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Abstract

Twinfilin is a highly conserved member of the actin depolymerization factor homology (ADF-H)
protein superfamily, which also includes ADF/Cofilin, Abp1/Drebrin, GMF, and Coactosin.
Twinfilin has a unique molecular architecture consisting of two ADF-H domains joined by a linker
and followed by a C-terminal tail. Yeast Twinfilin, in conjunction with yeast cyclase-associated
protein (Srv2/CAP), increases the rate of depolymerization at both the barbed and pointed ends of
actin filaments. However, it has remained unclear whether these activities extend to Twinfilin
homologs in other species. To address this, we purified the three mouse Twinfilin isoforms
(mTwfl, mTwf2a, mTwf2b) and mouse CAP1, and used TIRF microscopy assays to study their
effects on filament disassembly. Our results show that all three mouse Twinfilin isoforms
accelerate barbed end depolymerization similar to yeast Twinfilin, suggesting that this activity is
evolutionarily conserved. In striking contrast, mouse Twinfilin isoforms and CAPL1 failed to induce
rapid pointed end depolymerization. Using chimeras, we show that the yeast-specific pointed end
depolymerization activity is specified by the C-terminal ADF-H domain of yeast Twinfilin.
Additionally, Tropomyosin decoration of filaments failed to impede depolymerization by yeast and
mouse Twinfilin and Srv2/CAP, but inhibited Cofilin severing. Together, our results indicate that
Twinfilin has conserved functions in regulating barbed end dynamics, although its ability to drive
rapid pointed end depolymerization appears to be species-specific. We discuss the implications of
this work, including that pointed end depolymerization may be catalyzed by different ADF-H
family members in different species.
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INTRODUCTION

Cellular actin networks vary greatly in their size, filamentous architecture, decoration by
different actin-binding proteins, and turnover dynamics. The lifetimes of actin subunits in
these structures range from 10-20 seconds (e.g., leading edge and sites of endocytosis), to
minutes, hours, or even days (e.g., stereocilia and muscle fibers). Further, the turnover rate
of subunits within a network can change dramatically at specific stages of the network life
cycle or function, e.g., upon lamellipodial network transitions from a state of net assembly
during protrusion to a state of net disassembly during retraction. Thus, cells have
mechanisms for tightly controlling the turnover rates of their actin networks both spatially as
well as temporally. This is achieved through the concerted actions of multiple, highly
conserved actin disassembly-promoting factors, including: Actin depolymerizing factor
(ADF)/Cofilin, Coronin, AIP1, Srv2/CAP, and Twinfilin [1-5].

ADF/Cofilin and Twinfilin are members of the ADF-homology (ADF-H) domain family of
proteins, which are conserved across distant species of animals and fungi. This family also
includes actin-binding protein 1 (Abpl)/drebrin, coactosin, and glia maturation factor
(GMF). Each member of the larger ADF-H family has a single ADF-H domain, with the
exception of Twinfilin, which contains two. Interestingly, each ADF-H family member
performs mechanistically distinct functions in regulating the actin cytoskeleton [2]. ADF/
Cofilin proteins bind F-actin and induce severing and depolymerization; in addition, they
bind and regulate G-actin recycling [6-12]. Abpl and Coactosin associate specifically with
F-actin and influence actin organization in vivo, yet have no known effects on actin filament
dynamics in vitro. GMF binds with high affinity to the actin-related protein (Arp) 2/3
complex, rather than actin, and catalyzes actin filament debranching to promote network
remodeling and turnover [13-17].
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In comparison with other ADF-H family members, Twinfilin has a unique molecular
architecture, consisting of two ADF-H domains separated by a short linker region and
followed by a short C-terminal tail sequence [18]. Twinfilin was initially characterized as an
actin monomer sequestering protein due to its high affinity for ADP-G-actin [18-20].
Subsequently, mouse Twinfilin was shown to associate with the barbed ends and/or sides of
actin filaments [21,22]. Twinfilin’s function in regulating actin disassembly became clear
when yeast Twinfilin was shown to bind F-actin sides and barbed ends, and to catalyze
barbed end depolymerization of actin filaments by ~3-fold and, in conjunction with
Srv2/CAP (cyclase associated protein), catalyze pointed end depolymerization by ~ 17-fold
[23]. What has remained unclear is whether these depolymerization activities of yeast
Twinfilin extend to homologs of Twinfilin in other species.

While model organisms such as Saccharomyces cerevisiae and Drosophila melanogaster
have a single Twinfilin gene, mammals have two: Twinfilin-1 and Twinfilin-2 [24].
Alternative splicing of Twinfilin-2 gives rise to two isoforms, Twf2a and Twf2b, which
differ minimally in only their N-termini [25]. Thus, mammals express three Twinfilin
isoforms in total: Twfl, Twf2a, and Twf2b. Twfl is found in most cell and tissues types in
both developing and adult animals. Twf2a is expressed primarily in adult animals, where it is
ubiquitous, but typically found at lower levels compared to Twfl [26,27]. Twf2b is
expressed primarily in cardiac and skeletal muscle. In animal cells, a role for Twinfilin
proteins in regulating barbed end dynamics is suggested by their localization to the tips of
filopodia, stereocilia, and Drosophila bristles [20,28,29]. Moreover, Twinfilin binds directly
to Capping Protein, in both yeast and mammalian cells, which further suggests its
involvement in barbed end regulation [30,31]. Mammalian Twinfilin isoforms have been
shown to be important for regulating cell migration, stereocilia formation, cancer
progression, platelet activation, and cardiomyocyte function [28,29,32-36], and there
appears to be genetic redundancy between mTwfl and mTwf2a in vivo [27].

Previous biochemical studies have shown that mouse Twf1, Twf2a, and Twf2b bind with
high affinity to ADP-actin monomers and with lower affinity to F-actin, similar to yeast and
Drosophila Twinfilin [25,30,37,38]. Further, all three isoforms block the elongation of actin
filaments in a concentration-dependent manner, suggesting that they cap barbed ends
[21,22,25]. As mentioned above, however, it has remained an open question whether the
depolymerization activities observed for yeast Twinfilin are conserved in mouse Twinfilin
isoforms.

