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Abstract

Rearrangement of actin filaments by polymerization, depolymerization, and severing, is important 

for cell locomotion, membrane trafficking, and many other cellular functions. Cofilin and actin-

interacting protein 1 (AIP1, also known as WDR1) are evolutionally conserved proteins that 

cooperatively sever actin filaments. However, little is known about the biophysical basis of the 

actin-filament severing by these proteins. Here, we performed single molecule kinetics analyses of 

fluorescently labeled AIP1 during the severing process of cofilin-decorated actin filaments. 

Results demonstrated that binding of a single AIP molecule was sufficient to enhance filament 

severing. After AIP1 binding to a filament, severing occurred with a delay of 0.7 s. Kinetics of 

binding and dissociation of a single AIP1 molecule to/from actin filaments followed a second-

order and a first-order kinetics scheme respectively. AIP1 binding and severing were detected 

preferentially at the boundary between the cofilin-decorated and bare regions on actin filaments. 

Based on the kinetic parameters explored in this study, we propose a possible mechanism behind 

the enhanced severing by AIP1.
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Dynamic reorganization of the actin cytoskeleton is crucial for a number of cellular 

processes including cytokinesis, cell motility, and morphogenesis [1]. However, filamentous 
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actin alone is relatively stable, and acceleration of filament disassembly is often required to 

promote actin cytoskeletal dynamics [2–4]. Actin-depolymerizing factor (ADF)/cofilin is 

one of the major factors to accelerate disassembly of actin filaments by enhancing filament 

fragmentation and monomer dissociation from the pointed end. However, in vitro studies 

indicate that ADF/cofilin alone severs actin filaments only weakly and optimally when a 

cluster of ADF/cofilin molecules bind to an actin filament at low densities [5, 6]. When 

ADF/cofilin binds to the side of actin filaments at high densities, fragmentation of the 

filaments is rather infrequent [7]. These biochemical properties suggest that ADF/cofilin 

alone may not be sufficient to account for rapid turnover of actin filaments observed in live 

cells. It should be noted the marked diversity in the severing action of cofilin exists in the 

field of biology. Some cofilin at concentrations lower than the Kd for binding severs actin 

filaments optimally [8]. The severing is affected by restricting the flexibility of the filament 

[9] or by the ATP hydrolysis of actin filaments [10]. Under a certain condition severing is 

observed in the filaments saturated with cofilin [11].

Actin-interacting protein 1 (AIP1) is a conserved protein that promotes disassembly of actin 

filaments in the presence of ADF/cofilin [12, 13]. In vitro, AIP1 preferentially interacts with 

ADF/cofilin-decorated actin filaments and induces rapid disassembly of the filaments when 

ADF/cofilin is present at high densities [14, 15]. Thus, the combination of ADF/cofilin and 

AIP1 is an efficient mechanism to disassemble actin filaments. Genetic studies have shown 

that AIP1 is essential for viability in multicellular organisms including mice [16], nematodes 

[17], insects [18], and plants [19]. At cellular levels, AIP1 plays important roles in 

cytokinesis, cell migration [20–22], epithelial/epidermal morphogenesis [23–25].

The molecular process of the enhancement of actin filament disassembly is, however, largely 

unknown; especially, the kinetics of AIP1 binding, severing, and dissociation to/from the 

filament has not been directly analyzed. This could be due to that discrimination between 

severing and depolymerization of actin filaments is very hard for analyses depending on the 

ensemble average of number of molecules (such as conventional biochemistry), analyses 

with snapshot type image acquisition [26, 27] , or relatively slow time lapse imaging [28]. 

By contrast, high-speed single molecule time lapse imaging of molecules (e.g., actin, AIP1 

and cofilin) can distinguish severing and depolymerization in a single AIP1 molecule level 

under adequate conditions [5, 29], and enable the kinetics analysis of AIP1, which may have 

multiple actions, e.g., binding, severing and end-binding [28, 30, 31].

