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The actin filament pointed-end depolymerase Srv2/CAP
depolymerizes barbed ends, displaces capping protein,

and promotes formin processivity
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Cellular actin networks exhibit distinct assembly and disassembly dynamics, primar-
ily driven by multicomponent reactions occurring at the two ends of actin filaments.
While barbed ends are recognized as the hotspot for polymerization, depolymeriza-
tion is predominantly associated with pointed ends. Consequently, mechanisms pro-
moting barbed-end depolymerization have received relatively little attention. Here,
using microfluidics-assisted three-color single-molecule imaging, we reveal that
cyclase-associated protein (CAP), long known for its roles in nucleotide exchange and
pointed-end depolymerization, also acts as a processive depolymerase at filament barbed
ends. CAP molecules track barbed ends for several minutes, inducing depolymerization
rates of up to 60 subunits per second. Importantly, CAP modulates barbed-end dynam-
ics even under cytosol-mimicking assembly promoting conditions. We further show
that CAP can colocalize with both formin and capping protein (CP) at barbed ends.
CAP enhances formin processivity by 10-fold, allowing CAP—formin complexes to track
fast-elongating barbed ends. In contrast, CAP destabilizes CP-bound barbed ends and
accelerates dissociation of CP by fourfold. Our findings, combined with CAP’s previously
reported activities, firmly establish CAP as a key regulator of cellular actin dynamics.
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The actin cytoskeleton is essential for generating forces that drive a wide range of essential
cellular processes (1, 2). Actin networks are formed through the polymerization of actin
monomers (G-actin) into filaments (F-actin), which are themselves organized into
branched (e.g., in lamellipodia) and bundled (e.g., in filopodia) filamentous networks.
The architecture and dynamic assembly/disassembly of actin networks are tightly regulated
by a diverse array of proteins which work together in a coordinated fashion. Consistent
with the long-standing treadmilling model, cellular actin networks are thought to assemble
by polymerization at filament barbed ends and turn over by processes occurring at filament
sides and pointed ends (3—10). As a result, mechanisms that support barbed-end disas-
sembly or pointed-end assembly have received relatively less attention.

Cyclase-associated protein (CAP) is a highly conserved protein with multifunctional roles
in actin disassembly and turnover (8, 11). It is a modular protein whose N-terminal (N-CAP)
and C-terminal (C-CAP) halves can function autonomously (12). N-CAP monomers, which
consist of an oligomerization domain (OD) and a helical-folded domain (HFD), oligomerize
into tetramers (13, 14) and/or hexamers (15, 16). N-CAP alone enhances pointed-end
depolymerization by up to fivefold. This effect is dramatically amplified in the presence of
Cofilin, and the two proteins increase depolymerization by roughly 300-fold (4, 5). N-CAP
has also been reported to bind filament sides and enhance cofilin-mediated severing (15,
16)—these conclusions have however been challenged in light of a recent structural study,
which suggested that actin-binding HFDs of N-CAP can exclusively be docked on actin
monomers at the pointed end (but not in the middle) of the filament (5). In line with their
structural findings, the authors observed no enhancement of cofilin-mediated severing by
N-CAP. The C-terminal portion of CAP or C-CAP comprises a WASP-Homology 2 (WH2)
domain (17), a 8 sheet containing CARP domain, and polyproline motifs. C-CAP mono-
mers form dimers (18, 19) and until recently, their primary function was thought to accel-
erate nucleotide exchange from adenosine diphosphate (ADP) to adenosine triphosphate
(ATP) to regenerate ATP-actin monomers for new rounds of polymerization (18, 20, 21).
Last, CAP collaborates with Abp1 to promote filament coalescence (22).

Despite these advances, our understanding of how CAP influences dynamics at filament
barbed ends remains relatively incomplete. While N-CAP enhances twinfilin’s barbed-end
residence time, it does not alter the rate of twinfilin-mediated depolymerization (23). In
contrast, C-CAP accelerates barbed-end depolymerization (24), though the underlying
mechanisms remain unclear. To elucidate the function of CAP at the barbed end, we
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employed a combination of microfluidics-assisted total internal
reflection fluorescence microscopy (mf-TIRF) and multicolor
single-molecule imaging to directly visualize interactions of CAP
molecules with actin filaments. Our results reveal that CAP mole-
cules processively track both free barbed and pointed ends, remain-
ing associated for several minutes. During this time, the filament
ends underwent rapid depolymerization. Under cytosol-mimicking
conditions which promote assembly, the addition of CAP sup-
pressed the rate of barbed-end polymerization, underscoring its
potential effects in the physiological context. We find that while
the WH2 domain of CAP is required, the CARP domain is dis-
pensable for CAP’s depolymerizing activity. Our results also demon-
strate that Srv2, the CAP homolog in Saccharomyces cerevisiae,
exhibits similar barbed-end depolymerization activity, although the
absolute rate of depolymerization varies between species. Thus,
CAP’s enhancement of barbed-end depolymerization is conserved
from yeast to mammals.

Our investigation further revealed that CAP also influences the
activity of other barbed-end regulators such as formin and CP. CAP
enhances the processivity of formin at elongating barbed ends by
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approximately 10-fold, suggesting a potential collaborative role in
promoting filament elongation. In contrast, CAP destabilizes
CP-bound barbed ends and accelerates the dissociation of CP by
up to fourfold. These findings suggest that CAP plays a dual role
at the barbed end, both promoting disassembly by uncapping and
depolymerizing capped barbed ends, and stabilizing filament elon-
gation when formin is present. Taken together, our findings position
CAP as a potent regulator of actin filaments, capable of modulating
dynamics at both ends of the filament.

