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Abstract

Dynamic remodeling and turnover of cellular actin networks requires actin filament severing by
actin-depolymerizing factor (ADF)/Cofilin proteins. Mammals express three different ADF/Cofilins (Cof1,
Cof2, and ADF), and genetic studies suggest that in vivo they perform both overlapping and unique functions.
To gain mechanistic insights into their different roles, we directly compared their G-actin and F-actin binding
affinities, and quantified the actin filament severing activities of human Cof1, Cof2, and ADF using in vitro total
internal reflection fluorescence microscopy. All three ADF/Cofilins had similar affinities for G-actin and F-actin.
However, Cof2 and ADF severed filaments much more efficiently than Cof1 at both lower and higher
concentrations and using either muscle or platelet actin. Furthermore, Cof2 and ADF were more effective than
Cof1 in promoting “enhanced disassembly”when combined with actin disassembly co-factors Coronin-1B and
actin-interacting protein 1 (AIP1), and these differences were observed on both preformed and actively
growing filaments. To probe the mechanism underlying these differences, we used multi-wavelength total
internal reflection fluorescence microscopy to directly observe Cy3–Cof1 and Cy3–Cof2 interacting with actin
filaments in real time during severing. Cof1 and Cof2 each bound to filaments with similar kinetics, yet Cof2
induced severing much more rapidly than Cof1, decreasing the time interval between initial binding on a
filament and severing at the same location. These differences in ADF/Cofilin activities and mechanisms may
be used in cells to tune filament turnover rates, which can vary widely for different actin structures.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Actin-depolymerizing factor (ADF)/Cofilin proteins
are a family of actin severing proteins that are
expressed in all plant, animal, and fungal species
and play essential roles in driving dynamic turnover
of the actin cytoskeleton in a wide range of cellular
and physiological processes [1–4]. Simple model
organisms such as Saccharomyces cerevisiae,
Drosophila melanogaster, and Dictyostelium
discoideum have a single Cofilin gene that is
essential for viability [5–8]. However, mammals
have three separate ADF/Cofilin genes, from which
they express three different proteins: Cofilin-1,
Cofilin-2, and ADF (hereafter referred to as Cof1,
Cof2, and ADF). Most non-muscle cell and tissue
types express both Cof1 and ADF, but at different
uthors. Published by Elsevier Ltd. This
rg/licenses/by-nc-nd/4.0/).
levels, and some cell types express all three ADF/
Cofilins [9–13]. Cof2 is found primarily in muscle, but
also in the brain and liver [9], and in oligodendro-
cytes and keratinocytes [12,13]. Genetic studies
suggest that the three ADF/Cofilins have distinct
physiological roles. In mice, a Cof1−/− knockout is
embryonic lethal [14], whereas an ADF−/− knockout
leads to corneal thickening and blindness, and a
Cof2−/− knockout causes severe disruption of
muscle architecture and post-natal lethal cardiomy-
opathies [15,16]. Additional genetic insights into
ADF/Cofilin isoform function have come from silenc-
ing studies in cultured cells. Several groups have
shown that depletion of Cof1 impairs directed cell
migration, and that these defects can only be
rescued by Cof1 and not ADF [10,11,17,18].
Collectively, these observations indicate that while
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the three ADF/Cofilins may have some overlapping
functions, they also perform unique roles in vivo.
In vitro studies on ADF/Cofilins have shown that

they bind G-actin and F-actin, and exhibit a strong
preference for actin in the ADP-bound rather than
ATP- or ADP + Pi-bound states [1,19,20]. ADF/
Cofilins bind to G-actin between subdomains I and
III, and strongly inhibit nucleotide exchange on actin
monomers [21]. Real-time imaging using multi-
wavelength total internal reflection fluorescence
(TIRF) microscopy has shown that yeast Cofilin and
human Cof1 bind actin filaments in a cooperative
manner and induce severing at the boundaries
between bare and decorated segments [22–24]. ADF/
Cofilin binding also alters the structure and mechanical
properties of actin filaments [21,22,25–29] and induces
the release of cations to “soften” F-actin, creating
mechanical discontinuities that induce fragmentation
[27]. On the other hand, over-decoration leads to
filament stabilization [30]. Other studies have shown
that severing by ADF/Cofilins can be greatly enhanced
by cellular co-factors. For both yeast Cofilin and human
Cof1, Coronin has been shown to enhance their
severing activities by altering F-actin structure and/or
accelerating their recruitment to filament sides [24,31].
In contrast, suppressor of RasVal19/cyclase-associated
protein (Srv2/CAP) and actin-interacting protein 1
(AIP1) enhance yeast Cofilin and human Cof1
severing without altering their kinetics of recruitment
to filament sides [23,24,32–35]. To date, these in vitro
mechanistic TIRF studies on Cofilin have been limited
to yeast andhumanCof1, leaving open the question of
whether the other mammalian ADF/Cofilins have
similar or distinct activities, and whether their activities
are similarly enhanced by these co-factors.
Earlier studies using bulk fluorescence assays and

