed by a recent structural study in which filament
uncapping by twinfilin is coupled with the removal of one or two
terminal actin subunits (9), suggesting that twinfilin employs a
nonprocessive mechanism for depolymerization.

Twinfilin Uncaps ADP-Actin Filaments Faster than ADP-P;-Actin
Filaments. In light of our findings that twinfilin’s barbed-end
residence time depends on filament age, we wondered whether its
uncapping activity might also be affected by filament age. Earlier
studies have so far only examined twinfilin-mediated uncapping of
aged filaments (6). To measure CP dissociation rates, we adapted a

https://doi.org/10.1073/pnas.2501078122

method previously used for measuring barbed-end dissociation of
formin and CP (27, 28, 33, 34). Preformed actin filaments were
introduced into an mF-TIRF flow cell and captured by coverslip-
anchored CP molecules (Fig. 24). Filament detachment from
CP was recorded, and the time-dependent survival fraction was
used to calculate CP dissociation rates. For ADP-actin filaments,
filaments were aged for 15 min in TIRF buffer after attachment
to CD, as described previously (6, 31, 34, 35) (Methods). For ADP-
P, filaments, the aging step was bypassed, and filaments were
maintained in P;-supplemented buffer throughout the experiment
(8) (Methods).

In the absence of twinfilin, CP dissociated approximately three-
fold faster from ADP filaments compared to ADP-P; filaments
(Fig. 2 Cand D). Adding twinfilin significantly increased uncap-
ping rates for both ADP and ADP-P; filaments in a
concentration-dependent manner, saturating at high twinfilin
concentrations (Fig. 2 B and G and Movie S2). The saturable
behavior suggests that uncapping is limited by twinfilin’s binding
rate to CP-capped filaments or a rate-limiting conformational
step. At 5 uM twinfilin, the uncapping rate increased sixfold for
ADP-actin filaments and fourfold for ADP-P;-actin filaments.
Notably, twinfilin uncapped ADP-actin filaments approximately
fourfold faster than ADP-P;-actin filaments at this concentration
(Fig. 2G), indicating that CP binds more stably to ADP-P, fila-
ments than to ADP filaments in the presence of twinfilin. To
ensure that CP anchoring to the coverslip or flow-induced drag
did not influence uncapping, we repeated the experiments with
CP bound to distal free barbed ends (S Appendix, Fig. S3). These
experiments, mimicking conditions used by Hakala etal. (6),
showed a sevenfold increase in uncapping rates, consistent with

both our CP-anchored results and published data.

Formin mDia1 Uncaps ADP-Actin Filaments Faster than ADP-
P; Actin Filaments. Previous studies have shown that, similar
to twinfilin, formin mDial can also displace CP from barbed
ends (27, 28). However, the influence of filament age on formin-
mediated uncapping has not yet been explored. To address this, we
measured CP dissociation rates from coverslip-bound barbed ends
exposed to TIRF buffer with or without mDial (Fig. 34). The
dissociation rates increased in a concentration-dependent manner,
resembling a binding curve, with apparent K, of 159 nM for ADP-
actin filaments and 71 nM for ADP-P;-actin filaments (Fig. 3 B,
C, and E and Movie S3).

At 200 nM formin mDial, the highest concentration tested,
the uncapping rate for ADP-actin filaments reached 0.01 s a
35-fold increase over control reactions without mDial (Fig. 3 C
and E). For ADP-P, filaments, the maximum uncapping rate was
6.5x1074 s representing a more modest sevenfold increase over
buffer alone (Fig. 3 D and E). The apparent plateau in uncapping
rates for ADP-actin filaments suggests that mDial-mediated
uncapping is limited by its binding affinity for barbed ends. Future
experiments using higher mDial concentrations will be required
to determine whether the dissociation rate for ADP-P, filaments
also plateaus. The slower uncapping rate for ADP-P, filaments
compared to ADP filaments (at a given mDial concentration)
mirrors the behavior observed with twinfilin and underscores the
critical role of the nucleotide state in regulating uncapping
efficiency.

Twinfilin and Formin mDia1 Synergize to Uncap ADP-Actin
Filaments but only have Additive Effects on ADP-P; Actin
Filaments. Previous work demonstrated that twinfilin can join
the mDial-CP “decision complex” at the barbed end, biasing the
outcome toward CP dissociation over formin (28). To investigate