Here we address this question using TIRF microscopy to define the in vitro effects of mouse
Twfl, Twf2a, and Twf2b isoforms on barbed and pointed end depolymerization, both in the
presence and absence of Srv2/CAP. Our data show that the barbed end, but not pointed end
depolymerization activities are conserved in all three mouse Twinfilin isoforms. Further, we
dissect requirements for the yeast-specific effects on pointed end depolymerization, and
demonstrate that they stem from the C-terminal ADF-H domain, and that these activities can
be conferred to mouse Twinfilin by only exchanging this one domain. These results have
important implications for mouse Twinfilin in vivo functions, and for how different ADF-H
family members contribute to the disassembly of actin networks.
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Mouse Twf1, Twf2a, Twf2b catalyze actin barbed end depolymerization.

The three mouse Twinfilin isoforms each share ~20% sequence identity to yeast Twinfilin
(Fig. 1A, sequence alignment in Fig. S1). We began by asking whether any of the mouse
Twinfilin isoforms are capable of catalyzing barbed and/or pointed end actin filament
depolymerization in the presence and absence of the N-terminal half of mouse Srv2/CAP
(N-CAP1). Each of the mouse Twinfilin isoforms (mTwf1, mTwf2a, and mTwf2b) was
purified as a GST-fusion protein in £. coli, and the tag proteolytically removed. TIRF
microscopy assays were used to directly observe the depolymerization of individual actin
filaments in real time. Our previous work on yeast Twinfilin showed that its effects on
depolymerization were specific to aged (ADP) actin, as it failed to catalyze
depolymerization of filaments comprised of ADP+P; actin (generated by adding an excess of
free P; to the reaction) [23]. Therefore, we used preformed filaments to test the effects of
mouse Twinfilin isoforms. Filaments were polymerized to a suitable length for
depolymerization assays (>10 um) and sparsely tethered by incorporation of a low
percentage of biotin-actin. Then, the chamber was washed out, and proteins of interest (in
the absence of actin) were flowed in. Barbed ends were identified by their faster
polymerization kinetics before flow-in, enabling us to quantify depolymerization rates at the
barbed and pointed ends of the filament separately (Fig. 1B). In control reactions, filaments
depolymerized at rates of 1.45 subunits s™1 at barbed end (Fig. 1C), and 0.49 subunits s~1 at
pointed ends (Fig. 1D), similar to previously reported rates [23,39]. Addition of 1 pM
mTwf1l, mTwf2a, and mTwf2b each increased the rate of barbed end depolymerization by
~2-3 fold, similar to the ~3-fold increase for yeast Twinfilin (Fig. 1C; Table 1; Movie S1).
The further addition of 1 uM N-CAP1 enhanced rates of barbed end depolymerization for
mTwf2a and mTwf2b, but not mTwfl. Thus, N-CAP1’s ability to synergize with Twinfilin in
promoting actin filament depolymerization is isoform-specific.

As extra assurance that the actin filaments in our assays above had been aged properly, we
compared rates of depolymerization induced by Twinfilin in the first versus second halves of
the reactions (15 min observation window), and no statistical difference was observed (Fig.
S2A). Additionally, we measured the depolymerization rates of filaments aged for an extra
10 min before flowing in mTwf1, with or without N-CAP1, and found that prolonged aging
of filaments did not alter the rates of depolymerization (Fig. S2B).

Analysis of pointed end depolymerization rates revealed striking differences between the
effects of yeast Twinfilin and mouse Twinfilin isoforms. Whereas yeast Twinfilin combined
with N-Srv2 induced more than a 10-fold increase in the rate of pointed end
depolymerization (Table 1), the combination of mouse Twinfilin isoforms and N-CAP1
induced only a modest (~2-fold) increase (Fig. 1D; Table 1). Interestingly, in the absence of
Srv2/CAP, yeast Twinfilin and mouse Twinfilin isoforms each caused a similar (~2-fold)
increase in pointed end depolymerization.

Taken together, these results suggest that although Twinfilin’s effects on barbed end
depolymerization are conserved between yeast and mouse isoforms, its ability to induce
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rapid depolymerization at pointed ends (in conjunction with Srv2/CAP) is specific to yeast
Twinfilin.

N-CAP1 tunes the barbed end depolymerization effects of mouse Twinfilin

Our results above demonstrate that a fixed, relatively high concentration of mouse Twinfilin
(1 uM) is sufficient to accelerate barbed end depolymerization, and further addition of
mouse N-CAP1 does not enhance this further. However, our previous single molecule
analysis showed that yeast N-Srv2 increases the processivity of Twinfilin molecules on the
depolymerizing barbed end [23], suggesting that Srv2/CAP may be capable of lowering the
effective concentration of Twinfilin required for accelerating barbed end depolymerization.
To test this possibility, we measured barbed end depolymerization rates in the presence of a
low concentration of mTwf1 (50 nM) and increasing concentrations of N-CAP1 (0.25-5
uUM). As expected, 50 nM mTwf1 alone showed no significant effect on barbed end
depolymerization rate. Similarly, even a high concentration of N-CAP1 (5 pM) alone had no
effect (Fig. 2A). However, 50 nM mTwf1 combined with increasing concentrations of N-
CAP1 led to concentration-dependent accelerated barbed end depolymerization (Fig. 2A).
These results strongly suggest that mouse Twinfilin and mouse N-CAP1 function in concert
to promote barbed end depolymerization.