Results

Cyclase-Associated Protein Is a Barbed-End Depolymerase. To
explore the impact of mouse CAP1 on barbed-end dynamics,
we employed mf-TIRF (25) (note CAP1 is abbreviated as CAP
hereafter). Actin filaments with free barbed ends were elongated
from coverslip-anchored spectrin-actin seeds by flowing in a
solution containing Alexa-488 labeled G-actin and unlabeled
profilin (profilin-actin) (Fig. 14). The filaments were then aged
for 15 min to allow P, release and conversion to ADP-F-actin
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Fig. 1. Mouse CAP1 is a depolymerase of actin flament barbed ends. (A) Schematic representation of the experimental strategy. Actin filaments with free
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barbed ends were polymerized by exposing coverslip-anchored spectrin-actin seeds to 1 uM G-actin (15% Alexa-488 labeled) and 4 uM profilin. The filaments
were then aged for 15 min and subsequently exposed to full-length 1 uM CAP1 (or CAP1 peptides) or buffer. Barbed-end depolymerization was monitored over
time. BE, barbed end; (B) Domain diagram of mouse CAP1 (abbreviated as CAP henceforth) constructs used in this study. (C) Representative kymograph of an
Alexa-488-labeled actin filament depolymerizing in control buffer. BE, barbed end; PE, pointed end. See Movie S1. (D) Same as (C) but in the presence of 1 uM
CAP. See Movie S2. (E) Rates (+SD) of barbed-end depolymerization of ADP actin filaments in the presence of buffer (control), 1 uM CAP, 1 uM N-CAP, 1 uM C-CAP,
or 1 uM CAPACARP. Number of filaments analyzed for each condition (Left to Right): 20, 20, 30, 20, and 20. (F) Rates (+SD) of barbed-end polymerization of actin
filaments as a function of C-CAP concentration in the presence (black symbols) or absence (red symbols) of 1 uM G-actin and 4 uM profilin. Filaments in absence
of profilin-actin were aged prior to their exposure to C-CAP. At least 20 filaments were analyzed per condition. (G) Rates (+SD) of barbed-end polymerization
of actin filaments as a function of G-actin concentration (with 3 uM excess profilin) in the absence (green bars) or the presence (red bars) of 5 uM C-CAP. 20
filaments were analyzed per condition.
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following which they were exposed to TIRF buffer in the absence
or the presence of full-length CAP (Fig. 1B). While control
filaments depolymerized at 11.0 + 0.8 subunits/s (su/s hereafter)
(+SD), addition of 1 uM CAP caused an approx. threefold increase
in depolymerization rate (36.2 + 3.0 su/s) (Fig. 1 C~E; see Movies
S1 and S2). This acceleration of barbed-end depolymerization by
CAP aligns with findings from a recent study (24). Combined
with previous reports of CAP-mediated depolymerization of
pointed ends (4, 20), these results affirm CAP as a depolymerase
of both ends of actin filaments.

Given the distinct functions of CAP’s two halves, N-CAP and
C-CAD, in disassembly and monomer recycling, we wondered
about their respective contributions to barbed-end depolymeriza-
tion. To explore this, we exposed free barbed ends of ADP-actin
filaments to a solution containing either N-CAP or C-CAP. In
agreement with Alimov et al. (24), we found that while N-CAP
exhibited no discernible effect on barbed-end dynamics, C-CAP
enhanced the rate of depolymerization similarly to full-length
CAP (Fig. 1E). Thus, the depolymerization activity of CAP at
both ends is facilitated by its distinct halves: N-CAP at the pointed
end and C-CAP at the barbed end.

We then sought to determine which of the two actin-binding
domains in the C-terminal half, namely WH2 or CARD, was
responsible for barbed-end depolymerization. To address this, we
expressed and purified CAPACARP (Fig. 1B), a CAP1 fragment
containing N-CAP, polyproline stretches, the WH2 domain but
lacking the CARP domain. The depolymerization rate in the pres-
ence of CAPACARP was similar to that observed with C-CAP
(Fig. 1E). Thus, contrary to a recent study which suggested an
essential role for the CARP domain in depolymerization (24), our
results indicate that the WH2 domain, but not the CARP domain,
is the primary driver of barbed-end depolymerization. Further
analysis revealed that C-CAP promotes depolymerization in a
concentration-dependent manner (S Appendix, Fig. S1). At sat-
uration, a maximal depolymerization rate of about 58 subunits/s,
roughly sixfold higher than the control, was observed. These kinet-
ics imply that at lower concentrations of C-CAD, the binding of
C-CAP to actin filaments might be the limiting factor.

CAP-Mediated Barbed-End Depolymerization Persists in Cytosol-
Mimicking Conditions. While actin networks in vivo can turn over
in just a few seconds (9, 26-28), depolymerization in vitro is orders
of magnitude slower, primarily due to slow P; release (29, 30).
Additionally, although our experiments thus far were conducted
in the absence of G-actin, cytosol contains high concentrations
of assembly-competent profilin-bound actin monomers (2, 31,
32). To address the physiological relevance of our findings, we first
asked whether C-CAP influences barbed-end dynamics of newly
assembled filaments. In agreement with Alimov et al. (24), we found
that C-CAP also accelerates barbed-end depolymerization of ADP-
P, filaments (SI Appendix, Fig. S2). Notably, while the maximal
depolymerization rate of ADP-P, filaments by C-CAP was 10-fold
lower than that of ADP filaments (~6 vs. ~60 su/s), the fold-change
over control was almost double for ADP-P; compared to ADP
filaments (12-fold vs. sixfold) (S Appendix, Figs. S1 and S2).

We then tested whether C-CAP affects barbed-end dynamics in
the presence of profilin-bound polymerizable actin monomers. To
address this, we conducted two sets of experiments. First, while
keeping profilin-actin concentration fixed, we systematically
changed C-CAP concentration. In control reactions with 1 uM
profilin-actin (and no C-CAP), barbed ends elongated at 8.6 + 0.5
su/s (Fig. 1F). While addition of low subphysiological concentra-
tions of C-CAP only slowed net polymerization, higher C-CAP
concentrations close to its known intracellular levels [approximately
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2.2 to 3 uM monomers in S. cerevisiae (23, 33)], induced net depo-
lymerization. Addition of 1 uM profilin-actin to reactions contain-
ing 5 uM C-CAP led to a 30% reduction in net depolymerization
rate from 57.7 + 3.9 su/s to 41.8 + 8.9 su/s (Fig. 1F). Second, we
examined whether C-CAP-mediated depolymerization persisted in
the presence of higher concentration of profilin-actin monomers (5
uM and 10 pM). We found that while addition of C-CAP did not
cause net disassembly at barbed ends, polymerization rates in the
presence of C-CAP were considerably lower than in its absence
(Fig. 1G). Thus at high G-actin concentrations, C-CAP displayed
a polymerization-suppression behavior. Interestingly, another
barbed-end depolymerase, twinfilin, also displays similar effects
(34). These data suggest a potential role for CAP in the regulation
of barbed-end dynamics both in vitro and in vivo.