We made a video-rate time lapse imaging of single Alexa-labeled-AIP1 molecules that bind 

to an actin filament, which showed that severing of actin filaments was greatly enhanced 

when a single AIP1 bound to an actin filament. The kinetics of AIP1 binding, severing, and 

transient end-binding (capping) was analyzed at a single molecule level, which showed that 

AIP1 bindings could be well described by the binding and dissociation and the end-binding, 

which could be described by Michaelis-Menten type state transitions.
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Results

Binding of a single GST2-AIP12 substantially enhances the severing of actin filaments

Disassembly of cofilin-decorated actin filaments by GST2-AIP12 (GST-Alexa-488-AIP1, 

Alexa-488 labeled nematode AIP1, UNC-78), which is presumably dimeric, was imaged. 

The enhancement of severing of nematode cofilin (UNC-60B) decorated single actin (from 

rabbit skeletal muscle) filaments were analyzed. Cofilin (UNC-60B) modestly severs rabbit 

muscle actin filaments at a relatively high concentration (2 μM), which is significantly 

enhanced by AIP1 (UNC-78) [26, 27]. AIP1 (UNC-78) disassembles C. elegans actin in the 

presence of cofilin (UNC-60B) more efficiently than rabbit muscle actin, but the differences 

were subtle [32]. This could be due to actin being evolutionally conserved across species. 

We used rabbit skeletal muscle actin, since it is well documented in literature.

Rhodamine-labeled actin filaments were anchored to glass surface via anti-biotin antibodies 

with 1–2 μm intervals of tethering points, which allowed for fluctuations of the filament 

between tethering points as described previously [5]; the amplitude of fluctuations was 

estimated at a few tens nm in z-axis. A mixture of cofilin (2 μM) and GST2-AIP12 (10 nM) 

was applied to these fluorescently labeled actin filaments by gentle pressure ejection through 

a micro pipette system (see details in Experimental Procedures). Under this condition, 

cofilin and GST2-AIP12 efficiently disassembled actin filaments as demonstrated in the 

previous study [12], and binding of single GST2-AIP1 2 molecules to the actin filament and 

severing were imaged and analyzed, as shown in Fig. 1, and Movie S1. Monomeric AIP1 

labeled with Alexa-488 showed similar binding and severing of actin filaments as that of 

GST2-AIP12 (see below), the mean duration of binding of monomeric AIP1 (Ts, see 

definition in figure 1) was 0.8 ± 0.3 s (n=29), and severing was detected in 27% of side-

bindings (n=26), supporting the idea that GST2-AIP12 behaves like native monomeric AIP1.

The fluorescence of a single GST2-AIP12 molecule was detected along the tethered actin 

filaments. The intensity profile of the AIP1 fluorescence signal (Fig. S2) was fitted with two 

Gaussian distributions (basal noise and single GST2-AIP12 bindings, respectively). This 

denotes that the binding of single GST2-AIP12 molecules was detected (Fig. 1). A typical 

sequence of AIP1 binding and actin-filament severing is shown in Fig. 1; a single GST2-

AIP12 bound to an actin filament (Fig. 1A, inset), and a severing of the filament (Fig. 1B, 

dashed line). In this case, AIP1 binding was detected 690 ms before severing (Fig. 1A, Ts) 

and AIP1 stayed bound on the severed filament for 210 ms following the severing (Fig. 1A, 

Tc). Severing of filaments occurred in 11.7 % of total AIP1 binding events (the time lapse 

images with the lowest background noise were used for analysis, and 102 AIP1 binding 

events were detected and analyzed). The duration of AIP1 binding that did not sever the 

filament was fitted well by a single exponential function with decay constant of 289 ms as 

shown in Fig. 5A. The value 289 ms was nearly three times smaller than that of the binding 

associated with severing (see more in the later section). As discussed in the later section 

93% of the severing events are enhanced by AIP1 binding. It is highly likely that AIP1 

binding in Fig. 1 enhanced severing.