Rapid pointed end depolymerization requires yeast Twinfilin in combination with either
yeast or mouse Srv2/CAP

In principle, the observed species-specific effects of yeast Twinfilin and N-Srv2 on pointed
end depolymerization could be due to unique properties of yeast Twinfilin and/or yeast N-
Srv2. To address this, we compared rates of barbed and pointed end depolymerization in
reactions containing 1 pM yeast or mouse Twinfilin combined with 1 uM yeast or mouse N-
Srv2/N-CAP1. N-Srv2 and N-CAP1 alone each had no effect on the rate of
depolymerization at barbed ends, as expected. Further, the rate of barbed end
depolymerization induced by yeast Twinfilin or mTwf1 was not enhanced by N-Srv2 or N-
CAP1 (Fig. 3A). However, N-Srv2 and N-CAP1 were both capable of synergizing with
yeast Twinfilin to induce rapid pointed end depolymerization (Fig. 3B), demonstrating that
the ability to enhance pointed end depolymerization is conserved between distant Srv2/CAP
homologs. In contrast, N-Srv2 and N-CAP1 were unable to synergize with mTwf1 in
inducing rapid pointed end depolymerization. Thus, the properties of yeast Twinfilin appear
to be distinct from those of mouse Twinfilin, somehow enabling only yeast Twinfilin to work
with Srv2/CAP homologs in catalyzing rapid pointed end depolymerization.

Twinfilin chimeras reveal domain requirements for yeast-specific effects on pointed end
depolymerization

The results above led us to consider whether the unique pointed end depolymerization
effects of yeast Twinfilin are attributed to a specific domain. To address this, we generated a
number of chimeras, exchanging different domains between yeast and mouse Twinfilin (Fig.
4A). We then compared the effects of the chimeras on barbed and pointed end
depolymerization in TIRF microscopy assays, both in the absence and presence of N-CAP1
(Fig. 4B, C; Table 1). Additionally, the effects of each chimera on pointed end
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depolymerization were confirmed in bulk assays using actin filaments capped at their barbed
ends by Capping Protein (CapZ) (Fig. 4D, E).

Analysis of pointed end depolymerization rates revealed that introducing the yeast C-
terminal ADF-H domain into mouse Twinfilin (construct C3) was sufficient to confer rapid
pointed end depolymerization in the presence of N-CAP1 (Fig. 4C). In contrast, swapping
the C-terminal ‘tail’ regions between yeast and mouse Twinfilin (constructs C1 and C4) did
not alter their respective effects on depolymerization, and nor did replacing the mouse
Twinfilin N-terminal ADF-H domain with that of yeast Twinfilin (construct C2). Thus, the
C-terminal ADF-H domain appears to have a central role in specifying pointed end
depolymerization effects. It was previously shown that the ability of yeast Twinfilin to
induce rapid pointed end depolymerization requires both of its ADF-H domains and the C-
terminal tail region, and that none of these domains alone was sufficient for this activity. In
light of these observations, the C-terminal ADF-H domain of mouse Twinfilin appears to
have diverged from that of yeast Twinfilin, and specifies the key differences in their
activities.

Interestingly, our chimera analysis above also revealed that there is a distinct set of
requirements for Twinfilin activity in accelerating barbed end depolymerization (Fig. 4B;
Table 1). For instance, constructs C1 and C4 were compromised for accelerating barbed end
depolymerization, both in the presence or absence of N-CAP1. Thus, the C-terminal tails of
yeast and mouse Twinfilin appear to be incompatible with the other domains in catalyzing
barbed end depolymerization, and must be matched in a species-specific manner with the
remaining portions of Twinfilin. Similarly, constructs exchanging the N- and C-terminal
ADF-H domains (C2 and C3, respectively) were compromised in barbed end
depolymerization, although C2 had partial activity. Together, these observations reveal that
the barbed end effects of yeast and mouse Twinfilin are disrupted by all domain exchanges
tested, suggesting that these activities are highly dependent on intra-species compatibility
among domains. Importantly, some of the same chimeras that were incapable of catalyzing
barbed end depolymerization, with or without N-CAP1, were fully capable of inducing rapid
pointed end depolymerization with N-CAP1, highlighting the key differences in molecular
requirements for the two activities.

Tropomyosin blocks F-actin severing by ADF/Cofilin but not depolymerization by Twinfilin
and N-Srv2/CAP

Finally, we considered how the depolymerization effects of Twinfilin and Srv2/CAP are
affected by Tropomyosin decoration of actin filaments. In mammalian cells, it has been
proposed that most actin networks are decorated by one or more isoforms of Tropomyosin,
which endow networks with different functional properties [40]. More specifically,
Tropomyosins have been shown to competitively block the associations of other actin-
binding proteins with actin filaments, and to activate specific myosins. However, a key
question that has remained open is how Tropomyosin decoration affects the activities of
actin disassembly factors. Previous work has shown that several different Tropomyosin
isoforms can block ADF/Cofilin interactions with and disassembly of actin filaments [41-
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43]. However, the effects of Tropomyosin on Twinfilin-based disassembly have not yet been
examined.

To address this question, we initially focused on the yeast system, given that yeast Twinfilin
and Srv2/CAP robustly depolymerize both ends of the filament. Further, S. cerevisiae
express only two isoforms of Tropomyosin, Tpm1 and Tpm2, with one of them (Tpm1)
being much more abundant and playing the dominant role in actin cable formation and
polarized cell growth [44,45]. Therefore, we asked how Tpm1 decoration of actin filaments
affects depolymerization induced by Twinfilin and Srv2, and as a control, severing by yeast
ADF/Cofilin (Cofl). Our results show that Tpm1 had little effect on depolymerization at
either end of the filament induced by Twinfilin and N-Srv2 (Fig 5. A, B, D), yet inhibited
Cofl-mediated severing (Fig. 5C). Thus, Tpm1 decoration protects sides of filaments from
Cof1 effects, while leaving filament ends vulnerable to depolymerization by Twinfilin and
Srv2. In addition, we tested the effects of a mammalian Tropomyosin isoform (Tpm1.6) on
barbed and pointed end depolymerization induced by mTwfl +/-= N-CAP1, and as a control,
its effects on filament severing by human Cofilin-1 (hCof1). We observed that Tpm1.6
strongly protects filaments from severing by hCof1, but not depolymerization by mTwf1,
either in the presence or absence of N-CAP1 (Fig. 5E-G). Together, these data suggest that
the ability to depolymerize Tropomyosin decorated filaments is a conserved function in the
Twinfilin family, and points to Twinfilin’s potential in vivo role in depolymerizing actin
networks decorated by Tropomyosins.