electron microscopy to measure filament fragmenta-
tion and disassembly reported that ADF has a
stronger disassembly-promoting activity than Cof1
[36]. However, a different study using F-actin sedi-
mentation reported that ADF and Cof1 have similar
disassembly activities, and that Cof2 is less active
than ADF and Cof1 [9]. Yet another study from the
same group later used bulk pyrene–F-actin depoly-
merization assays and reported that Cof1 and Cof2
have similar kinetic effects on disassembly [37]. Thus,
there have been conflicting reports about the relative
efficiencies of Cof1, Cof2, and ADF in promoting
severing and disassembly, with someof this variability
likely arising from the specific techniques used and
the caveats associated with those methods.
Here, we directly compared the G-actin and

F-actin binding affinities of human Cof1, Cof2, and
ADF and then used in vitro TIRF microscopy
analysis to directly observe in real time and
rigorously quantify their severing activities. To our
knowledge, no study to date has compared the
activities of the three ADF/Cofilins by this powerful
approach. Our analysis has revealed key differences
in their severing activities and mechanisms, which
offer new insights into how cells may differentially
deploy these three proteins to tune actin network
turnover.
Results

Human Cof1, Cof2, and ADF have similar binding
affinities for G-actin and F-actin

Common properties of ADF/Cofilins are their
ability to bind F-actin and their ability to bind actin
monomers and inhibit the conversion of ADP-G-actin
to ATP-G-actin [38–40]. As a first step in testing the
similarities and differences in human Cof1, Cof2, and
ADF activities, we directly compared their effects on
ADP-G-actin in nucleotide exchange assays. Over a
wide concentration range, Cof1, Cof2, and ADF
showed similar effects (Kapp) in reducing the rate of
ε-ATP exchange on ADP-G-actin (Fig. 1a–c), in
good agreement with a previous study that directly
compared Cof1 and ADF [36]. In addition, we used
pyrene-quenching assays [41,42] to directly com-
pare the F-actin binding affinities (Kd) of Cof1, Cof2,
and ADF. Our results showed that all three ADF/
Cofilins bind with similar affinity to F-actin (Fig. 1d–f).
Thus, there appear to be only minor differences in the
G-actin and F-actin binding affinities of Cof1, Cof2,
and ADF.

Cof2 and ADF sever filaments more efficiently
than Cof1 under multiple conditions

Next we compared the actin filament severing
activities of the three ADF/Cofilins in TIRF micros-
copy assays, where severing events could be
observed in real time. Initially, we compared ADF/
Cofilin effects on preformed actin filaments. Fluo-
rescently labeled filaments [10% Oregon Green
(OG)-actin; 0.5% biotin-actin] were polymerized
and sparsely tethered to the viewing surface. Then
actin monomers were flowed out, and Cof1, Cof2, or
ADF was flowed in (Fig. 2a and Movie S1). Based on
known rate constants for ATP hydrolysis and Pi
release [43,44], these pre-assembled filaments
consist predominantly of ADP-bound actin subunits
by the time of flow-in. At first, we used 1 μM ADF/
Cofilin in these assays, since a number of previous
studies compared ADF/Cofilin effects on actin
disassembly at similar concentrations [9,36]. Under
these conditions, we observed rapid severing, with
measurable cumulative severing reaching a plateau
after 20–50 s (Fig. 2b). Further analysis of these
data showed that the time to half-maximal severing
was significantly longer for Cof1 compared to Cof2
and ADF (Fig. 2c; T1/2 of 15.2, 5.5, and 8.4 s,
respectively). Thus, at these higher concentrations



Fig. 1. Cof1, Cof2, and ADF bind to G-actin and F-actin with similar affinities. (a–c) Nucleotide exchange rate on 2 μM
ADP-actin monomers in the presence of different concentrations of the ADF/Cofilin indicated. Each data point on the graph
is the average from three independent trials. Data were fit to the equation f = y0 − ax/(b + x) to determine Kapp. (d–f) Pyrene
quenching of 2 μM pre-assembled F-actin in the presence of different concentrations of Cof1, Cof2, or ADF. Each data point
on the graph is the average from three independent trials. Data were fit to the equation f = (Bmax * x

h)/(Kd
h + xh) to determine

the Kd. Error bars represent SEM.
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(1 μM), Cof2 and ADF sever filaments more effi-
ciently than Cof1.
To enable more accurate quantification of severing

and thus more accurate comparison of differences in
severing efficiency, we next compared activities at a
lower concentration (150 nM) of ADF/Cofilin pro-
teins. Again, even though the concentration was
approximately sevenfold lower, the same trend was
observed; that is, Cof2 and ADF severed filaments
more efficiently than Cof1 (Fig. 2e and f; Movie S2).
More specifically, times to half-maximal severing
(T1/2) were approximately sixfold and fourfold
shorter for Cof2 and ADF compared to Cof1, respec-
tively (Fig. 2g). Thus, at both higher and lower
concentrations, Cof2 and ADF have substantially
stronger severing activities than Cof1.
At lower concentration (150 nM), the ADF/Cofilins