The above ejection method may have introduced slight uncertainty in the concentration of 

cofilin and AIP1. Therefore, we also performed experiments with a precise concentration of 
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GST2-AIP12 (10 nM) and cofilin (1 μM) to estimate the rate of severing and on rate of 

GST2-AIP12 binding (see following sections). In this solution the rate of severing was (4.0 

± 2.1, mean ± SD) ×10−2 severing events per μm of filament per s (n=3 image fields, see the 

materials and methods section), which is 14.0 times higher than the rate by 1 μM cofilin 

alone (2.8± 4. 4)×10−3 severing events per μm of filament per s (n=7 imaging fields), 

suggesting the presence of the “spontaneous” severing of cofilin-occupied actin filaments in 

the absence of AIP1; i.e., GST2-AIP12 (10 nM) substantially (14 times) enhances the 

severing of cofilin-occupied actin filaments as previously suggested [28][8]. Statistically, 

93% of the severing events are strongly enhanced by AIP1 binding and 7% of the severing 

events might be “spontaneous”. On the other hand, GST2-AIP12 (10 nM) alone never 

induced severing of actin filaments.

Kinetics of GST2-AIP12 binding, severing and transient end-binding

The duration of typical GST2-AIP12 binding events associated with severing are shown in 

Fig. 2A; analysis of the time-dependent distribution of AIP1 binding associated with 

severing shows that AIP1 binding was detected most frequently immediately before the 

severing events, and the chance of finding AIP1 on the filament decayed slowly with a time 

constant of 711 ± 18 ms (90 severing events) (Fig. 2); more detailed analysis shows that 

AIP1 was found on the filament at 30 ms prior to the time of severing in 79 % of cases (Fig. 

S4). AIP1 remained bound at the end of the daughter filaments in 50 % of the severing 

events, and the frequency of detecting AIP1 there was decreased exponentially with a time 

constant of 164 ± 5 ms (n=90) (Fig. 2) (see more in Discussion).

AIP1 enhanced severing, and generated two daughter filaments as shown in Fig. 1. One of 

the daughter filaments often remained near the glass surface (92 %, 83 out of 90), while the 

other became undetectable in the remaining imaging sequence by the large fluctuations of 

the daughter filament (Fig. 1d, Fig. 4 and Supplemental Movie S1); the typical length of 

fluctuating part of the daughter filaments was 1–2 μm. In rare cases, both daughter filaments 

fluctuated (6 %), or both disappeared from the TIRF illumination range (2 %). The analysis 

of kinetics of transient end-binding of AIP1 was done on filaments that did not show large 

fluctuations in the later section.

The analysis of the intensity profile of the AIP1 binding and severing events showed that a 

single GST2-AIP12 bound to a filament and the filament was severed in a sequential manner 

in 43 % (15 out of 35) of severing events (Fig. 3Aa). Simultaneous binding of two GST2-

AIP12 molecules in a vicinity (< 600 nm diameter) was sometimes detected before severing, 

and one dissociated and the other remained until severing in 31 % of cases (Fig. 3Ab). These 

denote that in 74 % of cases one GST2-AIP12 molecule bound to a filament at the time of 

severing (Fig. 3B, a plus b), showing that binding of a single GST2-AIP12 molecule is 

sufficient to facilitate the severing as has been suggested [22]. This type of AIP1 binding and 

severing were analyzed mainly in this study as shown in Fig 2. In the remaining 26 % of 

cases, two or more AIP1 were detected in the vicinity of severing points (Fig. 3B c plus d). 