DISCUSSION

In this study, we set out to define the activities of mouse Twinfilin isoforms in catalyzing
depolymerization at the barbed and/or pointed ends of actin filaments, and thus learn
whether the activities reported earlier for yeast Twinfilin are conserved in mammals. Our
results show that each of the three mouse Twinfilin isoforms (mTwf1, mTwf2a, mTwf2h)
accelerates barbed end depolymerization by ~2-5-fold, indicating that this is a conserved
function of Twinfilin. On the other hand, none of the mouse Twinfilin isoforms induced
rapid pointed end depolymerization in conjunction with Srv2/CAP, in striking contrast to
yeast Twinfilin (Fig. 1 and Table 1). Thus, there appear to be important species-specific
differences in the functions of Twinfilin. Our results also show that a low concentration of
Twinfilin, incapable of accelerating depolymerization on its own, becomes sufficient to drive
barbed end depolymerization in the presence of the N-terminal half of Srv2/CAP. These
results strengthen the view that Srv2/CAP and Twinfilin work in concert to depolymerize
barbed ends, and indicate that their joint function at the barbed end is conserved between
yeast and mammals.

In addition, we observed strong cross-species compatibility of Srv2/CAP working together
with Twinfilin. At the barbed end, either yeast or mouse Srv2/CAP could work with either
yeast or mouse Twinfilin to accelerate depolymerization. However, at the pointed end, yeast
and mouse Srv2/CAP could work only with yeast Twinfilin (and not mouse Twinfilin) to
drive rapid depolymerization. This cross-species compatibility suggests that the structure
and function of Srv2/CAP has been maintained across evolution. Consistent with this model,
the N-terminal halves of yeast and mouse Srv2/CAP oligomerize into similar, ordered
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hexamers with six-fold symmetry, in which the N-terminal helical-folded domains (HFDs)
are displayed as ‘blades’ in a radial configuration [46,47]. Further, the same conserved
surfaces on the HFDs of yeast and mouse Srv2/CAP are required for their effects in
enhancing ADF/Cofilin and Twinfilin activities [23,46,47]. The molecular architecture of
Srv2/CAP may also help explain how it enhances Twinfilin activity at the barbed end. Single
molecule studies showed that yeast Twinfilin processively associates with depolymerizing
barbed ends of filaments, and that Srv2/CAP enhances Twinfilin processivity [23]. Thus,
Srv2/CAP hexamers may cluster Twinfilin molecules at the barbed end and/or provide
additional actin-binding sites, via the F-actin binding HFD domains [47], to increase
Twinfilin processivity and drive depolymerization. This may explain how Srv2/CAP lowers
the concentration of Twinfilin required to catalyze barbed end depolymerization. Resolving
this mechanism further, and the potentially-related mechanism of the N-terminal half of
Srv2/CAP enhancing ADF/Cofilin-mediated severing, will likely require high resolution
structural analysis of Srv2/CAP hexamers and ADF-H proteins bound to F-actin.

Our finding that mouse Twinfilin isoforms lack the robust pointed end depolymerization
effects of yeast Twinfilin have potentially important implications for understanding how
different ADF-H family members are used in different organisms to drive the disassembly of
actin structures. One of the initial clues to Twinfilin’s in vivo functions was the observation
that twr1A is synthetic lethal with partial loss-of-function cofI alleles [18], suggesting a role
for Twinfilin in promoting actin disassembly. This was later extended to genetic
relationships with other actin disassembly factors [48]1 Subsequent analysis of yeast
Twinfilin revealed that it accelerates barbed and pointed end depolymerization in concert
with Srv2/CAP [23]. Our results here suggest that only the effects on barbed end
depolymerization are conserved in mouse Twinfilins. It is interesting that all three mouse
Twinfilin isoforms had similar effects in stimulating depolymerization, which is consistent
with previous studies suggesting that all three isoforms can associate with the barbed end
[25]. Further, it reinforces the view that there is high mechanistic conservation among the
three isoforms, and that differences in their physiological roles may be attributed instead to
their unique expression patterns and localization patterns, and possible difference in cellular
binding partners.

Using chimeras, we determined that the unique abilities of yeast Twinfilin to catalyze robust
pointed end depolymerization stem specifically from its C-terminal ADF-H domain. Further,
we showed that introducing this one domain of yeast Twinfilin into mouse Twinfilin was
sufficient to confer pointed end depolymerization effects (Fig. 4; Table 1). These
observations demonstrate that differences in the C-terminal ADF-H domains of yeast and
mouse Twinfilin must account for the activity difference. While a structure is available for
the C-terminal ADF-H domain of mouse Twinfilin, there is no structure available for yeast
Twinfilin [22,49], precluding a comparison. Thus, we do not yet understand the structural
basis for the activity difference. Our data do not rule out the possibility of post-translational
modifications of mouse Twinfilin altering the structure and/or increasing the activity of the
C-terminal ADF-H domain to drive robust pointed end depolymerization like yeast
Twinfilin. Indeed, proteomic studies have identified several sites on mammalian Twinfilins
that are phosphorylated, although it is not yet known how these modifications affect
Twinfilin activity or in vivo functions [50,51]. Alternatively, robust pointed end
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depolymerization may be a capability of yeast Twinfilin that is not maintained
evolutionarily, and may instead be catalyzed by other ADF-H family proteins in mammals.
Indeed, human ADF (but not human Cofilin-1) was recently shown to accelerate pointed end
depolymerization by ~20-fold, similar to the joint effects of yeast Twinfilin and Srv2/CAP
[9,10]. Therefore, it is possible that pointed end depolymerization is regulated primarily by
ADF/Cofilin in some species and by Twinfilin in others. This further suggests that minor
changes in ADF-H domains can lead to major differences in their activities, highlighting the
versatility and plasticity of the ADF-H structural module.