CAP-Mediated Depolymerization Is Evolutionarily Conserved.
CAP is a highly conserved protein expressed across fungi, plants,
and vertebrates (8). To explore whether CAP's ability to induce
barbed-end depolymerization is conserved, we examined its yeast
homolog, S. cerevisiae Srv2 (Fig. 2A). Similar to the mammalian
homolog, the C-terminal half of Srv2 (C-Srv2) also accelerated
depolymerization. Nevertheless, despite this qualitative similarity,
even high concentrations (~5 uM) of C-Srv2 only caused a
1.8-fold increase in depolymerization (Fig. 2 B and C). Taken
together with previous studies on pointed ends (4, 5), Srv2/
CAP's acceleration of depolymerization at both filament ends is
evolutionarily conserved.

Srv2/CAP Molecules Processively Depolymerize Barbed Ends.
To further investigate the molecular mechanism by which
Srv2/CAP induces barbed-end depolymerization, we employed
single-molecule imaging. We first actempted to use fluorescently
labeled mouse CAP1ACARP. While we were able to observe a
few examples of CAP1ACARP tracking depolymerizing barbed
ends, the high nonspecific binding of labeled CAP1ACARP
molecules to the glass coverslip prevented accurate quantitative
single-molecule measurements. We therefore instead employed
Cy5-labeled Srv2ACARP (Fig. 2A), a protein which we had
successfully used in our previous single-molecule study of pointed-
end depolymerization by Srv2/CAP (4).

Free barbed ends of ADP-actin filaments were first transiently
exposed to a flow containing Cy5-Srv2ACARP (100 nM mono-
mers) in the mf~TIRF chamber, followed by continuous exposure
to TIRF buffer (Fig. 2B). Cy5-Stv2ACARP molecules directly
associated with actin filament barbed ends, and the appearance of
the Cy5 signal at the barbed end coincided with the initiation of
rapid depolymerization (Fig. 2 D and E; See Movie $3). All ends
depolymerizing with a detectable Cy5 signal exhibited rapid depo-
lymerization, while the absence of a Cy5 signal at the barbed end
corresponded to slower depolymerization. The depolymerization
rate of Cy5-labeled Srv2ACARP-bound barbed ends was compa-
rable to the maximal depolymerization observed at saturating
concentrations of unlabeled Stv2ACARP (Fig. 2E), indicating
that at saturating levels of Stv2ZACARP, the filament end is nearly
continuously occupied by a Stv2ACARP molecule. On average,
a Cy5-labeled Srv2ACARP binding event lasted 226 + 54 s
(Fig. 2F). Barbed ends displaying a visible Cy5 signal depolymer-
ized at 22.9 + 4.6 su/s, a rate similar to unlabeled Srv2ZACARP
(Fig. 2 Cand E). Multiplying these two values yields the average
number of subunits removed per Stv2ZACARP binding event,
which is 5,180 + 1,620 subunits.

Our single-molecule experiments suggest that Srv2/CAP oper-
ates as a processive depolymerase of filament barbed ends. To date,
S. cerevisiae twinfilin is the only other protein reported to
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Fig. 2. CAP/Srv2is a processive depolymerase of actin filament barbed and pointed ends. (A) Domain diagram of S. cerevisiae Srv2 constructs used in this study.
Black asterisk on Srv2ACARP indicates the location of its single cysteine, which was used for dye-labeling. (B) Schematic representation of the experimental
strategy for single-molecule imaging for visualizing Cy5-Srv2ACARP at barbed ends. (C) Rates (+SD) of barbed-end depolymerization of ADP actin filaments in
the presence of buffer (control), 5 uM N-Srv2, 5 uM C-Srv2, and 5 uM Srv2ACARP. (D) Representative kymograph of an Alexa-488-labeled actin filament (green)
with Cy5-Srv2ACARP (red) processively tracking its barbed end. See Movie S3. (E) Rates (+SD) of barbed-end depolymerization of free and Cy5-Srv2ACARP-bound
barbed ends in buffer (no free Cy5-Srv2ACARP in solution). Number of filaments analyzed for each condition (Left to Right): 44 and 42. (F) Distribution of lifetimes
of Cy5-Srv2ACARP at barbed ends (n = 33 Cy5-Srv2ACARP-bound ends). (G) Schematic representation of the experimental strategy for single-molecule imaging for
visualizing Cy5-Srv2ACARP at pointed ends. (H) Representative kymograph of an Alexa-488-labeled actin filament (green) with Cy5-Srv2ACARP (red) processively
tracking the filament pointed end. See Movie S4. (/) Rates (+SD) of barbed-end depolymerization of free and Cy5-Srv2ACARP-bound pointed ends in buffer (no
free Cy5-Srv2ACARP in solution). Number of filaments analyzed for each condition (Left to Right): 25 and 40. (J) Distribution of lifetimes of Cy5-Srv2ACARP at
pointed ends (n = 74 Cy5-Srv2ACARP-bound ends). (K) Average lifetimes of Cy5-Srv2ACARP at barbed and pointed ends.

processively depolymerize barbed ends (23). However, recent
structural and single-molecule studies have challenged this view,
suggesting instead that twinfilin molecules might only cause dis-
sociation of terminal actin subunits at the barbed end (35, 36).

Srv2/CAP Molecules Processively Track Depolymerizing Pointed
Ends. Two prior studies demonstrated that Stv2/CAP molecules can
associate with the pointed ends of cofilin-coated filaments (4, 5).
However, due to the transient nature of Srv2/CAP associations (~2
s) on cofilin-actin pointed ends, it was difficult to ascertain whether
Srv2/CAP molecules translocated along with depolymerizing pointed

https://doi.org/10.1073/pnas.2411318122

ends i.e., exhibited processive behavior. To tackle this question, we
conducted single-molecule imaging of Cy5-Srv2ACARP interacting
with pointed ends of bare filaments. Preformed fluorescent ADP-
actin filaments were captured by coverslip-anchored capping protein
in an mf~TIRF chamber. Following a transient exposure to Cy5-
Srv2ACARP (100 nM), filaments were exposed continuously to
TIRF buffer (Fig. 2G). We observed Cy5-Srv2ACARP associating
with filament pointed ends. All ends with a detectable Cy5 signal
underwent rapid depolymerization (Fig. 2 H and 7; See Movie S4).
‘The appearance of the Cy5-Srv2ACARP signal coincided with the
onset of rapid depolymerization. Conversely, the disappearance
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of Cy5-Srv2ACARP was followed by the resumption of slow
depolymerization, characteristic of free pointed ends depolymerizing
in buffer (Fig. 2H). Each binding event, on average, lasted 620 + 30
s (Fig. 2/). Pointed-ends with a Cy5 signal depolymerized at a rate
of 1.2 + 0.2 su/s (Fig. 2 H and /), approximately sixfold faster than
filaments without a visible Cy5 signal. Multiplying these two values
yields the average number of subunits removed per Srv2ACARP
binding event, which is 740 + 130 subunits. Thus, our data support
the notion that Srv2/CAP acts as a processive depolymerase at both
ends of actin filaments.