induced about twice as many cumulative severing
events per μm filament compared to at higher
concentrations (compare plateaus in Fig. 2b and f).
However, it took longer to reach maximal cumulative
severing at the lower concentrations of ADF/Cofilin.
These results can be explained by the known
properties of ADF/Cofilin. Slower severing at lower
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concentrations of ADF/Cofilin is consistent with
concentration-dependent binding of ADF/Cofilin to
filament sides; furthermore, a reduced plateau of
cumulative severing events at higher concentrations
of ADF/Cofilin is consistent with over-decoration
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leading to filament stabilization [30,45,46]. Based on
these observations, we used 150 nM (or lower) ADF/
Cofilin in all remaining experiments, simplifying our
severing analyses by minimizing the effects resulting
from over-decoration.
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Fig. 3. Rates of severing for 150 nM Cof1, Cof2, and ADF on filaments assembled from platelet actin.
(a) Representative time-lapse images from TIRF microscopy experiments where OG-labeled actin filaments (platelet
actin) were polymerized and tethered, and then 150 nM Cof1, Cof2, or ADF was flowed in. Severing events are indicated
by yellow arrow heads. (b) Analysis of severing activities, in which each data point is the cumulative severing events per
micron of filament at that time point, averaged from three independent experiments (20 filaments each). Data were fit to an
exponential association curve. (c) Average time to half-maximal severing, calculated from exponential curve fits of data in
(b). Error bars represent SEM. Statistical significance was determined using a one-way ANOVA analysis and Bonferroni
multiple comparison test; ** indicates p b 0.05.
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Because all of the assays above used rabbit
muscle actin, we considered whether this might
favor Cof2, the predominant isoform of ADF/Cofilin
expressed in muscle tissue. Therefore, we addition-
ally compared the severing activities of Cof1, Cof2,
and ADF on filaments assembled from non-muscle
(platelet) actin. Under these conditions, similar
differences in severing activities were again ob-
served (Fig. 3a–c; Movie S3), demonstrating that the
higher severing efficiencies of Cof2 and ADF
compared to Cof1 do not depend on the source of
Fig. 2. Rates of actin filament severing by higher and lower
time-lapse images from TIRF microscopy experiments where O
and then 1 μM Cof1, Cof2, or ADF was flowed in. Severing ev
severing activities, in which each data point is the cumulative
averaged from three independent experiments (20 filaments
(c) Average time to half-maximal severing, calculated from exp
Statistical significance was determined using a one-way AN
* indicates p b 0.05. (d) Representative time-lapse images fr
150 nM Cof1, Cof2, or ADF. (e) Analysis of severing activit
independent experiments (20 filaments each). (f) Average tim
p b 0.05; ** indicates p b 0.01.
actin. Muscle actin was used in all remaining
experiments below.

Cof2 and ADF each have stronger activity than
Cof1 in promoting “enhanced severing” of either
preformed or actively growing actin filaments

Recent studies have shown that mammalian Cof1
acts in concert with AIP1 and Coronin1B (Cor1B) to
drive enhanced severing and pointed end disas-
sembly of actin filaments via an ordered molecular
concentrations of Cof1, Cof2, and ADF. (a) Representative
G-labeled actin filaments were polymerized and tethered,
ents are indicated by yellow arrow heads. (b) Analysis of
severing events per micron of filament at that time point,
each). Data were fit to an exponential association curve.
onential curve fits of data in (b). Error bars represent SEM.
OVA analysis and Bonferroni multiple comparison test;
om TIRF microscopy experiments as in (a), except using
ies as in (b), except that data were averaged from four
e to half-maximal severing, calculated as in (c).* indicates
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Fig. 4. Rates of enhanced actin filament disassembly by Cof1, Cof2, and ADF in the presence of co-factors Cor1B and
AIP1. (a) Representative time-lapse images from TIRF microscopy experiments where OG-labeled actin filaments were
polymerized and tethered, and then 15 nM Cor1B, 15 nM AIP1, and 150 nM of Cof1, Cof2, or ADF were flowed in. The last
panel in the Cof1 montage was taken from the end of the reaction (400 s). Severing events are indicated by yellow arrow
heads. (b) Average OG-actin fluorescence per field of view, averaged from four independent experiments and fit to an
exponential decay curve. (c) Average time to half fluorescence decay based on exponential curve fits in (b). Error bars
represent SEM. Statistical significance was determined using a one-way ANOVA analysis and Bonferroni or multiple
comparison test; **** indicates p b 0.0001.
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mechanism [24,47]. For this reason, we directly
compared the abilities of human Cof1, Cof2, and
ADF to promote enhanced actin disassembly in the
presence of AIP1 and Cor1B. In these assays, we
used 150 nM ADF/Cofilin, 15 nM Cor1B, and 15 nM
AIP1, which approximates the molar ratio of these
proteins found in cells [47–49]. For each of the three
ADF/Cofilins, filament severing and disassembly
was visibly faster in the presence of Cor1B and
AIP1 (Fig. 4a and b; Movie S4) than in the absence
(Fig. 2d). Filaments were rapidly severed into small
fragments that were concurrently disassembled,
which precluded accurate quantitation of severing.
Therefore, we instead quantified loss of mean
fluorescence (OG-actin) over time (Fig. 4b), which
showed that Cof2 and ADF are sixfold and fivefold
more efficient than Cof1 in disassembling actin in the
presence of Cor1B and AIP1 (Fig. 4c). From these
results, we conclude that all three human ADF/
Cofilins productively function with AIP1 and Cor1B to
induce enhanced actin disassembly. However, they
display different efficiencies in promoting enhanced
disassembly, mirroring their differences in severing
in the absence of the co-factors.