pnas.org
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Fig. 2. Twinfilin accelerates uncapping rate of both ADP and ADP-P; filaments (A) Schematic representation of the experimental strategy. Preformed Alexa-488
labeled actin filaments were captured by coverslip-anchored biotinylated SNAP-CP. The survival fraction of attached CP-bound filaments was monitored as a
function of time in the presence of varying concentrations of mTwf1. For ADP-F-actin experiments, filaments were additionally aged for 15 min prior to their
exposure to mTwf1. BE, barbed end; PE, pointed end. (B) Representative time-lapse images of a mF-TIRF field of view showing ADP-actin filaments (green)
detaching from surface-anchored CP in the presence of buffer (Top) or 5 uM mTwf1 (Bottom). (Scale bar, 10 um.) See Movie S2. White arrowheads denote filaments
uncapped during the 240 s time period. (C) Survival fraction of CP-bound ADP and ADP-P; actin filaments as a function of time in the absence of mTwf1. (D)
CP dissociation rate k- for ADP and ADP-P; actin filaments, determined from data in (C). (E) Survival fraction of CP-bound ADP actin filaments as a function of
time in the presence of a range of mTwf1 concentrations. (F) Survival fraction of CP-bound ADP-P; actin filaments as a function of time in presence for a range
of mTwf1 concentrations. In (C), (E), and (F), experimental data (symbols) are fitted to a single-exponential decay function (lines) to determine CP dissociation
rate k-.. Number of filaments analyzed for each condition in (C), (E), and (F): 60 (G) CP dissociation rate k- for ADP and ADP-P;-actin filaments as a function of
mTwf1 concentration, determined from data in (E) and (). The line is a fit to a hyperbolic binding curve and was used to derive the K,,, (1.2 uM and 0.5 uM for

ADP and ADP-P;-actin filaments).

how filament age influences uncapping when both twinfilin and
mDial are simultaneously present, we compared their effects
on uncapping of ADP and ADP-P, filaments. Preformed actin
filaments were anchored at their barbed ends by coverslip-bound
CP and exposed to solutions containing 5 uM twinfilin (saturating
concentration) and varying mDial concentrations (Fig. 44).

On ADP-actin filaments, twinfilin and mDial together dra-
matically accelerated uncapping compared to either protein alone
(Fig. 4B and Movie S3). Almost all filaments were uncapped
within 60 s. At 5 uM twinfilin and 200 nM mDial, the uncapping
rate increased ~318-fold compared to buffer alone, with 10-fold
and 55-fold enhancements over twinfilin-alone and mDial-alone
conditions, respectively (Fig. 4 C, E, and F). This synergy is sig-
nificantly greater than the uncapping rates observed with mDial
alone (Fig. 3E), where the maximum enhancement for ADP-actin
filaments was only 35-fold compared to buffer alone. The results
suggest that twinfilin amplifies the ability of mDial to displace
CP, particularly on ADP-actin filaments.

In contrast, for ADP-P;-actin filaments, the effect of twinfilin
and mDial together was less pronounced. At 5 pM twinfilin and

PNAS 2025 Vol.122 No.18 2501078122

200 nM mDial, the uncapping rate was 11-fold faster than buffer
alone reactions but only 2.5-fold and 1.6-fold over twinfilin-alone
and mDial-alone conditions, respectively (Fig. 4 D, E, and F).
Compared to our earlier experiments where mDial alone produced
a sevenfold increase in uncapping for ADP-P, filaments (Fig. 3E),
the addition of twinfilin led to only a modest improvement. This
indicates that for ADP filaments, the combination of twinfilin and
mDial creates a synergistic effect that far exceeds the additive con-
tributions of each protein alone. However, for ADP-P, filaments,
their combined effects are largely additive and fail to reach the same
levels of uncapping efficiency observed with ADP filaments. These
results underscore the nucleotide state-dependent interplay between
these three proteins and highlight their cooperative role in regulating
actin filament dynamics.

Discussion

Rapid actin disassembly is essential for cells to dismantle older actin
networks and regenerate monomers for new rounds of assembly
(36). Following polymerization, barbed ends of actin filaments are
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Fig. 3. Formin mDia1 accelerates uncapping rate of both ADP and ADP-P; filaments (A) Schematic representation of the experimental strategy, similar to shown
in Fig. 2A. PE, pointed end. (B) Representative time-lapse images of an mF-TIRF field of view showing ADP-actin filaments (green) detaching from surface-anchored
CP in the presence of buffer (Top) or 200 nM mDia1 (Bottom). (Scale bar, 10 um.) See Movie S3. White arrowheads denote filaments uncapped during the 60 s
time period. (C) Survival fraction of CP-bound ADP actin filaments as a function of time in presence for a range of mDia1 concentrations. (D) Survival fraction
of CP-bound ADP-P; actin filaments as a function of time in presence for a range of mDia1 concentrations. In (C) and (D), experimental data (symbols) are fitted
to a single-exponential decay function (lines) to determine CP dissociation rate k... Number of filaments analyzed for each condition in (C) and (D): 60 (E) CP
dissociation rate k- for ADP and ADP-P;-actin filaments as a function of mDia1 concentration, determined from data in (C) and (D). The line is a fit to a hyperbolic
binding curve and was used to derive the Kapp (159 NM and 71 nM for ADP and ADP-P;-actin filaments).

thought to remain capped and the filaments have been traditionally
assumed to depolymerize from their pointed ends, primarily through
the combined action of cofilin and its cofactor CAP (35, 37—41).
Twinfilin, initially identified as a G-actin sequestering protein and
a barbed-end capper (11-13), was later suggested to act as a proces-
sive barbed-end depolymerase (7). However, subsequent studies have
questioned this processive mechanism, as discussed below.