Srv2/CAP Associates with Formin-Bound Barbed Ends and Slows
Formin’s Dissociation without Altering Its Elongation Rate. In
light of the direct binding of Stv2/CAP to free barbed ends, we
asked whether Stv2/CAP might also associate with barbed ends
bound to other ligands, such as formin and capping protein, which
either accelerate or prevent assembly. To do this, we first expressed
SNAP-tagged formin mDial (FH1-FH2-C) and labeled it with
benzylguanine functionalized fluorescent dye (649-mDial).
SNAP-tagging and labeling did not alter dimerization or actin
assembly properties of formin, as seen previously (37-40). We then
exposed free barbed ends of Alexa-488-labeled actin filaments to
either 649-mDial alone or in combination with Cy5-Srv2ACARD,
followed by a solution containing profilin-actin (Fig. 34). In the
absence of Cy5-Srv2ACARP, the majority of filaments displayed
only 649-mDial at their barbed ends (Fig. 3B). When 649-mDial
and Cy5-Srv2ACARP were simultaneously present, we observed
two distinct populations of barbed ends: 1) those bound solely
to 649-mDial and 2) those bound to both 649-mDial and
Cy5-Srv2ACARP, with the two molecules jointly tracking the
elongating end (Fig. 3C). Importantly, the rate of barbed-end
elongation remained unchanged regardless of whether formin
was present alone at barbed ends or in conjunction with Cy5-
Stv2ACARP (Fig. 3D).

Next, we investigated whether Srv2/CAP affected the barbed-end
processivity of formin. Processivity of formin can be influenced by
the actin labeling fraction, elongation rate, and the presence of
profilin (41). Since CAP can potentially bind and sequester both
profilin and G-actin (24), and can thus have indirect effects on
formin’s elongation rate as well as its processivity, we conducted
these experiments in the absence of profilin and G-actin. We used
an approach that has been previously used by us and others to study
formin processivity (Fig. 3E) (37, 39, 41). Actin filaments were
nucleated by exposing coverslip-anchored formins to a solution
containing fluorescent actin monomers and profilin (Fig. 3E). To
confirm that insertional polymerization was occurring at the
anchored formins, a solution containing profilin and unlabeled
actin monomers was introduced. Consequently, fluorescent seg-
ments appeared to move along the flow as the filaments elongated
(Fig. 3 E'and F). Subsequently, these actin filaments were exposed
to a solution containing various concentrations of C-CAP (in the
absence of profilin-actin). The time-dependent disappearance of
filaments from the field of view (due to their dissociation from
surface-anchored formins) was analyzed to determine formin’s dis-
sociation rate from barbed ends. We found that formins remained
bound to filaments for a longer duration in the presence of C-CAP
(Fig. 3F) than in control reactions (Fig. 3G). Additionally, formin’s
dissociation rate decreased with increasing C-CAP concentration.
At saturating C-CAP concentration, we observed a 10-fold increase
in the barbed end processivity of formin (Fig. 3H). We observed a
similar increase in processivity of formin in elongation-promoting
conditions i.e., in the presence of profilin-bound actin monomers
(SI Appendix, Fig. S3). Consistent with single-molecule analysis,
C-CAP did not alter the depolymerization rate of formin-bound
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barbed ends. Taken together, our data suggest that while C-CAP
stabilizes formin’s association at barbed ends, it does not influence
the rate of formin-mediated polymerization/depolymerization rate.
We note that a recent study investigating this question arrived at
conclusions opposite to ours (24). The discrepancies in findings
may stem from the difference in how the barbed-end presence of
formin was determined between the two studies. While we directly
visualized labeled formins bound to barbed ends, the authors of the
other study inferred formin’s presence from filament intensity.

Srv2/CAP Colocalizes with CP at Barbed Ends and Accelerates
Uncapping. We then investigated whether CAP might also
influence CP-bound barbed ends. A SNAP-tagged construct
of mouse CP (SNAP-CP) was expressed and labeled with
benzylguanine-functionalized green-excitable fluorescent dye
(549-CP). Consistent with previous observations, SNAP-tagging
and labeling did not interfere with CP’s interactions with the
barbed end (39, 40).

We transiently exposed Alexa-488-labeled actin filaments with
free barbed ends to 549-CP in the presence of profilin and G-actin
(Fig. 44). The appearance of a 549-CP signal at the barbed ends
coincided with filaments transitioning from elongating to a paused
state. Subsequently, upon exposure to a solution containing
Cy5-Srv2ACARP and profilin-actin, we observed colocalization
of Stv2ACARP with 549-CP at the barbed ends (Fig. 4B). During
this colocalization, the filaments remained paused, with no change
in filament length.

Next, we asked whether Srv2/CAP might influence the residence
of CP at the barbed end. We employed a strategy similar to the one
used to investigate formin processivity. Preformed fluorescently
labeled actin filaments were captured by CP anchored to the cov-
erslip in the mf~TIRF chamber (Fig. 4C). The time-dependent
disappearance of filaments from the field of view was recorded and
used to determine the uncapping rate. In the presence of C-CAP,
the uncapping rate increased linearly with C-CAP concentration
(Fig. 4 D-G). Notably, although we observed only a maximum of
a fourfold enhancement in CP’s dissociation rate from the barbed
end, the linear nature of the concentration dependence suggests
the possibility of further enhancement at higher C-CAP concen-
trations. These findings add CAP to the select group of proteins
with uncapping abilities, alongside formin (37), CARMIL (42),
twinfilin (43), cofilin (44), and VopF (45).