The experiments above were performed using
preformed actin filaments, which consist primarily of
ADP-actin subunits. To compare severing activities
in a more physiological state, where filaments
consist of subunits in different nucleotide states,
we compared Cof1, Cof2, and ADF effects on
dynamically growing filaments enriched in
ADP + Pi subunits at their barbed ends. Filaments
were polymerized by the combination of formins and
profilin and simultaneously severed and disas-
sembled along their lengths by the combined effects
of ADF/Cofilin, AIP1, and Cor1B [24] (Fig. 5). The
severing activities of Cof1, Cof2 and ADF were
compared quantitatively by measuring the lengths of
filament products in the reactions (Movie S5). ADF
and Cof2 produced shorter filaments than Cof1,
consistent with stronger severing activities (Fig. 5a
and b). Cof2 also produced substantially shorter
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Fig. 5. Effects of Cof1, Cof2, and ADF on actively growing actin filaments in the presence of co-factors Cor1B and AIP1.
(a) Representative time-lapse images from TIRFmicroscopy experiments using actively polymerizing labeled and tethered
actin filaments. Reactions contain 1 μM G-actin (10% OG-labeled, 0.5% biotinylated), 2 nM Daam1 (FH1-FH2-C), 5 μM
Profilin, 30 nM Cof1, Cof2, or ADF, 3 nM AIP1, and 3 nM Cor1B. Yellow arrows indicate filament ends 20 min after
reaction initiation. (b) Distribution of filament lengths 20 min after reaction initiation. Median and interquartile range are
shown. Statistical significance was determined using a Kruskal–Wallis and Dunn's multiple comparison test. **** indicates
p b 0.0001.
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filaments than ADF (Fig. 5b), suggesting that Cof2
may be particularly effective in severing dynamically
growing filaments; this observations is in good
agreement with a recent study showing that Cof2
(but not Cof1) severs BeFx-actin filaments, which
mimic the ADP-Pi state of F-actin [37].
Direct visualization of Cy3–Cof1 and Cy3–Cof2
during actin filament severing revealsmechanistic
differences

To gain deeper insights into the differences in the
severing efficiencies of the three ADF/Cofilins, we
used multi-wavelength TIRF microscopy to directly
compare their interactions on filaments during
severing. In a previous study, we reengineered
surface cysteine residues on human Cof1 to
generate a Cy3-labeled Cof1 with severing activity
indistinguishable from unlabeled wild-type human
Cof1 [24]. To label Cof2, we applied a similar
strategy, reengineering its surface cysteine residues
(C39A and T63C substitutions) so that it could be
labeled at a single site without interfering with
function; Cy3–Cof2 showed severing activity indis-
tinguishable from unlabeled Cof2 (Fig. 6a). Howev-
er, we were unable to produce functionally labeled
human ADF by this strategy because it has eight
surface cysteine residues, many of which are near
key actin binding surfaces. For this reason, we
focused our analysis on comparing Cy3–Cof1 and
Cy3–Cof2 interactions with actin filaments.
Multi-wavelength TIRF microscopy analysis