First, structural insights into the actin-twinfilin-CP complex
have suggested that the twinfilin—-CP complex may dissociate from
the barbed end along with the terminal actin subunits (9). Second,
we recently reported that, in the absence of G-actin, twinfilin
inhibits profilin’s ability to depolymerize barbed ends. Specifically,
profilin and twinfilin bind barbed ends mutually exclusively,

https://doi.org/10.1073/pnas.2501078122

suggesting twinfilin likely interacts with both the terminal actin
subunits (42). Third, increasing G-actin concentrations has been
shown to reduce twinfilin-mediated depolymerization, implying
rapid competition between twinfilin and G-actin for barbed-end
binding (6, 8).

In the current study, we directly visualized fluorescently labeled
yeast and mouse twinfilin interacting with actin filaments. Both
exhibited short-lived associations with filament barbed ends, with
average dwell time being sensitive to filament age (Fig. 1 B, D,
and G). Consistent with previous bulk studies (12), we found that
twinfilin associated more tightly with ADP- barbed ends than
ADP-P;-actin barbed ends. This nucleotide-specific dependence
of binding affinities is shared by other ADF-H family members,
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Fig. 4. Formin mDia1 and twinfilin synergize to promote uncapping of both ADP and ADP-P, actin filaments (A) Schematic representation of the experimental
strategy, similar to shown in Fig. 2A. PE, pointed end. (B) Representative time-lapse images of an mF-TIRF field of view showing ADP-actin filaments (green)
detaching from surface-anchored CP in the presence of buffer (Top) or 200 nM mDia1 and 5 uM mTwf1 (Bottom). See Movie S3. White arrowheads denote filaments
uncapped during the 60 s time period. (C) Survival fraction of CP-bound ADP actin filaments as a function of time in presence of a range of mDia1 concentrations
(in the presence of 5 uM mTwf1). (D) Survival fraction of CP-bound ADP-P; actin filaments as a function of time in presence of a range of mDia1 concentrations
(in the presence of 5 uM mTwf1). In (C) and (D), experimental data (symbols) are fitted to a single-exponential decay function (lines) to determine CP dissociation
rate k.. Number of filaments analyzed for each condition in (C) and (D): 60. (£) CP dissociation rate k-- for ADP and ADP-P;-actin filaments as a function of mDia1
concentration (in the presence of 5 uM mTwf1), determined from data in (C) and (D). The line is a fit to a hyperbolic binding curve and was used to derive the Kapp
(216 nM for ADP-P;-actin filaments). (F) Side-by-side comparison of fold-changes in CP-dissociation rates by mDia1 and mTwf1 (alone and together) for ADP and
ADP-P, filaments (same data as shown in Figs. 1G, 2E, and 3E).

such as cofilin and GME, which also display higher affinities for ~ suggests that most twinfilin binding events likely remove only one
ADP-actin and ADP-Arp2/3 branches, respectively (30, 43, 44). or two actin subunits, with many events, particularly on ADP-P;

Our analysis, based on twinfilin dwell times measured hereand ~ filaments, being unproductive. This is reminiscent of our previous
previously reported twinfilin-mediated depolymerization rates (8),  findings related to twinfilin-mediated uncapping, where the
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majority of twinfilin binding events did not result in uncapping,
requiring an average of ~30 short-lived binding events to displace
CP from the barbed end (28). Twinfilin’s dwell time on free barbed
ends (~0.2 to 0.5 s) is ~4 to 10 times shorter than on CP-bound
ends (~1.9 s) (28), suggesting that dual interactions of twinfilin
with CP and terminal actin subunits stabilize its localization, pro-
longing dwell time on CP-bound ends. This aligns with similar
proposals by Mwangangi et al. (9).

Combining our results with previous observations, we propose
a working model for twinfilin’s action at free and CP-bound
barbed ends (Fig. 5). Twinfilin binds free barbed ends, acting both
as a transient capper and a depolymerase (Fig. 5 A and B). In the
absence of G-actin, twinfilin functions exclusively as a depolymer-
ase. However, in the presence of G-actin, the barbed end alternates
between elongation, capping, and depolymerization states,
depending on twinfilin’s binding dynamics. Consequently, the

A iv)

local G-actin concentration determines the elongation or depo-
lymerization rates of barbed ends in the presence of twinfilin.
Although cytosolic G-actin concentrations are generally consid-
ered to be high (~100 uM polymerizable ATP-G-actin) (45, 46),
it has been suggested that spatiotemporal depletion of G-actin can
occur in specific cellular regions, such as retracting lamellipodia
(47). Similarly, in vitro reconstitution experiments demonstrate
that high densities of elongating barbed ends can locally deplete
G-actin concentrations to levels significantly lower than the bulk
solution concentration (48). In such low-G-actin regions, twin-
filin, given its high physiological concentration (~1 uM) twinfilin
(7,49, 50), may predominantly act as a depolymerase.