Finally, our work suggests that actin filament depolymerization mechanisms may be
employed in vivo to tune the turnover rates of particular actin networks without disrupting
their ultrastruture. Tropomyosin decoration of actin filaments has long been known to impair
ADF/Cofilin severing [41-43], and consistent with these studies, we found that decoration
of filaments with Tropomyosins inhibited severing by yeast and mammalian ADF/Cofilin.
However, Tropomyosin decoration did little to impede the depolymerization effects of either
yeast or mouse Twinfilin and Srv2/CAP. Taken together, these observations suggest that
combining Tropomyosin decoration with depolymerization mechanisms may allow cells to
tune the turnover rates of long linear actin arrays (e.qg., filopodia, microvilli, stereocilia,
sarcomeres, stress fibers, and yeast actin cables), which are known to vary greatly, while
maintaining the architectures of these arrays which are so critical to their functions.

EXPERIMENTAL PROCEDURES

Plasmids

Plasmids for expressing yeast Twfl have been described [23]. To generate plasmids for
expressing each mouse Twinfilin isoform as a glutathione-S-transferase (GST)-fusion
protein in E. coli, the ORFs of each isoform were PCR amplified from pHAT2-mTwf1,
pHAT2-mTwf2a, and pHAT2-mTwf2b kindly provided by Pekka Lappalainen (Univ.
Helsinki) [25], and subcloned into the EcoRI and Notl sites of pGEX-6p-1, yielding
pGEX-6p-1-mTwfl, pGEX-6p-1-mTwf2a, and pGEX-6p-1-mTwf2b. To generate plasmids
pPGEX-6p-1-C1 and pGEX-6p-1-C4, for expressing Twinfilin chimeric polypeptides in
which the tail region of yeast or mouse Twf was exchanged, oligos encoding the tail
sequences were synthesized (IDT DNA, Skokie, IL), annealed, and subcloned into Bglll and
Notl sites (mouse Twf tail) or Sall and Notl sites (yeast Twf tail). To generate plasmids
pGEX-6p-1-C2 and pGEX-6p-1-C3, for expressing Twinfilin chimeric polypeptides in
which the N-or C-terminal ADF-H domains were exchanged between mouse to yeast
isoforms, complete inserts were synthesized (Genewiz, South Plainfield, NJ) and subcloned
into pGEX-6p-1 as described above. The pHAT2-N-CAP1 plasmid used to express a 6His-
fusion of the N-terminal half of mouse CAP1 (N-CAP1, residues 1-217) was kindly
provided by Pekka Lappalainen (Univ. Helsinki) [52].The plasmid for expressing a 6His-
fusion of the N-terminal half of yeast Srv2/CAP (N-Srv2) has been described [53]. The
plasmid for expressing human Cofilin-1 in £. coliwas a kind gift from Dr. David Kovar
(University of Chicago). The plasmid for expressing yeast Tpml in £. colihas been
described [54]. The plasmid for expressing human Tpm1.6 in £. coliwas a kind gift from
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Dr. Peter Gunning (University of New South Wales). All constructs were verified by DNA
sequencing.

Protein expression and purification

Rabbit skeletal muscle actin [55], biotinylated actin [56], pyrenyliodoacetamide-labeled
actin (pyrene actin) [57] were purified as described previously. Fluorescent rabbit muscle
actin, labeled on Cys374 with Oregon Green (OG) maleimide (Life Technologies; Carlsbad,
CA) was generated as described [39]. S. cerevisiae Tropomyosin (Tpm1) carrying a Met-
Ala-Ser extension at its N-terminus to mimic the acetylation of its N-terminal Met (active
state) was purified from E. colias described [54]. S. cerevisiae ADF/Cofilin (Cofl) was
expressed and purified in £. coli as described [53].

Twinfilin polypeptides were expressed as GST-fusions in £. colistrain BL21 (pRARE).
Cells were grown to log phase at 37°C, and then expression was induced for 16 h at 18 °C
by addition of 0.4 mM isopropyl-p-D-thiogalactopyranoside (IPTG). Cells were collected by
centrifugation, washed with 25 ml water, and resuspended in 10 ml of PBS supplemented
freshly with 0.5 mM dithiothreitol (DTT), 1 mM phenylmethylsulphonyl fluoride (PMSF),
and a standard mixture of protease inhibitors. Cells were incubated with lysozyme (0.5 mg
mi~1) on ice for 15 min and then sonicated. The cell lysate was clarified by centrifugation at
12,5009 for 20 min and incubated at 4°C (rotating) for at least 2 h with 0.5 ml glutathione-
agarose beads (Sigma-Aldrich; St. Louis, MO). Beads were washed three times in PBS
supplemented with 1M NaCl and then washed two times in PBS. Then Twinfilin was
cleaved from GST by incubation with PreScission Protease (GE Healthcare; Marlborough,
MA) overnight at 4°C (rotating). Beads were pelleted, and the supernatant was concentrated
to 0.3 ml, and then further purified by size-exclusion chromatography on a Superosel12
column (GE Healthcare) equilibrated in HEK buffer (20 mM Hepes pH 7.5, 1 mM EDTA,
50 mM KCI, 0.5 mM DTT). Peak fractions were pooled, concentrated, aliquoted, snap-
frozen in liquid N, and stored at —80°C.