showed that Cy3–Cof1 and Cy3–Cof2 each first
appear on filaments as faint spots that steadily
intensify over time (Fig. 6b; Movie S6). These
observations suggest a cooperative binding mecha-
nism, as previously reported for yeast Cofilin and
human Cof1 [22–24,27]. Cy3–Cof1 and Cy3–Cof2
also accumulated on filaments with similar kinetics
preceding severing, as assessed by two different
measurements. First, Cy3–Cof1 and Cy3–Cof2
showed similar kinetics of total fluorescence accumu-
lation along filaments (Fig. 6c). Second, they showed
similar rates of fluorescence accumulation in the
individual patches on filaments (Fig. 6d). These data
are in good agreement with our pyrene-quenching
data, which indicate that Cof1, Cof2, and ADF bind
F-actin with similar affinities (Fig. 1d–f). Further
analysis of the data also revealed a substantially
longer time interval between first appearance ofCofilin
on the filament and severing at that location for Cy3–
Cof1 compared to Cy3–Cof2 (median = 78 s and
28 s, respectively; examples in Fig. 6e; quantified in
Fig. 6f). Consistent with these measurements, Cy3–
Cof1 patches also showed increased levels of
fluorescence intensity by 1 s prior to severing
compared to Cy3–Cof2 patches (Fig. 6g). Thus,
Cy3–Cof1 andCy3–Cof2 bind to filaments with similar
kinetics and affinities, yet Cof2 induces much more
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rapid severing. Finally, our analysis showed that
severing events occurred preferentially on the pointed
end side of where Cof1 or Cof2 bind, resulting in Cy3–
Cof1 and Cy3–Cof2 preferentially decorating the
newly generated pointed end after severing
(Fig. 6h), consistent with another recent study [28].
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and ADF. Initially, we used tethered preformed
filaments in the absence of free actin monomers,
so that severing effects could be quantified inde-
pendent of possible indirect effects resulting from
ADF/Cofilin competition between filaments and
monomers (Figs. 2-4). However, similar differences
were again observed when we compared Cof1,
Cof2, and ADF severing effects on dynamically
growing actin filaments (Fig. 5). Under both condi-
tions, Cof2 and ADF had substantially stronger
severing activities compared to Cof1 (Figs. 2-5). In
addition, we observed these severing differences at
lower and higher concentrations of ADF/Cofilin
(Fig. 2), and using either muscle or non-muscle
actin (Figs. 2 and 3), and in the presence of actin
disassembly co-factors Cor1B and AIP1 (Figs. 4
and 5). Thus, under multiple conditions, the severing
activity differences were observed. It is possible that
Cof1, Cof2, and ADF also have differences in
promoting subunit dissociation from filament ends,
but this was not possible to measure in this
experimental system because the severed frag-
ments diffuse out of the field of view before changes
in filament length could be observed.
Our results using direct visualization in real time by

TIRF microscopy agree well with previous studies
using other techniques, which suggested that ADF is
stronger than Cof1 in severing and disassembling
actin filaments [36]. On the other hand, they differ
from other studies suggesting that Cof2 has weaker
severing activity than Cof1 [9]. More specifically,
these previous studies compared the following:
(i) the effects of Cof1 and ADF on severing using
visual assays (fluorescence and electron microsco-
py) at fixed time points [9,36], (ii) the effects of Cof1
and Cof2 on F-actin disassembly using bulk assays
[37], and (iii) the effects of Cof1, Cof2, and ADF on
Fig. 6. Multi-wavelength TIRF microscopy analysis of Cy
severing. (a) Cy3–Cof2 and unlabeled Cof2 (200 nM each) hav
represents the cumulative severing events per micron of filame
fit to an exponential association curve. (b) Representative tim
experiments in which OG-labeled actin filaments were first poly
Cof2 were flowed in. The first panel (“patch appearance”) repre
in a spot on the filament could be detected (indicated by white a
1 s before severing. The third panel shows the severing event (i
Cy3–Cof2 association with filaments prior to severing. Each da
filaments at that time point, averaged from three independent e
Cy3–Cof1 or Cy3–Cof2 fluorescence accumulation in individu
(B). Median and interquartile range are shown. (e) Graphs sho
time, from the point of initial patch appearance until severing. T
(x-axis) and are time-lapse images (every 4 s) of representat
indicates severing event. (f) Distribution of time intervals betw
actin filaments and a severing event at the same location. Me
fluorescence intensities of Cy3–Cof1 and Cy3–Cof2 patches
range are shown. (h) Fraction of filament severing events res
newly formed barbed versus pointed end. Statistical significanc
n.s. indicates p N 0.5, **** indicates p b 0.0001. Error bars are
disassembly using F-actin sedimentation assays [9].
As mentioned earlier (see Introduction), these
studies led to different conclusions about the relative
efficiencies of Cof1, Cof2, and ADF in severing and
disassembling filaments. Our study provides new
insights into this question, because we directly
visualized and quantified severing events in real
time at the single filament level. We show that Cof2
and ADF sever actin filaments more efficiently than
Cof1 in assays either using preformed filaments,
which lack actin monomers, or assays containing
actively growing filaments, which contain 1 μM
Profilin-bound actin monomers. This is not neces-
sarily inconsistent with previous reports showing that
Cof2 has reduced severing activity in the presence
of actin monomers, since Profilin was not present [9].
To gain mechanistic insights into the differences in