Discussion

Cyclase-associated protein has traditionally been recognized for
promoting nucleotide exchange on actin monomers and for enhanc-
ing pointed-end depolymerization of filaments (4, 5, 18, 20, 21).
Only recently have its roles at barbed ends been uncovered (24).
Using single-molecule and single-filament imaging, we reveal that
CAP molecules can localize to free barbed ends as well as those
bound to formin and CP. At free barbed ends, CAP molecules pro-
cessively bind and accelerate filament barbed-end depolymerization.
Interestingly, depending upon G-actin concentration, CAP can
switch roles from being a depolymerase to a suppressor of polym-
erization. This dual role of CAP which depends on G-actin concen-
tration, mirrors the mechanism of twinfilin, which similarly exhibits
G-actin concentration-dependent effects on barbed-end dynamics
(34, 36). We further show that CAP colocalizes with formin at the
barbed end, enhancing formin processivity by 10-fold. This inter-
action allows CAP—formin complexes to track fast-elongating
barbed ends without altering the formin-dependent elongation rate.
In contrast, CAP destabilizes CP-bound barbed ends, accelerating
CP dissociation by fourfold. Thus, CAP can influence the dynamics

https://doi.org/10.1073/pnas.2411318122 5 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2411318122#supplementary-materials

A ® D 60 :

+ 649-mDial

® 5 '
@ = .
8500 -l
‘e ¥4 'é 3 40 3
Flow t 3 N7 >
— \g 8 830
BE BE T3
= ) o 920
M m o¢ o
- S 10
Cy3-Srv2ACARP & Z ]

649-mDia1 649-mDia1 &
alone  Cy5-Srv2ACARP

@ Actin Cy3-Srv2ACARP | 649-mDia1 @ Profilin >, Coversli
®cy g i Molecules present at barbed end

B Merge
Merge ) .. Cy5-Srv2ACARP,
649-mDial  649-mbDial, Cy5-Srv2ACARP 649-mDial 649-mDial,

Alexa 488-Actin 30s_ Alexa 488-Actin
I £

BE =3

PE

E

Flow
®
—> ¢ EYA "
— e..=> . => P =>, => Detachment
D7 (e = e = 0, o8 /
L ] L ]
Nucleation  Elongation Dissociation

< I
A

@ Actin(A", labeled) O Actin (A, unlabeled) | (J) Formi
clin(A", labeled) © Actin (4, unlabeled) () Formin PA  Buffer or C-CAP1

M Coverslip @ Profiin # C-CAP

@)
I

« Control -
B  1.04- o01pmc-capt ‘» 0.004 -
S « 0.2 uM C-CAP1 ;
8 80g]° 03uMCCAPI ®
3 S U]t osHMC-CAPT = 0.003
2o k)
£ 20.6- ®
E 2 [}
S g 8 0.002
E go.4~ % i
o < J
% =02 £ 0.001 ' .
© S » n
- e
0.0+ T : . 0.000 -+ T T T T T
0 200 400 600 800 00 01 02 03 04 05 06
Time (s) [C-CAP1] (M)

Fig. 3. Srv2/CAP stabilizes barbed-end binding of formin. (A) Schematic representation of the experimental strategy. Actin filaments with free barbed ends were
assembled similarly as in Fig. 1A and exposed to either 10 nM 649-mDia1 alone or together with 100 nM Cy3-Srv2ACARP, and then exposed to 1 uM Alexa-488
G-actin and 4 uM profilin. Red-colored Srv2ACARP molecules represent labeled protein. (B) Representative kymograph of an Alexa-488-labeled actin filament
(cyan) bound to 649-mDia1 (yellow) at the barbed end. (C) Representative kymograph of an Alexa-488-labeled actin filament (cyan) bound to 649-mDia1 (yellow)
and Cy3-Srv2ACARP (red) at the barbed end. (D) Rates (+SD) of barbed-end elongation of 649-mDia-bound or 649-mDia- and Cy3-Srv2ACARP-bound barbed ends
elongating from 1 uM Alexa-488 G-actin and 4 uM profilin. Number of filaments analyzed for each condition: 20. () Schematic representation of the experimental
strategy. Actin filaments were nucleated from coverslip-anchored formins by introducing a flow containing 1 uM G-actin (15% Alexa-488 labeled) and 0.5 uM
profilin. The filaments were then allowed to elongate in the presence of 1 uM unlabeled G-actin and 4 uM profilin to ensure insertional elongation between
fluorescent fragments and surface-anchored formins. These filaments were then exposed to a flow containing C-CAP in the absence of profilin-actin. The survival
fraction of filaments attached to formins was monitored as a function of time. Blue-colored C-CAP molecules represent unlabeled proteins. (F) Representative
kymograph of a formin-anchored filament elongating from unlabeled monomers (Fig. 3D) and then being exposed to buffer. Time point of filament detachment
from formin is indicated. (G) Fraction of filaments attached to formin as a function of time in the presence of varying concentrations of C-CAP. Experimental
data (symbols) are fitted to a single-exponential function (lines) to determine formin dissociation rate. Number of filaments analyzed for each condition [(from
low to high C-CAP concentration): 90, 62, 80, 68, 46] (H) Formin dissociation rate as a function of C-CAP concentration, determined from data shown in (G).
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of both slow-growing free barbed ends and those bound to formin
and CP.

For over three decades, the concept of “treadmilling” has defined
the field of actin dynamics (9, 10). Consequently, mechanisms
promoting depolymerization at barbed ends and polymerization at
pointed ends have received comparatively little attention. However,
recent discoveries—such as modulation of barbed-end assembly
due to depolymerizing effects of CAP and twinfilin, pointed-end
polymerization by VopE suggested role of pointed-end assembly

https://doi.org/10.1073/pnas.2411318122

in striated muscle—highlight the need to revisit and expand the
classical treadmilling model (23, 34, 39, 46, 47).

Role of WH2 Domains in Barbed-End Effects of CAP. WH2
domains have traditionally been regarded as actin monomer-
binding motifs that promote nucleation (17, 48). Notable
WH2-containing nucleators include SPIRE (49), Cordon Bleu
(50), Leiomodin (51), VopF/VopL (52, 53), and Sca2 (54,
55). Due to the flatter conformation of F-actin, WH2 binding
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kymograph of an Alexa-488-labeled actin filament with 549-CP and Cy5-Srv2ACARP simultaneously bound to the barbed end. (C) Schematic representation of
the experimental strategy. Preformed Alexa-488 labeled ADP-actin filaments were captured by coverslip-anchored biotinylated SNAP-CP anchored on the glass
coverslip. Varying concentrations of C-CAP were then introduced into the chamber, and filament detachment was monitored. BE, barbed end; PE, pointed end.
Blue-colored C-CAP molecules represent unlabeled proteins. (D) Representative kymograph of a CP-anchored filament in buffer. (£) Same as (D) but with 3 uM
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to barbed ends has been considered less favorable. How then
might the WH2 domain of CAP interact with the barbed end?
There are two plausible explanations. First, although the WH2-
binding site is predominantly obscured on subunits within the
filament, it is fully exposed at the barbed end (48). Second, a
recent high-resolution study by the Dominguez lab revealed
that the W-loop and the C-terminus of the terminal actin’s
hydrophobic cleft undergo a G-actin-like conformation at the
barbed end (56). These conformational changes likely contribute
to the barbed-end effects of WH2-containing proteins such as
CAP, N-WASP (57), WASP (58), and VopF (45). Our report
demonstrates WH2 domains facilitating processive barbed end
depolymerization.