The duration of binding, Ts (see Fig.1), of one, two, and three AIP1 bindings were 0.73 

± 0.76 s (n=22), 2.62 ± 2.9 s (n=20), and 1.40± 1.4 s, (n=6) respectively; multiple binding in 

the vicinity did not shorten the Ts (one-way ANOVA test).
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Sites of AIP1 binding and severing of actin filaments

Binding of AIP1 to an actin filament is dependent on the preceding cofilin binding to the 

filament [26, 28], and cofilin tends to bind to a fluctuating part of actin filaments [5]. 

Presumably, AIP1 binds preferentially to a fluctuating region of actin filaments in the 

presence of cofilin, and enhances severing.

The site of AIP1 binding and filament severing were tracked by using kymographs drawn 

along the contours of individual actin filaments (Fig. 4). The brightly-fluorescing regions are 

tethered to the surface at filament attachment points, whereas the dimly fluorescing regions 

are located further (~30 nm) away from the surface in the z-direction in TIRF imaging (Fig. 

4Ad and e), since actin filaments were nearly uniformly labeled with rhodamine as shown in 

Fig. 1A (inset a) and Fig. 6E, and the fluorescence intensity under TIRF illumination 

exponentially decreases with the relative separation distance from the glass surface. Thus, 

changes in the fluorescence intensity reflect the fluctuations of the filament as shown in 

Figure 4Ac. The frequency of AIP1 binding was not uniformly distributed along actin 

filaments. Contrary to what we expected, AIP1 binding was most frequently detected at the 

boundary between intensely and less intensely illuminated regions (a typical case is shown 

in Fig. 4A), and severing occurred within 500 nm from the boundary (Fig. 4Ba and b). These 

results suggest that the filament is severed at the boundary between fluctuating and non-

fluctuating regions where AIP1 binds. Similar distribution of AIP1 binding was found when 

the AIP1 binding was not associated with severing (Fig. 4Bc). The extent of filament 

decoration is roughly estimated ca.10% according to the previous report [5](see materials 

and methods).

The binding of fluorescently labeled nematode cofilin (Alexa-488-labeled, 10 nM) to actin 

filaments was also examined; cofilin bound to fluctuating regions of filaments, but not to 

less-fluctuating tethered regions as observed before with mouse cofilin [5]; cofilin binding 

was detected most frequently at the boundary between the fluctuating and less-fluctuating 

regions as shown in Fig. 4Bd. These observations suggest that AIP1 binds to actin filaments 

and enhances the severing at the boundary between the cofilin-decorated and bare actin 

filaments.

Analysis of on-, off-rates, and duration of AIP1 binding before severing

The most remarkable feature of the AIP1 binding to actin filaments is its statistical nature as 

shown in Fig. 2A. The duration of the AIP1 binding until severing (Ts) corresponds to the 

“waiting time (or on-duration)” according to the scheme of the preceding study on single-

molecule enzymatic dynamics [33]. The distribution of the “waiting time” before severing 

was examined in a similar manner that has been conducted in single ion channel studies [34] 

and enzymes [33]. The advantage of this study is that the time sequence of AIP1 binding, 

severing (or not-severing), and following transient end-binding was detected non-

interruptedly at the single-molecule level; this type of direct single-molecule observation has 

not been reported.

The binding duration distribution derived from binding events of AIP1 that did not sever the 

filament is shown in Fig. 5A, which could correspond to a simple binding and dissociation 
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[33]. The duration was fitted well by a single exponential function with decay constant of 

289 ± 9 ms (n=94) (Fig. 5A) according to the Poisson statistics [34]; i.e., off-rate of AIP1 

binding was estimated 3.46 s−1, and the apparent “on-rate” was 0.21 ± 0.09 μM−1s−1 (n = 9 

filaments) with precise 10 nM AIP1, which gives the dissociation constant of AIP1, Kd = 

16.6 μM, a value slightly higher than previous estimates for mutant forms of AIP1 [35].

The binding duration (Ts) distribution derived from those of AIP1 binding associated with 

severing was also fitted by a single exponential with a longer decay constant of 740 ± 81 ms 

(n=90) (Fig. 5B) than that in the case not associated with severing.