Beyond its role at free barbed ends, twinfilin also regulates the
cellular localization and dynamics of CP. Twinfilin binds CP via
its CPI motif and accelerates CP dissociation by sixfold (6, 15,
16). However, these observations alone do not fully explain the

B
Il
time
G-actin Twinfilin G-actin
only only + Twinfilin

Protruding Lamellipodium

8 of 11

s’ Actin JACARMIL ycpP %Twinfilin 'Arp2/3 Q Formin (active) & Formin (inactive)

Fig. 5. Working model for twinfilin’s multifaceted roles in filament capping, depolymerization, and uncapping. (A) Effect of twinfilin on barbed-end dynamics in
the simultaneous presence of actin monomers and twinfilin: i) If a twinfilin molecule binds to the barbed end, it acts as a transient capper and actin monomers
cannot add to the twinfilin occupied barbed end ii). Twinfilin then leaves with either one or two actin monomers. Following twinfilin’s departure, either another
twinfilin molecule could occupy the barbed end resulting in depolymerization iii) or actin monomers could bind to the free barbed end resulting in polymerization
iv). (B) Schematic representation of time-dependent changes in filament length in presence G-actin and twinfilin (alone or together). The filaments elongate fast
if only actin monomers are present (Left), depolymerize if only twinfilin is present (Middle), and grow at a slower rate if both twinfilin and actin monomers are
present and compete for the barbed end (Right). (C) CP, formin, twinfilin, and CARMIL all localize to the leading edge of a motile cell. CP-bound barbed ends could
have two different fates depending on whether they get exposed to twinfilin or twinfilin and formin. In a retracting lamellipodium (Left), twinfilin only modestly
uncaps the CP-capped barbed ends, it protect CP from CARMIL—thus preventing rapid uncapping and filament regrowth. The uncapped barbed ends can then
get depolymerized with the help of twinfilin which will lead to lamellipodium retraction. However, when both formin and twinfilin are present, they can rapidly
uncap CP-capped barbed end. CP and twinfilin depart from the end, leaving formin behind which can reinitiate rapid elongation which will result in switching a
retracting lamellipodium into a protruding one (Right). Red and green arrows represent retraction and protrusion respectively.
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much faster dissociation of CP observed in cells (£,7= 0.14 to
0.58s7") (22, 23), suggesting additional factors might act together
with twinfilin in vivo.

We find that twinfilin collaborates with formin mDial to accel-
erate uncapping in an actin filament age-dependent fashion. Both
twinfilin and mDial (alone and together) uncap ADP barbed ends
much faster than ADP-P, barbed ends. Although P, release occurs
significantly faster at the terminal barbed-end subunits compared
to those in the bulk of the filament (half-life ~0.39 s) (31), cellular
environments promote rapid barbed-end elongation, resulting in
barbed ends rich in ATP-G-actin subunits. This raises an intrigu-
ing question: Under what conditions might barbed ends in vivo
be occupied by ADP-actin subunits? Interestingly, a recent
cryo-EM study by the Bieling lab (51) revealed a lack of P, density
at terminal barbed-end subunits of CP-capped filaments, while
subunits in the filament bulk retained their P;. These findings
suggest that terminal subunits of CP-capped barbed ends, like
those of free barbed ends, rapidly lose P; and convert to ADP-
actin—a state associated with faster uncapping by twinfilin and
formin. In the future, it will be important to explore whether
twinfilin binding to growing barbed ends might also promote
phosphate release, converting them to ADP-F-actin. If so, our
observations suggest that a single twinfilin binding event at the
barbed end (#,,,; ~0.2 to 0.54 s) may halt actin polymerization
long enough to enable the terminal barbed-end subunits to tran-
sition to ADP state.

These mechanisms are likely crucial in regions of rapid actin
assembly and turnover, such as the leading edge of migrating cells,
where CP, twinfilin, and formin are known to localize (6, 22, 52,
53) (Fig. 5C). Lamellipodia undergo cycles of leading-edge pro-
trusion and retraction. During retraction, actin filament growth
must be arrested, and elongators like formin are expected to be
autoinhibited. In such situations, twinfilin could protect CP from
being uncapped by CARMIL (7, 50), preventing filament
regrowth. Conversely, when a retracting lamellipodium needs to
rapidly switch to protrusion, active formin (bound to the plasma
membrane) and twinfilin can synergize to uncap CP-capped fila-
ments and reinitiate elongation.