PNAS 2025 Vol.122 No.5 2411318122

Our results offer insights into how multiple proteins might
coexist at the barbed end. CP primarily binds to the barbed end
through interactions of its - and a-tentacles with the hydrophobic
cleft of the terminal and penultimate actin subunits (56, 59, 60).
While the deletion of the 3-tentacle weakens the barbed-end affin-
ity of CP by approximately 300-fold, the removal of the a-tentacle
results in a much greater weakening of around 5,000-fold (60).
WH2 domains also target the same hydrophobic cleft on actin
(61). We speculate that the destabilization of CP by CAP is pri-
marily caused by competition between the B-tentacle and the WH2
domain, in analogy to NPF-WH2 tethering of the filament barbed
end being counteracted by CP in branched actin assembly (61).
Such a competition is likely further aided by the splaying of the
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barbed-end subunits due to CP binding (56). We believe these
structural observations provide a plausible mechanism for the dest-
abilization of CP by WH2 domains, thereby enabling faster uncap-
ping by CAP. Another WH2 domain protein, VopF, has also been
previously reported to displace CP from barbed ends (45).

Cellular Implications of Barbed-End Activities of CAP. By integrating
our findings with the established functions of CAD, we propose a
comprehensive model illustrating its diverse roles in orchestrating
actin dynamics (Fig. 5). Within cells, CAP can potentially act as
a molecular switch, modulating the barbed-end transition from a
CP-bound paused state to a formin-bound fast elongating state
(Fig. 54). Filament elongation typically ceases upon capping by
CP. However, our experiments show that CAP can dislodge CP
from barbed ends. The fate of these uncapped barbed ends will
depend upon the concentration of polymerization-competent actin
monomers. At low ATP-G-actin concentrations, CAP will cause
filaments to shrink from their barbed ends. In the presence of high
ATP-G-actin concentration, CAP will function as a suppressor of
actin assembly, by decreasing the rate of polymerization. In both
of its uncapping and polymerization suppression function, CAP
can potentially collaborate with Twinfilin which has also been
implicated in similar activities (23, 34, 43, 62).

We hypothesize that the fate of a CAP-bound filament will
depend on its proximity to the plasma membrane. Formins
anchored to the plasma membrane may engage CAP-bound
barbed ends, promoting rapid elongation. For instance, CAP
could collaborate with formin FMNL2 to drive assembly of longer
filaments in lamellipodia, with mDia2 in filopodia, or with mDial
in the cell cortex. Meanwhile, uncapped filaments with free barbed
ends, located away from the membrane, will continue to depo-
lymerize due to the action of CAP and/or Twinfilin (34, 43).

Simultaneously, as CAP acts on barbed ends, CAP also collabo-
rates with cofilin to enhance filament severing and pointed-end
depolymerization (4, 5, 15, 16). In the absence of CAP, cofilin-bound

ADP-actin monomers are released back into the cytoplasmic pool.

However, when CAP is present, its N-terminal half expedites the
dissociation of cofilin-bound ADP-monomers from pointed ends
(Fig. 5B) (4, 5). Subsequently, these monomers are thought to be
transferred to the WH2 and CARP domains in the C-terminal half
of CAP (5, 18). These domains facilitate cofilin displacement, pro-
mote nucleotide exchange, and then transfer the monomers to
profilin before ultimately releasing them back into the cytoplasmic
pool of polymerization-competent actin monomers (21, 63, 64).
These recycled profilin-bound monomers can then be directed back
to formin-bound or freely growing barbed ends. Investigating
whether CAP can shield formin-bound barbed ends from ligands
such as CP is an important question for future research. In sum-
mary, while actin regulatory proteins have traditionally been studied
individually, it is now recognized that within cells, they function
concurrently in multiprotein teams, often targeting the same site
on a filament. Our findings regarding CAP's influence on the
dynamics of formin and CP further underscore this concept.

Materials and Methods

Purification and Labeling of Actin. Rabbit skeletal muscle actin was purified
from acetone powder generated from frozen ground hind leg muscle tissue of
young rabbits (PelFreez, USA). 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 Dithiothreitol (DTT), 0.2 mM ATP and 0.1 mM CaCl,], and
cleared by centrifugation for 20 min at 50,000 x g. Supernatant was collected and
further filtered with Whatman paper. Actin was then polymerized overnight at 4
°C, slowly stirring, by the addition of 2 mM MgCl, and 50 mM NaCl to the filtrate.
The next morning, NaCl powder was added to a final concentration of 0.6 Mand
stirring was continued for another 30 min at 4 °C. Then, F-actin was pelleted by
centrifugation for 150 min at 280,000 x g, 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 x g and loaded onto a Sephacryl S-200 16/60
gel-filtration column (Cytiva, USA) equilibrated in G-Buffer. Fractions containing
actin were stored at 4 °C.