Similar binding and severing of actin filaments were observed by using AIP1-cys-

Alexa-488, a monomeric AIP1 labeled with Alexa-488 (Supplemental Movie S2, and Fig. 

6E) as mentioned above. These results support again the hypothesis that single AIP1 binding 

enhances severing of a cofilin decorated actin filament. Detailed kinetic study was not 

conducted, because the S/N of the images was lower than that of GST2-AIP12.

The angle of filament bending at the AIP1 binding site, and the length of daughter 
filaments

The bending angle of cofilin decorated actin filaments at the severing point [36] is 31 

degrees; note that filaments suspended in the solution were used for analysis. In this study, 

nearly straight cofilin decorated filaments were severed at the site of AIP1 binding; the 

bending angle was −0.8 ± 24.0 degree (n = 67) at the severing-point (Fig. 5C); note the large 

S.D., indicating filaments with various bending were included. We attempted to estimate the 

bending angle of the filaments at severing point with cofilin alone. Terminal-segments (1–2 

μm) that fluctuated were sometimes severed; the chance to observe the severing with 1μM 

cofilin alone was very low in the tethered filament. The bending angle at the severing point 

was not determined due to the fluctuations of the terminal-segment.

The length of the shorter daughter filament produced by severing was measured. Daughter 

filaments with 0.4–3.0 μm length were produced from 3 to 7 μm filaments; the length was 

nearly uniformly distributed, indicating that there was no apparent preferable length for 

severing. These daughter filaments were much longer than those (75 nm) observed by EM 

after 3 hours of AIP1 treatment [14]. The discrepancy could be due to differences in the 

duration of AIP1 treatment (1–10 s in this study and 3 hours in the EM study) and the 

methods of observations.

Kinetics of transient end-binding of AIP1 at the severed actin filaments

AIP1 transiently bound to the end of filaments (Fig. 1) as suggested [28, 30, 31] within the 

limit of optical resolution. In 50 % of severing events (45/90), the AIP1 fluorescence was 

uninterruptedly detected at the end of daughter filaments that did not apparently fluctuate. In 

the other 50 % of the cases, the fluorescence of AIP1 was not detected after severing 

presumably due to the large fluctuations of the daughter filament. The duration (Tc) of the 

fluorescence signal of AIP1 found at the end following the severing was exponentially 

decayed with time constant of 120 ± 6 ms (n = 50) (Fig. 6A).
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Transient end-binding of AIP1 to pre-existing bare ends was also often observed as shown in 

Fig. 6B. The duration of the AIP1 transient end-binding showed a non-single-exponential 

distribution, which was described with the equation [3] in materials and methods with 

k1=5.3 s−1 and k3=2 s−1 (Fig. 6D) [33, 37, 38]. The difference in kinetic parameters of 

binding of AIP1 to pre-existing filament ends as compared to severed filament ends could 

possibly arise from having cofilin-actin on the severed filaments versus actin alone at the 

ends of bare filaments.

Transient end-binding was often detected only at one of the daughter actin filaments, which 

is consistent with that AIP1 binds only to the barbed ends of actin filaments [28, 30] (Fig. 

6E). The time constant of the dissociation of the AIP1 transient end-binding is ca. 103 times 

higher than that of capping proteins [39]. The apparent “on-rate” (kf) 112 ± 88 μM−1s−1 (n = 

5 image fields), which is in the same range as those for other actin binding proteins, e.g., 

myosin [40], but is two orders of magnitudes higher than those of capping proteins [41]. 

These mean that AIP1 has different end-binding properties compared to capping proteins.