N-CAP1 and N-Srv2 polypeptides were expressed as His6-fusions in £. colistrain BL21
(pPRARE), and grown and induced as above. Cells were lysed by sonication in lysis buffer:
20 mM phosphate buffer pH 7.4, 300 mM NaCl, 1 mM DTT supplemented with 10 mM
imidazole, and a standard mixture of protease inhibitors. Clarified lysates were incubated
with Nio+-NTA beads (Qiagen, Valencia, CA) for 90 min at 4°C and then transferred to a
poly-prep chromatography column (Bio-Rad). The resin was washed with 10 column
volumes of lysis buffer supplemented with 50 mM imidazole. Proteins were eluted with 5
column volumes of lysis buffer supplemented with 250 mM imidazole, concentrated, and
purified further on a Superose 6 gel filtration column (GE Healthcare) equilibrated in 20
mM Tris pH 8.0, 100 mM NaCl, and 1 mM DTT. Peak fractions were pooled, concentrated,
aliquoted, snap-frozen in liquid N, and stored at —80°C.

Human Cofilin-1 (hCofl) was expressed in BL21 (DE3) £. coliby growing cells to log
phase at 37°C in TB medium, then inducing expression using ImM isopropy! beta-D-1-
thiogalactopyranoside at 18°C for 16 h. Cells were harvested by centrifugation and 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 30,000 x g

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hilton et al.

Page 11

for 30 min. 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 protein was loaded onto a 5 ml
HiTrap SP FF column (GE Healthcare Biosciences), and eluted using a linear gradient of
NaCl (20-500 mM). Peak fractions were concentrated, dialyzed against 20 mM Tris pH 8.0,
50 mM KCI, and 1 mM DTT, aliquoted, and stored at —80°C.

Human Tpm1.6 was expressed in BL21 (DE3) E£. colias above for hCofl. Cells were
harvested by centrifugation, and lysed by sonication in 20 mM Tris, pH 7.5, 0.5 M NaCl, 5
mM MgCl,. The lysate was incubated at 80°C for 10 min, then cooled for 10 min at —20°C,
and precleared by centrifugation at 30,000 x g for 20 min. The supernatant was
isoelectrically precipitated by dropwise addition of 0.3 M HCI to pH 4.7, centrifuged at
5,000 rpm for 15 min at 4°C, after which the pellet was resuspended in 100 mM Tris, pH
7.5, 0.5 M NaCl, 5 mM MgCl,, 1 mM DTT. This precipitation step was repeated once, and
the resuspended pellet was dialyzed against 20 mM Hepes, pH 6.8, 50 mM NaCl, 0.5 mM
DTT. Dialyzed protein was applied to a 5 ml HiTrap Q HP column (GE Healthcare
Biosciences) and eluted with a linear gradient of NaCl (50 to 600 mM). Peak fractions were
concentrated, and purified further on a Superose 6 gel filtration column (GE Healthcare
Biosciences, Pittsburgh, PA ) equilibrated in 20 mM Tris pH 7.5, 50 mM KCI, 2 mM MgCl,
and 1 mM DTT. Peak fractions were pooled, aliquoted, flash-frozen, and stored at —80°C.

Bulk pyrene F-actin disassembly assays

At time zero, pre-assembled F-actin (2 uM final, 10% pyrene-labelled) was mixed with the
indicated proteins or control buffer, along with 3 uM Vitamin-D-Binding Protein (VDBP),
also known as human plasma Gc-globulin (Sigma-Aldrich, St. Louis, MO). Fluorescence
was monitored for 1000 s at 25°C at 365-nm excitation and 407-nm emission in a
fluorescence spectrophotometer (Photon Technology International, Edison, NJ).

Total internal reflection fluorescence (TIRF) microscopy

For all experiments, 24x60 mm coverslips (Fisher Scientific; Pittsburg, PA) were cleaned by
successive sonications as follows: 60 min in detergent, 20 min in 1 M KOH, 20 minin 1 M
HCI min, and 60 min in ethanol. Coverslips were then washed extensively with ddH,0 and
dried in an N2-stream. A solution of 80% ethanol pH 2.0, 2 mg/ml methoxy-poly (ethylene
glycol)-silane and 2 pg/ml biotin-poly (ethylene glycol)-silane (Laysan Bio Inc.; Arab, AL)
was prepared and layered on the cleaned coverslips (200 pl per coverslip). The coverslips
were incubated for 16 h at 70°C. To assemble flow cells, PEG-coated coverslips were rinsed
extensively with ddH,O and dried in an N,-stream, then attached to a prepared flow
chamber (Ibidi; Martinsried, German) with double sided tape (2.5 cm x 2 mm x 120 um)
and five 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
KCI, 1% BSA), 30 s in Streptavidin (0.1 mg/ml in PBS), a fast rinse in HEK-BSA, and then
equilibration in 1X TIRF buffer, pH 7.5 (10 mM imidazole, 50 mM KCI, 1 mM MgCl,, 1
mM EGTA, 0.2 mM ATP, 10 mM DTT, 15 mM glucose, 20 pug/ml catalase, 100 ug/ml
glucose oxidase, and 0.5% methylcellulose (4000 cP)). To initiate reactions, actin monomers
(10% OG-labeled, 0.5% biotinylated) were diluted to 1 uM in TIRF buffer, and immediately
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transferred to a flow chamber. After several minutes, once the actin filaments reached an
appropriate length (approximately 10 pm), the reaction mixture was replaced with TIRF
buffer lacking actin monomers, with or without Twinfilin polypeptides and/or N-Srv2 or N-
CAPL1. Time-lapse TIRF microscopy was performed using a Nikon-Ti200 inverted
microscope equipped with a 150 mW Ar-Laser (Mellot Griot; Carlsbad, CA), a 60X TIRF-
objective with a 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). Images were captured
every 5 s. The pixel size corresponded to 0.27 pum.

Filament depolymerization rates were determined by tracing filaments in ImageJ (http://
rsbweb.nih.gov/ij) and measuring the change in length of individual filaments for 15— 20
min after flow-in, or until filaments disappeared. Differences in fluorescence intensity along
the length of the filament provided fiduciary marks that allowed us to distinguish barbed-
and pointed-ends. All results shown are data from at least two independent TIRF
experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:
All three mouse Twinfilin isoforms promote barbed end depolymerization
Robust pointed end depolymerization is stimulated by yeast but not mouse Twinfilin
Yeast Twinfilin depolymerizes pointed ends with either yeast or mouse Srv2/CAP

Yeast Twinfilin pointed end depolymerization depends on its C-terminal ADF-H domain
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Figure 1. Rates of accelerated actin filament depolymerization by mouse Twinfilin isoforms in
the absence or presence of N-CAP1.