During retraction, as CP-capped filament barbed ends are
expected to move away from the membrane due to retrograde
flow, twinfilin can uncap CP from these barbed ends, allowing
filament depolymerization in low G-actin conditions. Despite the
high cytosolic concentration of CP (~1 pM) (52, 54), the presence
of V1/myotrophin (~3.2 uM in cells) and its high affinity for CP
(~20 nM) are expected to cause rapid sequestration of CP
uncapped by twinfilin (and formin), preventing its rebinding to
freed barbed ends (54-57). In summary, our results highlight
twinfilin’s multifunctional roles: as a depolymerase, a transient
capper, and an uncapper that synergizes with formin to displace
CP. These mechanisms likely enable rapid actin reorganization,
particularly in dynamic regions like the leading edge of migrating

cells (31, 50-52).

Methods

Purification and Labeling of Actin. Actin from rabbit skeletal muscle was puri-
fied using acetone powder prepared from frozen, ground muscle tissue of young
rabbits. The lyophilized acetone powder, stored at —80 °C, was mechanically
ground using a coffee grinder, then resuspended in G-buffer (5 mM Tris-HCI pH
7.5,0.5 mM Dithiothreitol (DTT), 0.2 mM ATP, and 0.1 mM CaCl,). The mixture
was clarified by centrifugation at 50,000xg for 20 min, and the supernatant
was filtered through Whatman paper. Actin was polymerized by gently stirring
the filtrate overnight at 4 °C, after adding 2 mM MgCl, and 50 mM NaCl. The
following morning, NaCl was added to a final concentration of 0.6 M, and stirring

PNAS 2025 Vol.122 No.18 2501078122

continued for an additional 30 min at 4 °C. F-actin was pelleted by centrifuga-
tion at 280,000 g for 150 min, and the pellet was solubilized using a dounce
homogenizer.The solubilized actin was dialyzed against G-buffer at 4 °Cfor 48 h.
Monomeric actin was precleared by centrifugation at 435,000xg and loaded
onto a Sephacryl S-200 16/60 gel-filtration column (Cytiva) pre-equilibrated
with G-buffer. Fractions containing actin were stored at 4 °C.

For fluorescent labeling, G-actin was polymerized by overnight dialysis in
modified F-buffer (20 mM PIPES pH 6.9,0.2 mM CaCl,, 0.2 mM ATP, 100 mM KCI)
(58).The F-actin was incubated at room temperature for 2 h with a fivefold molar
excess of Alexa-488 NHS ester dye (Thermo Fisher Scientific). Labeled F-actin
was 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
incubated on ice for 2 h to depolymerize the filaments. Monomeric actin was
repolymerized on ice for 1 h by adding 100 mM KCland 1 mM MgCl,. F-actin was
pelleted again by centrifugation at 450,000 x g for 40 min at 4 °C.The resulting
pellet was homogenized with a dounce and dialyzed overnight at 4 °C against
1 L of G-buffer. The solution was clarified by centrifugation at 450,000 g for
40 min at4 °C.The supernatant was collected, and the concentration and labeling
efficiency of actin were measured.

Purification and Fluorescence Labeling of mTwf1 and yTwf1. Mouse twinfi-
lin (mTwf1) was expressed in Escherichia coli BL21 (pRare). The bacterial cultures
were grown in Terrific Broth at 37 °C until they reached the logarithmic growth
phase. Protein expression was induced by adding 1 mM IPTG, followed by incu-
bation at 18 °C overnight. Cells were collected via centrifugation at 11,200xg
for 15 min, and the resulting pellets were stored at —80 °C. For purification,
frozen cell pellets were thawed and resuspended in 35 mL of lysis buffer con-
taining 50 mM sodium phosphate buffer (pH 8), 20 mM imidazole, 300 mM
NaCl, T mM DTT, T mM PMSF, and a protease inhibitor cocktail which included
0.5 puM each of pepstatin A, antipain, leupeptin, aprotinin, and chymostatin. The
cells were lysed on ice using a tip sonicator, and the lysate was centrifuged at
120,000 g for 45 min at 4 °C.The supernatant was incubated with 1 mL of Ni-
NTA beads (Qiagen) at 4 °C for 2 h with gentle rotation. The beads were washed
three times with wash buffer (50 mM sodium phosphate buffer pH 8, 300 mM
NaCl, 20 mM imidazole, and 1 mM DTT) and transferred to a disposable column
(Bio-Rad). The bound protein was eluted with elution buffer (50 mM sodium
phosphate buffer pH 8,300 mM NaCl, 250 mM imidazole, and 1 mM DTT). Eluted
fractions containing the protein were pooled, concentrated, and subjected to size-
exclusion chromatography using a Superdex 75 Increase 10/300 column (Cytiva)
pre-equilibrated with 20 mM HEPES (pH 7.5), 1 mM EDTA, 50 mM KCl, and T mM
DTT. Peak fractions were collected, concentrated, aliquoted, and flash-frozen in
liquid nitrogen. The frozen protein was stored at —80 °C.