Discussion

Single molecule kinetics analyses of the side-binding, severing and end-binding of 

fluorescently labeled AIP1 (dimeric and monomeric) to/of actin filaments were performed 

for the first time, which strongly suggests that severing of cofilin-decorated actin filaments is 

enhanced by a single AIP1 molecule bound to the side of filaments. AIP1 stays at one end of 

either daughter filaments for a short period. Transient binding to bare ends was also 

observed. Kinetics of AIP1 binding that was associated with/without severing of the actin 

filament can be described by a single-exponential decay equation with different time 

constants. AIP1 binding that was associated with severing was detected most often at the 

boundary between the tightly tethered and less-tightly tethered (fluctuating) region of actin 

filaments. In the following sections, we discuss a possible mechanism of the AIP binding 

and the enhancement of severing by the bound AIP1, and a role of AIP1 in actin filament 

turnover based on the kinetic parameters obtained in this study.

Kinetics of AIP1 binding and severing of cofilin-decorated actin filaments

Kinetics of enzymes or state transition of proteins have been estimated by single-molecule 

imaging techniques in a very limited number of cases [42]; e.g., duration of FAD activation 

[33], β-galactosidase [43], and the dwell time of tension generation by myosin [40], which 

could be due to technical difficulties to observe directly the enzymatic activation or state 

transition of proteins.

The rate of severing was (4.0 ± 2.1) ×10−2 severing events per μm of filament per s in AIP1 

(10 nM) and cofilin (1 μM), which is 14.0 times higher than the rate by 1 μM cofilin alone. 

These results denote that AIP1 strongly enhanced the severing of cofilin decorated actin 

filaments, and suggest that 93% of the severing events is enhanced by AIP1 binding. In other 

words, 7% of the severing events might be “spontaneous” (i.e., cofilin mediated the severing 

not by AIP1). We observed one to five AIP1 binding events in a 2–5 μm filament in 15 s of 

time lapse imaging, and most of the severing events were associated with AIP1 binding, and 

this observation agrees with the above estimation.
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The Michaelis-Menten (M-M) type kinetics of enzymatic binding suggest reversible binding 

and dissociation are followed by the enzymatic reaction (see equation 3 in the Kinetics 

analysis), which predicts the “simple binding” without “enzymatic” reactions. Our data 

showed 88% of the AIP1 binding belongs to this “simple binding”, and 12% of the Aip1 

binding events resulted in a severing event. This fits the M-M model and showed that 

majority of bindings (88%) were classified as “simple binding”.

Here, let us consider the AIP1 bindings and severing of a 5 μm filament in AIP1 (10 nM) 

and cofilin (1 μM) to evaluate the effect of “simple binding” on the characterization of the 

enhancement of severing by AIP1. During the 15 s of imaging, there would be 3 severing 

events associated with AIP1 binding based on the serving rate of 4.0×10−2 severing events 

per μm of filament per s; e.g., Fig. 6E. There would be 22 AIP1 binding events without 

severing, since there must be 7.3 times larger number of the “simple binding” behind 3 

binding with severing. Total duration of the “simple binding” is 6.38 s, since the mean 

duration of “simple” bindings is 0.29 s. This means AIP1 is found on the site of the actin 

filament in 42% of imaging period 15 s; i.e., the chance to find “simple AIP1 binding” at the 

time of severing is 42%. This value roughly agrees with the chance (26%) to find additional 

“simple AIP1 binding(s)” during the AIP1 binding associated with severing (Fig. 3B). The 

probability to find “simple AIP1 binding” at the time of “spontaneous” severing is 3% of all 

severing events, showing that chance to see the coincidence is low. We assume, in the above 

calculations, the sites of “simple AIP1 binding” and AIP1 binding with severing are same as 

shown in Fig. 4B for simplicity and we ignore the simultaneous multi AIP1 bindings, since 

the chance was low to observe them. In 74 % of cases one AIP1 molecule bound to a 

filament at the time of severing and these were analyzed. The analysis supports the strong 

correlation between binding of a single AIP1 molecule to a filament and severing as shown 

in Fig. 2.