(A) Domain organization and amino acid sequence conservation between yeast and mouse
Twinfilins: ADF-H, actin depolymerization factor homology domain; L, linker; T, tail.
Percentages indicate the protein sequence identity between corresponding domains
connected by dotted lines (yTwfl to mTwfl; mTwfl to mTwf2a/b). (B) Representative time-
lapse TIRF microscopy images of tethered actin filaments (10% OG-labeled, 0.5% biotin—
actin) depolymerizing in the presence or absence of 1 pM mouse Twinfilin-1 (mTwf1) or 1
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UM yeast Twinfilin (yTwfl). Blue arrowheads, barbed ends; yellow arrowheads, pointed
ends. Scale bar, 10 um. (C) Rates of barbed end depolymerization (subunits s~1) induced by
1 UM of the indicated mouse Twinfilin isoform, in the absence or presence of 1 uM of the N-
terminal half of CAP1 (N-CAP1), measured from TIRF reactions as in (B). Rates for each
condition averaged from at least 5 filaments in each of three independent experiments. From
left to right: n=21, 19, 25, 19, 26, 28, 25, and 25 filaments, and mean depolymerization
rates of 1.448, 1.196, 2.991, 3.08, 3.773, 5.131, 2.813, and 4.122 subunits s~1. (D) Rates of
pointed end depolymerization for filaments in the same reactions as in (C). From left to
right: n=21, 18, 25, 15, 26, 27, 25, and 25 filaments, and mean depolymerization rates of
0.493, 0.522, 0.963, 1.219, 0.776, 0.972, 0.991, and 1.395 subunits s~1 Error bars, s.e.m.
**** p<0.0001, *** p<0.001, ** p<0.01, n.s. p> 0.05 by one-way ANOVA with Tukey
post hoc test.

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hilton et al.

Page 19

50  [N-CAP1), uM

FRXH
A 89 EX T
FHHH

» 6l :

5 p ’
-8 % n.s. ° o.
_g g " s e
88" . A
F L&
[ss] *é‘ n.s. n.s. a8 .’ LB

5 e '] -..:' L]

P A

& ot .r e..-.t o: . (L] 0..

. .o .ﬁ, . e . 5
=+ it Ces
0 ...'a] T - T = T 4t T ~
0 5.0 0 0.25 0.5 1.0
50nM mTwf1

Figure 2. Threshold effects of N-CAP1 in synergizing with mTwf1 to accelerate depolymerization

at barbed ends.

(A) Rates of actin filament barbed end depolymerization (subunits s~1) induced by 50 nM
mTwf1 in conjunction with increasing concentrations of N-CAP1 (0-5 pM). Rates for each
condition were averaged from at least 5 filaments in each of two independent experiments.
From left to right: n= 15, 20, 25, 20, 25, 25, and 30 filaments, and mean depolymerization
rates of 0.664, 0.987, 1.218, 2.177, 3.117, 3.565, and 3.35 subunits s~1. Error bars, s.e.m.
**** 1 <0.0001, n.s. p>0.05 by one-way ANOVA with Tukey post hoc test.
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Figure 3. Rates of accelerated actin filament depolymerization induced by mouse and yeast
Twinfilins in the absence or presence of mouse or yeast Srv2/CAP.

(A) Comparison of barbed end depolymerization rates (subunits s71) induced by 1 uM of the
indicated Twinfilin protein, in the absence or presence of 1 uM mouse N-CAP1 or yeast N-
Srv2. Rates for each condition were averaged from at least 5 filaments in each of three
independent experiments. From left to right: n= 24, 27, 27, 34, 29, 26, 37, 25, and 35
filaments, and mean depolymerization rates of 1.191, 0.729, 0.855, 2.512, 2.324, 2.563,
2.913, 3.152, and 4.954 subunits s~1. (B) Pointed end depolymerization rates for filaments in
the same reactions as in (A). From left to right: 7= 17, 24, 27, 25, 24, 26, 36, 23, and 34
filaments, and mean depolymerization rates of 0.268, 0.354, 0.542, 0.514, 0.929, 1.023,
1.593, 4.848, and 7.092 subunits s 1. Error bars, s.e.m. ****p <0.0001, n.s. p>0.05 by one-
way ANOVA with Tukey post hoc test.
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Figure 4. Rates of actin filament depolymerization induced by mouse-yeast Twinfilin chimeras in
the absence or presence or mouse N-CAP1.

(A) Schematic of Twinfilin constructs tested and summary of their pointed end activities
from TIRF assays in (C). ADF-H, actin depolymerization factor-homology domain; L,
linker; T, tail. Domains color-coded by species: yeast (turquoise) and mouse (magenta). (B)
Rates of barbed end depolymerization (subunits s~1) from TIRF assays in the presence of
different Twinfilin constructs (1uM each), with or without 1 pM N-CAP1. Rates for each
condition averaged from at least 5 filaments in each of three independent experiments. From

J Mol Biol. Author manuscript; available in PMC 2019 September 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Hilton et al.