severing efficiency for the three ADF/Cofilins, we
generated fluorescently labeled Cof1 and Cof2, which
we used to directly visualize the proteins on actin
filaments during severing. Surface cysteines were
reengineered to allow direct dye labeling at a single
residue without altering the activity of the protein.
Furthermore, Cof1 and Cof2 were labeled with the
same fluorophore (Cy3) to the same degree, and
studied in parallel by multi-wavelength TIRF micros-
copy using identical settings, enabling a direct
comparison. As mentioned above, ADF posed signif-
icant challenges to labeling, as it has eight surfa-
ce-exposed cysteine residues. Therefore, we focused
on comparing Cof1 and Cof2. Cy3–Cof1 and Cy3–
Cof2 each bound to filaments with similar kinetics,
appearing initially as faint patches that intensified over
time at a similar rate (Fig. 6b–d). Thus, human Cof2
binds cooperatively to filaments, similar to human
Cof1 and yeast Cof1 [22–24]. Furthermore, these
kinetic data agree with our observation that Cof1,
3–Cof1 and Cy3–Cof2 interacting with filaments during
e similar actin filament severing activities. Each data point
nt at that time point, averaged from 20 filaments. Data were
e-lapse images from multi-wavelength TIRF microscopy
merized and tethered, and then 150 nM Cy3–Cof1 or Cy3–
sents the first time point at which association of Cy3–Cofilin
rrow). The middle panel shows the same Cy3–Cofilin spot
ndicated by the yellow arrow). (c) Kinetics of Cy3–Cof1 and
ta point is the average Cy3 fluorescence accumulation on
xperiments (20 filaments each). (d) Distribution of rates of
al patches on actin filaments, analyzed from movies as in
w fluorescence intensity of Cy3–Cofilin patches in (b) over
he montages above each graph follow the same time scale
ive Cy3–Cofilin patches from movies in (b). Yellow arrow
een first detection of Cy3–Cof1 or Cy3–Cof2 patches on
dian and interquartile range are shown. (g) Distribution of
on filaments 1 s before severing. Median and interquartile
ulting in a Cy3–Cof1 or Cy3–Cof2 patch remaining at the
e was determined using Mann–Whitney two-sample t tests;
binomial distribution errors.
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Cof2, and ADF bind to F-actin with similar affinities in
pyrene-quenching assays (Fig. 1d–f).
Further analysis of our multi-wavelength TIRF data

revealed that severing occurred at sites with
significantly lower levels of decoration by Cof2
compared to Cof1 (Fig. 6g). This was also reflected
in Cy3–Cof2 showing a reduced time interval from
initial binding on filaments to severing (Fig. 6f).
Although our results do not explain how the same
levels of Cof2 decoration induce more rapid severing
compared to Cof1, they raise intriguing possibilities.
For instance, the longer time interval for Cof1
between first appearance on a filament and severing
at the same site could reflect a requirement for
higher levels of Cof1 (compared to Cof2) to induce
severing, or instead a delayed conformational
response to Cof1 binding. Another possibility, not
mutually exclusive from those above, is that Cof2
establishes unique contacts with F-actin and/or
triggers distinct conformational changes in F-actin
to induce fragmentation more efficiently. It is also
interesting to consider how sequence differences
between Cof1, Cof2, and ADF account for the
differences in their severing activities. Previous
studies found that differences in the actin-binding
residues of the three ADF/Cofilins map to the F-site
[9], and a recent study on yeast Cof1 demonstrated
that point mutations in its F-site drastically enhance
severing activity [50].
How might differences in Cof1, Cof2, and ADF

severing activities be coupled to their distinct physio-
logical functions? Most non-muscle cell and tissue
types express both Cof1 and ADF, typically at distinct
levels, and some express all three ADF/Cofilins,
including neurons, oligodendrocytes, and keratino-
cytes [9,12,13]. Furthermore, cardiac muscle cells
express both Cof1 and Cof2 [37]. In light of our results,
it is tempting to speculate that cells may express
different levels and ratios of the three ADF/Cofilins in
order to tune rates of actin network turnover. Another
possibility, not mutually exclusive from the first, is that
cells express multiple ADF/Cofilins in order to position
them downstream of different signaling pathways and
thus gain more regulatory control over actin turnover.
Cof1, Cof2, and ADF appear to be regulated similarly
by phosphorylation-dephosphorylation of Ser3 through
LIM kinase and Slingshot phosphatase, respectively,
and by sequestration and release at the
plasmamembrane by PIP2 and PLCγ-mediated PIP2--
hydrolysis, respectively [51–53]. However, a new form
of regulation by cysteine oxidation has been demon-
strated for Cof1, and it is not yet clear whether ADF and
Cof2 are regulated by this mechanism [54]. Finally, an
important question to address will be whether different
ADF/Cofilins have specialized roles in disassembling
actin filament networks depending on how they are
decorated by other actin binding proteins such as
tropomyosins and/or spatially organized, for example,
linear versus branched, loose versus tightly cross-
linked, and parallel versus antiparallel. It is our hope
that the discoveries made here help inspire new
investigation into the emerging functional diversity in
the ADF/Cofilin family.
Experimental Procedures