The binding duration of AIP1 that did not sever the filament was fitted well by a single 

exponential function with decay constant of 289 ms, while the binding duration (Ts) of AIP1 

binding associated with severing was also fitted by a single exponential with longer decay 

constant of 740 ± 81 ms (n=90) (Fig. 5B). The longer decay constant suggests the kinetics of 

binding without severing and of binding with severing are different; the longer delay may 

reflect that states during Ts include not only the state of binding but also the state that 

facilitates the severing.

The facilitating effect of AIP1 binding to the severing may continue after the dissociation of 

AIP1 from the filament, because substantial fraction of AIP1 (21%) was dissociated prior 

(several tens ms) to the severing (see Fig. 2A and Supplemental Fig. 4S).

Kinetic properties of transient end-binding following severing

The kinetics of capping protein binding to barbed ends predicts its half-life is of ca. 30 min 

[41], which is four orders longer than that of AIP1 half-life, suggesting that the dissociation 

process of AIP1 is quite different from that of capping protein. This idea agrees with the in 
vivo estimation of AIP1 binding [44].
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The on-rate of AIP1 transient end-binding is in the order of 112 ± 88 μM−1 s−1, which may 

reflect that the binding process of AIP1 is a diffusion-limited process as proposed for other 

actin-binding proteins, e.g., myosin subfragment-1 [45] , gelsolin [46], filamin [47], and α-

actinin [48], and could be very different from capping protein [41].

The Kd of AIP1 end-binding is estimated to be 23.4 nM, which is three orders lower than 

the Kd of AIP1 binding to the side of actin filaments (16.6 μM), suggesting that the 

underlying mechanism is quite different from that of the AIP1 binding to the side of actin 

filaments. It should be noted that optical resolution of our experimental setup (ca. 300 nm) is 

not enough to distinguish AIP1 binding to the filament end or to the side near actin filament 

end (<300 nm). However, the Kd value of the end binding is different from that of side 

binding (>300 nm away from the end), supporting that most of the “apparently” end binding 

could be classified as the end binding.

AIP1 capping at the barbed ends of cofilin-decorated actin filaments was not detected in 

preceding studies [28, 49–51] based on filament elongation [30]. This could be due to that 

the transient end-binding by AIP1 may not result in capping ends or may not be detected 

with conventional biochemical techniques or with snapshot type image acquisition or with 

the combination of proteins used. Similar observation of AIP1 that remains bound to the new 

filament ends was reported with cofilin and Cor1B [28].

The chance to find AIP1 that binds to the end of daughter filaments is 50%, which fits the 

idea that AIP1 stayed bound to an end of either daughter filaments in all cases, but only half 

of them were detected because only half of the daughter filaments could be imaged in our 

experimental conditions.

A burst type disassembly from the end of filaments was reported in a solution containing 

coronin, cofilin, and AIP1 all together [52], and severing and monomer dissociation from 

ends were reported within minutes of observation[50]. In this study, facilitation of 

depolymerization from the end of filaments was detected only in very limited cases. AIP1 

binding near the end of filaments enhanced severing in a majority of cases, which agrees 

with a recent study [28]. These differences could be due to that experiments were performed 

under different experimental conditions and that the monomer dissociation from ends is 

relatively slow and is difficult to be detected within a short period (1–10 s) of high-speed 

imaging.

Possible molecular mechanism behind the enhancement of cofilin-dependent severing by 
AIP1

Filaments fully decorated with cofilin are stable and severed less readily than partially 

decorated ones [8, 53, 54]. These studies favor a model that the filament mechanics and 

conformational dynamics at boundaries of bare and decorated regions increase the chance 

for severing [53–56]. Similar mechanism may also work in the case of AIP1, which binds to 

the boundaries of bare (not-fluctuating) and cofilin decorated (fluctuating) regions of actin 

filaments, and facilitates the severing activity of cofilin.
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The force required to sever bare actin filaments is relatively large, estimated as 300 pN [57]. 