To fluorescently label actin, G-actin was polymerized by dialyzing overnight
against modified F-buffer (20 mM PIPES pH 6.9,0.2 mM CaCl, 0.2 mM ATP, 100
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Fig. 5. A working model of various activities of CAP on actin filaments and actin monomers. (A) CP binds a freely elongating barbed end and arrests its growth.
CAP binds a CP-bound barbed-end and promotes the removal of CP. The CAP-bound barbed end grows, albeit with an elongation rate much lower than the rate
of free barbed-end elongation. Formin can now be associated with a CAP-bound barbed end. The simultaneous presence of formin and CAP triggers a switch from
depolymerization to rapid elongation, in which both CAP and formin simultaneously track the growing barbed end. When CAP and formin are present together,
CAP diminishes the dissociation rate of formin from barbed ends, causing the formation of longer filaments. Meanwhile, at pointed ends, CAP collaborates
with cofilin to accelerate depolymerization and nucleotide exchange on dissociated monomers. CAP also accelerates cofilin-mediated filament severing. Green
arrows indicate polymerization, and red arrows indicate depolymerization. The size of the arrows represents the relative magnitude of each process. (B) CAP
promotes dissociation of cofilin from ADP-actin monomers being released from the pointed end. CAP then rapidly catalyzes the bound nucleotide and converts it
from ADP-actin into ATP-actin. The newly recycled ATP-actin monomers can then be handed off to profilin and released back into the cytoplasm as profilin-actin
monomers. This replenishes the pool of polymerizable actin monomers which can fuel elongation of both free and formin-bound barbed ends.
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mM KCl) (25). F-actin was incubated for 2 h at room temperature with a fivefold
molar excess of Alexa-488 NHS ester dye (Thermo Fisher Scientific, USA). F-actin
was then pelleted by centrifugation at 450,000 x g for 40 min at room temper-
ature, and the pellet was resuspended in G-buffer, homogenized with a dounce,
and incubated on ice for 2 h to depolymerize the filaments. The monomeric actin
was then repolymerized on ice for 1 h by addition of 100 mM KCl and 1 mM
MgCl,. F-actin was once again pelleted by centrifugation for 40 min at 450,000
x g at4 °C.The pellet was homogenized with a dounce and dialyzed overnight
at4°Cagainst 1 L of G-buffer. The solution was precleared by centrifugation at
450,000 x g for 40 min at 4 °C.The supernatant was collected, and the concen-
tration and labeling efficiency of actin was determined.

Purification of Profilin. Human profilin-1 was expressed in Escherichia coli
strain BL21 (pRare) to log phase in LB broth at 37 °Cand induced with 1 mM IPTG
for3hat37°C. Cells were then harvested by centrifugation at 15,000 x g at4°C
and stored at —80 °C. For purification, pellets were thawed and resuspended in 30
mLlysis buffer[50 mM Tris-HCl pH 8, 1 mM DTT, 1 mM PMSF protease inhibitors
(0.5 uM each of pepstatin A, antipain, leupeptin, aprotinin, and chymostatin)]
was added, and the solution was sonicated on ice by a tip sonicator. The lysate
was centrifuged for 45 min at 120,000 x g at 4 °C. The supernatant was then
passed over 20 mL of poly-L-proline conjugated beads in a disposable column
(Bio-Rad, USA).The beads were first washed at room temperature in wash buffer
(10 mM Tris pH 8, 150 mM NaCl, T mM EDTA, and 1 mM DTT) and then washed
again with 2 column volumes of 10 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA,
1 mM DTT, and 3 M urea. Protein was then eluted with 5 column volumes of 10
mM Tris pH 8, 150 mM NaCl, T mM EDTA, T mM DTT, and 8 M urea. Pooled and
concentrated fractions were then dialyzed in 4 Lof 2 mMTris pH 8,0.2 mM EGTA,
1 mM DTT, and 0.01% NaNs, (dialysis buffer) for 4 h at 4 °C.The dialysis buffer was
replaced with fresh 4 L buffer and the dialysis was continued overnight at 4 °C.
The protein was centrifuged for 45 min at 450,000 x g at 4 °C, concentrated,
aliquoted, flash frozen in liquid N, and stored at —80 °C.

Purification and Biotinylation of SNAP-CP. SNAP-CP (40) was expressed in £.
coliBL21 DE3 by growing cells to log phase at 37 °Cin TB medium, then inducing
expression using 1 mM IPTG at 18 °C overnight. Cells were harvested by centrif-
ugation and pellets were stored at —80 °C. Frozen pellets were resuspended in
lysis buffer (20 mM NaPO, pH 7.8, 300 mM NaCl, 1 mM DTT, 15 mM imidazole,
1 mM PMSF) supplemented with a protease inhibitor cocktail (0.5 uM each of
pepstatin A, antipain, leupeptin, aprotinin, and chymostatin). Cells were lysed
by sonication with a tip sonicator while keeping the tubes on ice. The lysate was
cleared by centrifugation at 150,000 x g for 30 min at 4 °C. The supernatant
was then flowed through a HisTrap column connected to a Fast Protein Liquid
Chromatography (FPLC) system. The column with the bound protein was first
extensively washed with the washing buffer (20 mM NaPO, pH 7.8, 300 mM
NaCl, 1 mM DTT, and 15 mM imidazole) to remove nonspecifically bound proteins.
SNAP-CP was then eluted with 250 mM imidazole in 20 mM NaPO, pH7.8, 300
mM NaCl,and 1 mM DTT. The eluted protein was concentrated and labeled either
with Benzylguanine Biotin or SNAP-surface-549 (New England Labs) according
to the manufacturer’s instructions. Free biotin (or dye) was removed using size-
exclusion chromatography by loading the labeled protein on a Superose 6 gel
filtration column (GE Healthcare, Pittsburgh, PA) eluted with 20 mM HEPES pH
7.5, 150 mM KCl, 0.5 mM DTT. Fractions containing the protein were pooled,
aliquoted, snap frozen in liquid N,, and stored at —80 °C.

Purification, Labeling, and Biotinylation of Formin mDia1. Mouse his-
tagged SNAP-mDia1 (FH1-FH2-C) formin was expressed in E. coli; BL21(DE3)
plysS cells. Cells were grown in Terrific Broth to log phase at 37 °C. Expression
was induced overnight at 18 °C by addition of 1 mM IPTG. Cells were harvested
by centrifugation at 11,200 x g for 15 min and the cell pellets were stored at
—80 °C. For purification, frozen pellets were thawed and resuspended in 35 mL
lysis buffer [50 mM sodium phosphate buffer pH 8, 20 mM imidazole, 300 mM
NaCl, 1 mM DTT, 1 mM PMSF, and protease inhibitors (0.5 pM each of pepstatin
A, antipain, leupeptin, aprotinin, and chymostatin)]. Cells were lysed using a
tip sonicator while being kept on ice. The cell lysate was then centrifuged at
120,000 x g for 45 min at 4 °C. The supernatant was then incubated with 1 mL
of Ni-NTA beads (Qiagen, USA) while rotating for 2 h at 4 °C. The beads were then
washed three times with the wash buffer (50 mM sodium phosphate buffer pH
8,300 mM NaCl, 20 mM imidazole, and 1 mM DTT) and were then transferred
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to a disposable column (Bio-Rad, USA). Protein was eluted using the elution
buffer (50 mM phosphate buffer pH 8, 300 mM NaCl, 250 mM imidazole, and
1 mM DTT). Fractions containing the protein were concentrated and loaded onto
a size exclusion Superdex 200 increase 10/300 GL column (Cytiva, USA) pre-
equilibrated with 20 mM HEPES pH 7.5, 150 mM KCl, 10% glycerol, and 0.5 mM
DTT.The eluted protein was concentrated and labeled either with Benzylguanine
Biotin or SNAP-surface-649 (New England Labs) according to the manufacturer's
instructions. Free biotin (or dye) was removed using a Superdex 200 increase
10/300 GL column (Cytiva, USA). Fractions containing the protein were pooled,
aliquoted, snap frozen in liquid N,, and stored at —80 °C.