SNAP-mTwf1(28) and SNAP-yTwf1 (7) were purified following the same proto-
col. Purified SNAP-mTwf1 and SNAP-yTwf1 were incubated with a fivefold molar
excess of SNAP-Surface-549 dye (New England Biolabs, Ipswich, MA) at 4 °C
overnight. Excess dye was removed using a PD-10 desalting column (Cytiva). The
labeled proteins were then collected, concentrated, aliquoted, and flash-frozen
in liquid nitrogen. The frozen protein was stored at —80 °C.

Purification of Formin mbia1.The mouse formin mDia1 (FH1-FH2-C) tagged
with a his-tag was purified as described previously (28). Protein was expressed
in E. coli BL21(DE3) plysS cells. The cells were cultured in Terrific Broth at 37 °C
until they reached the logarithmic growth phase. Protein production was initiated
by the addition of 1 mM IPTG, and cultures were incubated overnight at 18 °C.
Following centrifugation at 11,200x g for 15 min, the harvested cell pellets were
stored at —80 °C. For purification, frozen cell pellets were thawed and resus-
pended in 35 mL of lysis buffer (50 mM sodium phosphate, pH 8.0, 20 mM imi-
dazole, 300 mM NaCl, T mM DTT, T mM PMSF, and protease inhibitors including
0.5 uM each of pepstatin A, antipain, leupeptin, aprotinin, and chymostatin). The
cells were lysed on ice using a tip sonicator. The lysate was clarified by centrif-
ugation at 120,000 g for 45 min at 4 °C. The supernatant was incubated with
1 mL of Ni-NTA beads (Qiagen) on a rotating platform for 2 h at 4 °C.The beads
were washed three times with wash buffer (50 mM sodium phosphate, pH 8.0,
300 mM NaCl, 20 mM imidazole, and 1 mM DTT) and transferred to a disposable
column (Bio-Rad). The protein was eluted using elution buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, 250 mM imidazole, and 1 mM DTT). Eluted
protein fractions were concentrated and loaded onto a Superdex 200 Increase
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10/300 GLsize exclusion column (Cytiva) pre-equilibrated with buffer containing
20 mM HEPES, pH 7.5, 150 mM KCl, 10% glycerol, and 0.5 mM DTT. Peak fractions
were collected, concentrated, aliquoted, and flash-frozen in liquid nitrogen. The
frozen protein was stored at —80 °C.

Purification and Labeling of CP with Biotin. Mouse CP was expressed and
purified from E. coli BL21(DE3) plysS cells. SNAP-CP was expressed using a
plasmid encoding a His- and SNAP-tagged 31 subunit along with an untagged
a subunit (26). Cells were grown in Terrific Broth at 37 °C until reaching the
logarithmic growth phase. Protein production was initiated by adding T mM
IPTG, followed by overnight incubation at 18 °C. Cells were then collected by
centrifugation at 11,200 g for 15 min, and the harvested pellets were stored at
—80 °C. For protein purification, the frozen cell pellets were thawed and resus-
pended in 35 mL of lysis buffer containing 50 mM sodium phosphate buffer
(pH 8),20 mM imidazole, 300 mM NaCl, 1 mM DTT, T mM PMSF, and a protease
inhibitor cocktail which included 0.5 uM each of pepstatin A, antipain, leupeptin,
aprotinin, and chymostatin. Cell lysis was performed on ice using a tip sonicator,
and the lysate was clarified by centrifugation at 120,000 g for 45 min at 4 °C.
The supernatant was then incubated with 1 mL of Ni-NTA beads (Qiagen) at 4 °C
for2 hwith gentle rotation. The beads were washed three times with wash buffer
(50 mM sodium phosphate buffer, pH 8, 300 mM NaCl, 20 mM imidazole, and
1 mM DTT) and transferred to a Bio-Rad disposable column. The protein was
eluted using a buffer containing 50 mM sodium phosphate (pH 8), 300 mM NaCl,
250 mM imidazole, and T mM DTT. Eluted fractions containing the protein were
concentrated and subjected to size-exclusion chromatography on a Superdex 75
Increase 10/300 column (Cytiva) pre-equilibrated with 20 mM Tris-HCI, 50 mM
KCl,and 1 mM DTT. The purified SNAP-CP was incubated overnight at 4 °C with a
fivefold molar excess of SNAP-surface-Biotin (New England Biolabs). Excess biotin
was removed using PD-10 desalting columns (Cytiva). The labeled protein was
concentrated, aliquoted, and flash-frozen in liquid nitrogen. The frozen protein
was stored at —80 °C.