Plasmids and protein purification
Plasmids for expressing human Cof1, Cof2, and ADF
were generously provided by Dr. David Kovar (University of
Chicago). To generate fluorescently labeledCof1, weuseda
reengineered Cof1 construct that we recently demonstrated
is fully functional [24]. For labeling Cof2, we applied a similar
strategy, in this case using site-directed mutagenesis to
introduceC39Amutation, then introducing a T63Cmutation,
such that Cof2 has one surface Cys residue (Cys63) for
labeling at a site that does not interfere with its activities
(Fig. 6a). All constructs were verified by DNA sequencing.
Rabbit skeletal muscle actin was purified as described [55].
Human platelet actin was purchased from Cytoskeleton Inc.
(Denver, CO). Fluorescent rabbit muscle actin, labeled on
Cys374 with OG maleimide (Life Technologies; Carlsbad,
CA) was generated as described [56]. Cor1B andAIP1were
expressed in HEK393T cells and purified as previously
described [24]. The formin Daam1 (6his-FH1-FH2-C) was
expressed in yeast and purified by sequential Ni2-NTA and
gel filtration chromatography as described [57]. Human
profilin was expressed and purified from Escherichia coli as
described [58].
Human Cof1, Cof2, and ADF were expressed in BL21

(DE3) E. coli by growing cells to log phase at 37 °C in TB
medium, then inducing expression using 1 mM isopropyl
beta-D-1-thiogalactopyranoside at 18 °C for 16 h. Cells
were harvested by centrifugation and pellets were stored
at −80 °C. Frozen pellets were resuspended in 20 mM Tris
(pH 8.0), 50 mM NaCl, 1 mM DTT, and protease inhibitors.
Cells were lysed by sonication, and the lysate was cleared
by centrifugation at 30,000g for 30 min in a Fiberlite
F13-14X50CY rotor (Thermo Scientific, Waltham, MA).
The lysate was loaded on a 5 ml HiTrap HP Q column (GE
Healthcare Biosciences, Pittsburgh, PA), and the flow--
through was harvested and dialyzed against 20 mM Hepes
(pH 6.8), 25 mM NaCl, and 1 mM DTT. Dialyzed proteins
were then fractionated on a 5 ml HiTrap SP FF column (GE
Healthcare Biosciences), eluted using a linear gradient of
NaCl (20–500 mM). Fractions containing ADF/Cofilin were
concentrated, dialyzed into 20 mM Tris (pH 8.0), 50 mM
KCl, and 1 mM DTT, aliquoted and stored at −80 °C.
For generating fluorescently labeled Cof1 and Cof2, the

proteins were purified as above, except eluted from the
HiTrap SP FF column with PBS, reduced in 0.3 mM TCEP
for 30 min on ice, and then incubated overnight at 4 °C
with a threefold molar excess of Cy3-maleimide (GE
Healthcare Biosciences). Excess dye was quenched using
5 mM DTT and removed by passing the labeled proteins
over a PD-10 column equilibrated in 20 mM Tris (pH 8.0),
50 mM KCl, and 1 mM DTT. Final labeling efficiencies
(82% for Cy3–Cof1, 54% for Cy3–Cof2) were determined
spectrophotometrically using the absorbance (at 550 nm)
and extinction coefficient (150,000 M−1 cm−1) for Cy3,
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combined with the absorbance (at 280 nm) and estimated
extinction coefficient (14,440 M−1 cm− 1 for Cof1,
18,450 M−1 cm−1 for Cof2). The absorption at 280 nm
was corrected for background fluorescence from the dye
(correction factor 0.024). Importantly, Cy3–Cof1 and Cy3–
Cof2 were diluted with unlabeled protein to the same
labeling percentage for all direct comparisons (Fig. 6b-h).
G-actin nucleotide exchange assays

Nucleotide exchange rates on ADP-G-actin were deter-
mined by measuring the increase in fluorescence upon
incorporation of ε-ATP (Sigma-Aldrich, St. Louis, MO). To
prepare ADP-G-actin, 2 μM rabbit muscle actin was treated
with analytical grade anion exchange resin (BioRad, Los
Angeles, CA) and incubatedwith hexokinase (Sigma-Aldrich)
and excess ADP overnight at 4 °C. Next, 2 μMof ADP-G-ac-
tin was mixed with the indicated concentration of ADF/Cofilin
in CDT buffer [0.2 mM CaCl2, 0.2 mM DTT, 10 mM Tris
(pH 8.0)] or buffer alone and added to 50 μM ε-ATP. The
reaction was monitored for 200 s at 350-nm excitation and
410-nm emission at 25 °C in a fluorescence spectrophotom-
eter (Photon Technology International, Lawrenceville, NJ).
Exchange rates were calculated by linear fitting of the first
50 s of each reaction curve. Prism 5.0 was used to fit the
resulting data to ahyperbolic function of the following form f =
y0 − ax/(b + x), where the variable b is the apparent Kapp.
F-actin binding assays