Purification of CAP1 and Srv2 Peptides. Mouse CAP1and S. cerevisiae Srv2 pep-
tides (except CAP1ACARP) were expressed as His-tagged constructsin E. coli BL21
PRARE or pLysS by growing cells to log phase at 37 °Cin TB medium. CAPTACARP
was expressed in ArcticExpress E. coli cells. Full-length CAP1, CAPTACARP, and
C-CAP contained additional SUMO and 3C cleavage sites respectively (5). BL21
PRARE or plysS cells were induced with 1 mM IPTG at 18 °C overnight. ArcticExpress
cells were induced with 1 mM IPTG at 10 °C for 24 h. Cells were harvested by cen-
trifugation and pellets were stored at —80 °C. Frozen pellets were resuspended in
50 mM NaPO, pH 8.0, T mM PMSF, T mM DTT, 20 mM imidazole, 300 mM NaCl,
and protease inhibitors as described above. Cells were lysed by sonication with a tip
sonicator while keeping the tubes on ice. The lysate was cleared by centrifugation
at 150,000 x g for 30 min at 4 °C. The lysate was incubated for 2 h with Ni-NTA
beads (Qiagen). Nonspecifically bound proteins were removed by washing the
beads with 20 mM NaPO, pH 8.0, 50 mM imidazole, 300 mM NaCl, and 1 mM
DTT. The bound protein was then eluted using 250 mM imidazole in the same
buffer. Fractions containing the protein were concentrated and then further puri-
fied by size-exclusion chromatography using Superdex 75 Increase or Superdex
200 Increase gel-filtration columns (Cytiva, USA) equilibrated in 5 mM HEPES
pH7.4,100 mM NaCl, and 1 mM DTT. Peak fractions were pooled, the protein was
aliquoted, snap frozen in liquid N, and stored at =80 °C.

For FL-CAP1 and C-CAP1, the His-tag was cleaved prior to gel-filtration. The
eluted protein from Ni-NTA beads was first dialyzed against 20 mM HEPES pH
7.4,300 mM NaCl, and 2 mM DTT, and then incubated overnight either with
SUMO protease (Sigma Aldrich) or PreScission Protease. The cleaved tags were
removed by incubation with Ni-NTA and/or GST beads.

Labeling of Srv2ACARP. For fluorescent labeling of Srv2 ACARP, the protein was
first purified with the same procedure as above with the exception that 1 mM
DTT in the elution buffer was replaced with 0.2 mM Tris(2-carboxyethyl)phos-
phine (65). The eluted fractions were concentrated and incubated with at least
fivefold molar excess of Cy3- or Cy5-maleimide dye (GE Healthcare, Pittsburgh,
PA)for 30 min at 25 °Cand additionally for 14 h at 4 °C.The excess dye was then
quenched by addition of 5 mM DTT. Free dye was then separated from labeled
protein using a PD-10 column with 10 mM imidazole pH 8, 50 mM KCl, 1 mM
DTT, and 5% glycerol. Labeled protein was concentrated. The protein was then
aliquoted, snap frozen in liquid N, and stored at —80 °C.

mf-TIRF Microscopy. Actin filaments were assembled in mf-TIRF flow cells
(25). For all experiments, coverslips were first cleaned by sonication in Micro90
detergent for 20 min, followed by successive 20 min sonications in 1 M KOH,
1 M HCl, and 200 proof ethanol for 20 min each. Washed coverslips were then
stored in fresh 200 proof ethanol. Coverslips were then washed extensively with
H,0and dried inan N, stream.These dried coverslips were coated with 2 mg/mL
methoxy-poly (ethylene glycol) (mPEG)-silane MW 2,000 and 2 pg/mL biotin-
PEG-silane MW 3,400 (Laysan Bio, USA) in 80% ethanol (pH 2.0) and incubated
overnightat 70 °C. A 40 pum high PDMS mold with 3 of 4 inlets and 1 outlet was
mechanically clamped onto a PEG-Silane coated coverslip.The chamber was then
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,, T mM EGTA,
0.2 mMATP, 10 mM DTT, T mM DABCO) and incubated with 1% BSAand 10 ug/
mL streptavidin in 20 mM HEPES pH 7.5, and 50 mM KCl for 5 min. Depending
upon the needs of specific experiments, spectrin-seeds, biotinylated-capping
protein, or biotinylated-formin was then anchored on the surface by flowing
them in TIRF buffer for 5 min.

For ADP-P; experiments (S Appendix, Fig. S2), the filaments were maintained
in modified TIRF buffer (reqular TIRF buffer supplemented with inorganic phos-
phate: 10 mM imidazole pH 7.4, 34.8 mM K,HPO, and 15.2 mM KH,PO,, T mM
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MgCl,, 1 mM EGTA, 0.2 mM ATP, 10 mM DTT, and T mM DABCO) throughout
the experiment.

Image Acquisition and Analysis. Multiwavelength time-lapse TIRF imaging
was performed on a Nikon-Ti2000 inverted microscope equipped with a 40 mW
488nm, 561 nm, and 640 nm Argon lasers, a 60 x TIRF-objective with a numerical
aperture of 1.49 (Nikon Instruments Inc., USA) and an IXON LIFE 888 EMCCD
camera (Andor Ixon, UK). One pixel was equivalent to 144 x 144 nm. Focus was
maintained by the Perfect Focus system (Nikon Instruments Inc., Japan). Time-
lapsed images were acquired using Nikon Elements imaging software (Nikon
Instruments Inc., Japan).

Images were analyzed in Fiji (66). Background subtraction was conducted
using the rolling ball background subtraction algorithm (ball radius 5 pixels).
Time-lased images were corrected for drift using Fiji Image Stabilizer plugin.
For each condition, filaments were acquired across multiple fields of view. To
determine the rate of depolymerization, the in-built kymograph plugin was used
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