Expression and Purification of Profilin-1. Human profilin-1 was expressed
and purified from . coli BL21 (pRare) cells grown to log phase in LB broth at 37 °C.
Protein expression was induced with 1 mM IPTG for 3 h at 37 °C. After induction,
the cells were collected by centrifugation at 15,000xg for 4 °C and stored at
—80 °C. For purification, the frozen pellets were thawed and resuspended in
30 mLof lysis buffer (50 mM Tris-HCI, pH 8, 7 mM DTT, 1 mM PMSF, and 0.5 pM
each of protease inhibitors: pepstatin A, antipain, leupeptin, aprotinin, and chy-
mostatin). The suspension was sonicated on ice using a tip sonicator, and the
resulting lysate was clarified by centrifugation at 120,000 g for 45 min at 4 °C.

The supernatant was loaded onto a disposable column containing 20 mL of
Poly-L-proline conjugated beads (Bio-Rad). The beads were washed at room
temperature with wash buffer (10 mM Tris, pH 8, 150 mM NaCl, T mM EDTA,
and 1 mM DTT), followed by a second wash with 2 column volumes of buffer
containing 10 mMTris, pH 8, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and 3 M urea.
Elution of the protein was achieved using 5 column volumes of buffer containing
10 mMTris, pH 8, 150 mM NaCl, T mM EDTA, T mM DTT, and 8 M urea.

The eluted fractions were pooled and concentrated, then dialyzed against 4 L
of dialysis buffer (2 mM Tris, pH 8, 0.2 mM EGTA, T mM DTT, and 0.01% NaN,) at
4°Cfor4 h.The dialysis buffer was replaced with a fresh 4 Lsolution, and dialysis
was continued overnight at 4 °C. Following dialysis, the protein solution was cen-
trifuged at 450,000 g for 45 min at 4 °C.The purified protein was concentrated
and flash-frozen in liquid nitrogen. The frozen protein was stored at =80 °C.

Conventional Total Internal Reflection Fluorescence (TIRF) Microscopy.
Glass coverslips (60 x 24 mm; Thermo Fisher Scientific) were cleaned through a
series of sonication steps: first in detergent for 20 min, followed by 20-minute
sonications in T M KOH, 1 M HCI, and ethanol. Afterward, the coverslips were
thoroughly rinsed with water and dried using a nitrogen stream. The cleaned
coverslips were coated with a solution containing 2 mg/mL methoxy-polyethylene
glycol (mPEG)-silane (MW 2,000) and 2 pg/mL biotin-PEG-silane (MW 3,400)
from Laysan Bio, dissolved in 80% ethanol at pH 2.0. This coating process
included an overnight incubation at 70 °C. To assemble flow cells, PEG-coated
coverslips were rinsed with water, dried with nitrogen, and affixed to p-Slide
V10.1 flow chambers (dimensions: 0.1 mm x 17 mm x 1 mm; Ibidi, Germany)
using double-sided adhesive tape (2.5 cm x 2 mm x 120 pm) and epoxy resin
(Devcon) for 5 min. Prior to experiments, the flow cell was treated sequentially,
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incubating for one minute each with 4 pg/mL streptavidin, 1% BSA in 20 mM
HEPES (pH 7.5), and 50 mM KCI. Subsequently, the flow cell was equilibrated
with TIRF buffer containing 10 mM imidazole (pH 7.4), 50 mM KCI, T mM MgCI2,
1 mM EGTA, 0.2 mM ATP, 10 mM DTT, 2 mM DABCO, and 0.5% methylcellu-
lose (4,000 cP). For experiments requiring dextran, the TIRF buffer formulation
was adjusted by replacing methylcellulose with 3% dextran (molecular weight:
450,000 to 650,000). In two-color experiments using 549-mTwf1 and 488-actin
(Fig. 1), actin filaments were polymerized from a mixture of 1 uM G-actin (15%
Alexa-488 labeled and 1.4% biotinylated G-actin) and 0.5 uM profilin. Excess
free actin monomers were removed by flushing the flow cell with TIRF buffer.To
generate ADP-actin filaments, the filaments polymerized from ATP-G-actin were
aged in TIRF buffer supplemented with 0.1 uM G-actin for 15 min as described
previously (6, 31, 34, 35). We note that it has previously been ascertained that
filaments assembled from MgATP G-actin and subsequently aged for 15 min
depolymerize at a rate similar to those assembled from Mg-ADP G-actin (59).
Following aging, the flow cell was rinsed with TIRF bufferand 30 nM 549-mTwf1
or 549-yTwf1 in TIRF buffer was introduced. Time-lapse images were collected
atintervals of 0.041 seconds. ADP-P, filaments were prepared using a modified
TIRF buffer that included 50 mM inorganic phosphate (10 mM imidazole at pH
7.4,34.8 mM K,HPO4, 15.2 mM KH,P04, 1 mM MgCl,, T mM EGTA, 0.2 mM
ATP, 10 mM DTT, and 1 mM DABCO). The presence of 50 mM P, maintained the
filaments in the ADP-P, state during the entire experiment.