Rabbit muscle actin (10% pyrene labeled) was poly-
merized in F-Buffer [20 mM Tris (pH 7.5), 50 mM KCl,
0.2 mM ATP, 1 mM MgCl2, and 1 mM DTT]. To allow
binding to reach equilibrium, 2 μM F-actin was mixed with
different concentrations of Cof1, Cof2, or ADF, and
incubated overnight at 25 °C. Pyrene-F-actin fluorescence
was measured in a plate reader (Infinite M200; Tecan,
Männedorf, Switzerland) at excitation and emission
wavelengths of 365 and 407 nm at 25 °C. Binding curves
were fit to a cooperative function of the form f = (Bmax * x

h)/
(Kd

h + xh) to determine the Kd. To verify that loss of
fluorescence was due to F-actin binding rather than
depolymerization, reactions were centrifuged at
90,000 rpm for 30 min in a TLA120 instrument (Beckman
Instruments, Brea, CA), and actin levels in the pellet were
analyzed on Coomassie-stained gels.
TIRF microscopy

For all experiments, 24 × 60 mm coverslips (Fisher
Scientific, Pittsburg, PA) were cleaned by successive
sonications as follows: 60 min in detergent, 20 min in 1 M
KOH, 20 min in 1 M HCl min, and 60 min in ethanol.
Coverslips were then washed extensively with ddH2O and
dried in an N2-stream. A solution of 80% ethanol (pH 2.0),
2 mg/ml methoxy-poly (ethylene glycol)-silane, and 2 μg/ml
biotin-poly (ethylene glycol)-silane (Laysan Bio Inc.,
Arab, AL) was prepared and layered on the clean coverslip
(200 μl per slide). The coverslips incubated for 16 h at
70 °C. To assemble flow cells, PEG-coated coverslips
were rinsed extensively with ddH2O and dried in an
N2-stream, then attached to a prepared flow chamber
(Ibidi; Martinsried, German) with double sided tape
(2.5 cm × 2 mm × 120 μm) and 5-min epoxy resin. Flow
cells were prepared immediately before use by sequential
incubations as follows: 3 min in HEK-BSA [20 mM Hepes
(pH 7.5), 1 mM EDTA, 50 mM KCl, 1% BSA], 30 s in
streptavidin (0.1 mg/ml in PBS), a fast rinse in HEK-BSA,
and then equilibration in 1× TIRF buffer [10 mM imidazole,
50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 0.2 mM ATP,
10 mM DTT, 15 mM glucose, 20 μg/ml catalase, 100 μg/ml
glucose oxidase, and 0.5% methylcellulose (4000 cP;
pH 7.5)]. To initiate reactions, actin monomers (10%
OG-labeled, 0.5% biotinylated) were diluted to 1 μM in
TIRF buffer and immediately transferred to a flow chamber.
To measure severing/disassembly, actin was polymerized
at room temperature until filaments reached lengths of
approximately 10–15 μm, then free actin monomers were
washed out, and proteins of interest in TIRF buffer were
introduced by flow-in. For treadmilling assays (Fig. 5),
proteins of interest were mixed with 1 μM actin monomers
(10%OG-labeled actin; 0.5%biotin-actin), then immediately
transferred to a flow chamber for imaging. Time-lapse TIRF
microscopy was performed using a Nikon-Ti200 inverted
microscope equippedwith a 150 mWAr-Laser (Mellot Griot,
Carlsbad, CA), a TIRF-objective with an N.A. of 1.49 (Nikon
Instruments Inc., New York, NY), and an EMCCD camera
(Andor Ixon, Belfast, Northern Ireland). During recordings,
optimal focus was maintained using the perfect focus
system (Nikon Instruments Inc). The pixel size corre-
sponded to 0.27 μm.
TIRF data were analyzed using ImageJ software (NIH,

Bethesda, MD). Before each analysis, the background was
subtracted using the background subtraction tool (rolling ball
radius 50pixels). Filament severing rateswere calculated by
measuring the initial lengths of filaments before flow-in, then
scoring severing events after flow-in of proteins of interest.
Prism 5.0 was used for exponential curve fitting to determine
the time to half-maximal cumulative severing events and for
statistical analysis. In treadmilling assays (Fig. 5), actin
filament lengths were measured 20 min after reaction
initiation, and only filaments nucleated during the first
18 min were analyzed. For kinetic analysis of Cy3–Cof1
andCy3–Cof2 binding to filaments, OG-actin filaments were
traced based on the signal in the 488-nm channel and saved
as a region of interest, and then used to determine the
fluorescence profiles in the 561-nm channel using the Plot
Z-axis profile tool. For analysis of Cy3–Cof1 and Cy3–Cof2
patches, severing events were scored, and then a
1 μm × 1 μm box was drawn around the Cy3–Cofilin patch
one frame prior to severing, and saved as a region of
interest. The fluorescence intensity of the Cy3 fluorescence
in the boxes was determined using the Measure Integrated
Density function.
Supplementary data to this article can be found online at

http://dx.doi.org/10.1016/j.jmb.2016.03.006.
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