Page 22

left to right: n= 30, 27, 15, 25, 27, 30, 25, 30, 30, 30, 30, and 30 filaments, and mean
depolymerization rates of 1.267, 0.7299, 3.731, 3.152, 1.66, 2.295, 2.237, 1.852, 0.989,
0.619, 1.417, and 0.946 subunits s~1. (C) Rates of pointed end depolymerization from
filaments in the same TIRF reactions as in (B). From left to right: 7= 30, 24, 14, 23, 27, 30,
25, 30, 30, 30, 30, and 29 filaments, and mean depolymerization rates of 0.301, 0.354,
1.756, 4.848, 1.062, 4.59, 0.367, 0.621, 0.376, 2.433, 0.409, and 0.288 subunits s1. (D)
Bulk assays showing effects of Twinfilin polypeptides on pointed end depolymerization.
Reactions contain 2 pM F-Actin (10% pyrene-labelled), 25 nM Capping Protein (CapZ) to
cap barbed ends, and 1 uM of the Twinfilin construct. Disassembly is induced at time zero
by the addition of 3 uM vitamin D-binding protein, which sequesters actin monomers. (E)
Bulk assays as in (D) except with the further addition of 1 uM N-CAP1. Error bars, s.e.m.
**** p<0.0001, *** p<0.001, ** p<0.01, * p<0.05, n.s. p>0.05 by one-way ANOVA with
Tukey post hoc test. Red asterisks, compared to ‘yTwfl’ (+/- N-CAP1). Green asterisks,
compared to ‘control’ (+/-N-CAP1).
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Figure 5. Twinfilin depolymerization effects on Tropomyosin-decorated actin filaments.
Experiments in panels A-D use yeast Twinfilin, Srv2/CAP, ADF/Cofilin, and Tropomyosin,

whereas experiments in panels E-G use the mammalian counterparts to these proteins. (A)
Rates of barbed end depolymerization (subunits s™1) measured in TIRF assays. Actin
filaments were first assembled and tethered using 1 uM actin (10% OG-labeled, 0.5% biotin-
actin). Then, 1 uM yeast Twinfilin (yTwf1) with or without 1 uM N-Srv2 was flowed in, and
depolymerization rates were measured. Where indicated, yeast Tpm1 (2.5 uM) was included
both in the initial actin filament assembly and in the subsequent flow in. Rates for each
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condition were averaged from at least 5 filaments in each of two independent experiments.
From left to right: 7= 29, 18, and 18 filaments, and mean depolymerization rates of 1.455,
5.314, and 3.783 subunits s71. (B) Rates of pointed end depolymerization for filaments in the
same reactions as in (A). From left to right: 7= 29, 18, and 18 filaments, and mean
depolymerization rates of 0.341, 7.918, and 7.54 subunits s™1. (C) Tpm1 inhibits yeast
Cofilin (yCof1)-induced severing of actin filaments. Actin filaments were assembled as
above, with or without Tpml, and then 10 nM Cof1 was flowed in, with or without Tpm1,
and severing rates (breaks pm=1 min~1) were measured. Severing rates for each condition
were averaged from at least 10 filaments in each of two independent experiments (/7= 20
filaments total). From left to right, mean severing rates are: 0.048 and 0.018 events pm™1
min~L. (D) Representative time-lapse TIRF microscopy images of tethered actin filaments
(10% OG-labeled, 0.5% biotin-actin) depolymerizing in the presence or absence of 1 uM
yeast Twinfilin (yTwf1) and 1 uM N-Srv2, in the presence or absence of yeast Tropomyosin
(Tpm1l). Blue arrowheads, barbed ends; yellow arrowheads, pointed ends. Scale bar, 10 pm.
(E) Rates of barbed end depolymerization (subunits s~1) measured in TIRF assays in the
presence of 1 UM mouse Twinfilin (mTwf1) with or without 1 uM mouse N-CAP1. Where
indicated, human Tpm1.6 (2 uM) was included both in the initial actin filament assembly,
and in the subsequent flow in. Rates for each condition were averaged from at least 10
filaments in each of two independent experiments. From left to right: n= 28, 24, and 24
filaments, and mean depolymerization rates of 1.10, 2.12, and 2.03 subunits s71. (F) Rates of
pointed end depolymerization for filaments in the same reactions as in (D). From left to
right: 7= 24, 21, and 24 filaments, and mean depolymerization rates of 0.331, 0.782, and
0.747 subunits s71. (G) Tpm1.6 inhibits actin filament severing by human Cofilin (hCof1).
Filaments were assembled as above, with or without Tpml.6, and then 150 nM hCof1 was
flowed in, with or without Tpm1.6, and severing rates (breaks um~1 min=1) were measured.
Severing rates for each condition were averaged from at least 15 filaments in each of two
independent experiments (77 = 30 filaments total). From left to right, mean severing rates are:
0.084 and 0.010 events pm~1 min~L. Error bars, s.e.m. ****p < 0.0001, *** p<0.001, by
one-way ANOVA with Tukey post hoc test.
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Table 1.

Summary of depolymerization for all Twinfilin constructs

Construct depolymerization rate (subunits ~1)

Construct Barbed end Pointed End
Buffer Control -N-CAP1  1.27+0.14  0.301+0.04
+N-CAP1 0.73+0.11  0.354+0.05
yTwfl (WT) -N-CAP1  3.73+0.52 1.76 £ 0.33
+N-CAP1  3.15+0.43 4.85+0.82
yTwil (WT) -N-Srv2  373+052 1.76+0.33
+ N-Srv2 495+054 7.09+0.76
mTwfl (WT) -N-CAP1 299+0.22 0.963+0.07
+N-CAP1  3.08 +0.29 1.21+0.11
Twfl-C1 -N-CAP1 1.66+0.21 1.06 +0.13
+N-CAP1 229+0.26 459+0.32
Twf1-C2 -N-CAP1 224+0.29 0.367+0.05
+N-CAP1  1.85+0.17 0.622 £ 0.07
Twfl-C3 -N-CAP1  0.99 +0.12 0.376 £ 0.06
+N-CAP1 0.62+0.09 243+0.16
Twf 1-C4 -N-CAP1 142+0.15 0.41+0.04
+N-CAP1 0.946 £0.13  0.288 +0.05
mTwf2a (WT) -N-CAP1 3.77+0.33  0.776 £0.10
+N-CAP1 513+0.35 0.972+0.11
mTwf2b (WT) -N-CAP1 2.81+0.21  0.991+0.11
+N-CAP1 412 +0.22 1.395+0.13
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