Microfluidics-Assisted TIRF (mf-TIRF) Microscopy. Actin filament uncap-
ping was examined using microfluidics-assisted TIRF (mf-TIRF) microscopy
(58). Coverslips were sequentially cleaned by sonicating for 20 min in Micro90
detergent, followed by 20-min sonications in T M KOH, 1 M HCI, and 200 proof
ethanol. Cleaned coverslips were stored in fresh 200 proof ethanol until use.
Prior to experiments, these coverslips were thoroughly rinsed with water and
dried using an N, stream. The dried coverslips were then coated with a solution of
2 mg/mL methoxy-poly (ethylene glycol) (mPEG)-silane MW 2,000 and 2 pg/mL
biotin-PEG-silane MW 3,400 (Laysan Bio)in 80% ethanol (pH 2.0) and incubated
overnight at 70 °C. A 40 um high PDMS mold with three inlets and one outlet
was mechanically clamped onto the PEG-silane-coated coverslip.The assembled
chamber was connected to a Maesflo microfluidic flow-control system (Fluigent,
France), rinsed with TIRF buffer (10 mM imidazole pH 7.4, 50 mM KCI, 1 mM
MgCl,, 1 mM EGTA, 0.2 mM ATP, 10 mM DTT, and 1 mM DABCO), and incubated
for 5 min with 1% BSA and 10 ug/mL streptavidin in 20 mM HEPES pH 7.5
and 50 mM KCl. Biotin-CP was immobilized on the glass coverslip by flowing
10 nM biotin-CP for 30 s. Preassembled actin filaments (1 uM 15% Alexa-488
labeled) were introduced and captured at their barbed ends by the anchored
CP, leaving their pointed ends free in solution. For ADP-actin experiments, actin
filaments were aged under continuous flow for 15 min before exposure to specific
biochemical conditions. In ADP-P, filament experiments, a modified TIRF buffer
containing 50 mM inorganic phosphate (10 mM imidazole pH 7.4, 34.8 mM
K,HPO,, 15.2 mM KH,PO,, 1 mM MgCl,, 1 mM EGTA, 0.2 mM ATP, 10 mM DTT,
1 mM DABCO) was used to maintain filaments in the ADP-P, state throughout the
experiment (4, 5). The time-dependent detachment of filaments from coverslip-
bound CP was monitored. The survival fraction of the filaments was used to cal-
culate the dissociation rate constant of CP from barbed ends. Experiments were
conducted at room temperature with continuous flow maintained throughout.

Image Acquisition and Analysis. Single-wavelength time-lapse TIRF imaging
was conducted using a Nikon-Ti2000 inverted microscope. The setup included a
40 mW 488 nm Argon laser, a 60X TIRF objective with a 1.49 numerical aperture
(Nikon Instruments Inc.), and an IXON LIFE 888 EMCCD camera (Andor Ixon,
UK). Each pixel corresponded to an area of 144 x 144 nm. The Perfect Focus
system (Nikon Instruments Inc., Japan) was employed to maintain focus. Nikon
Elements imaging software (Nikon Instruments Inc., Japan) was used to acquire
time-lapse images. For dual-colorimaging, samples were simultaneously excited
with 488 nm and 561 nm lasers, and emissions were captured on a single cam-
era using an OptoSplit device (Cairn Research). Time-lapse images were taken
every 0.041 seconds. To analyze the data, a 6 x 6 pixel region was drawn at
the barbed end of each filament, and intensity values over time were recorded
for the 549 nm channel. Only binding events lasting four or more frames were
considered in the calculation of average residence times, potentially leading to
an overestimation of dwell times. Image analysis was performed using Fiji (60).
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Kymographs of individual filaments were generated with a kymograph plugin and
used to identify detachment events. Sixty filaments were analyzed per condition
across multiple fields of view, and all were included in the cumulative distribution
functions (CDFs) to determine the time-dependent survival fraction of capped
filaments. Data analysis and curve fitting were carried out in Microcal Origin.
Each experiment was repeated at least three times with consistent results, and
the presented data are from a single trial.

Statistical Analysis and Error Bars for Dissociation Rates. The uncertainty
in CP dissociation rates was assessed using a bootstrapping approach (28, 33).
Dissociation rates were calculated by fitting the cumulative distribution function
(CDF) or survival fraction data to a single exponential equation (y = e - or
y=1-e""). Custom MATLAB scripts were employed to simulate CP lifetimes at
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