This magnitude of force may be required to provide activation energy for the severing. The 

required force declines when the filament is twisted, suggesting that the conformational 

changes in the actin filament affect the activation energy for severing as discussed previously 

[58]. Gelsolin might sever actin filaments in a similar mechanism [59].

The severing angle of cofilin-decorated actin filaments suspended in solution was 31 degrees 

[36]; they proposed a hypothesis that the energy accumulation by the bending provides the 

activation energy for severing. The higher bending angle is presumably required for severing 

in bare actin filaments [60], which will be the reason why bare actin filaments are not 

severed spontaneously by intrinsic fluctuations. In other words, the activation energy 

required for the severing of bare actin filaments is very high without cofilin and/or AIP1.

The severing by cofilin of actin filaments in vitro starts with a considerable delay (tens of 

seconds) after an application of cofilin [6, 29], which may reflect the time required for 

spontaneous bending (e.g., 31 degrees) or accumulation of energy at the boundary between 

the bare and cofilin- decorated regions. The time delay from AIP1 binding to severing will 

be shorter than that of cofilin alone according to the above idea, which is consistent with our 

observations; mean Ts of AIP1 is 0.7 s, which is more than 104 shorter than that of human 

cofilin [8] and mouse cofilin [5].

Severing of cofilin decorated filaments (without AIP1) was only detected at the boundary 

between the fluctuating terminal-segment and tethered point in this study, suggesting the 

severing of actin filaments by cofilin alone may require the spontaneous bending due to 

intrinsic fluctuations of the terminal segment as in the case of suspended filaments.

A recent study by Aggeli and others [61] mentioned a possibility that AIP1 induces cofilin-

dependent severing through affecting the actin-cofilin secondary binding site, resulting in the 

loss of cofilin-mediated stabilization of tilted actin conformers.

Based on the above observations and models, cofilin-dependent AIP1-enhanced severing of 

actin filaments presumably involves at least two steps; [1] cofilin decoration of a fluctuating 

region of actin filaments, and [2] side-binding of AIP1 to cofilin decorated actin at or near 

the boundary between bare and cofilin-decorated regions, which may enhance the 

dissociation of an actin-actin bond by destabilizing the actin-cofilin secondary binding site 

[61]. There is another possibility that AIP1 competes with cofilin for binding at/near the 

boundary, which reduced the occupancy of the filament by cofilin to the range favorable for 

severing [19]. These models explain that most of the actin filaments were severed in a nearly 

straight configuration with AIP1 binding. In addition, what makes AIP1 function more 

efficient may be that after severing, AIP1 binds to the filament barbed end, which may 

prevent filament re-annealing as proposed for gelsolin [62].

The possible mechanism mentioned above is also favored by the observation that AIP1 

dissociates from the severing site before the severing event in 19 of the 90 events in Fig. 2. 

These transiently bound AIP1 molecules may compete with cofilin for actin filament 

binding and could be clearing cofilin from the severing site [63]. Once the AIP1 dissociates 

the ternary complex no longer exists, which may alter the bare-decorated segment boundary 
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density, and facilitate the filament severing activity of cofilin. This could also explain the 

AIP1-induced severing when the actin filaments are fully decorated by cofilin [50]. AIP1 

may compete with cofilin and facilitate severing as described above.

Biological significance of AIP1-dependent enhancement of severing of actin filaments

AIP1 and cofilin are thought to be the best candidates for the cellular actin disassembly 

mechanism [44], since these proteins collaborate to facilitate filament disassembly fast 

enough to account for the actin dynamics in the lamellipodia [64]. The value for the severing 

rate estimated in this study (1.4 s −1) is more than ten times higher than the value 

independently estimated in the preceding study 0.1–0.02 s−1 [44], This difference may due 

to the difference in the environment of these molecules or due to the possible involvement of 

coronin in living cells [28].

EXPERIMENTAL PROCEDURES

Preparation of proteins

Bacterially expressed recombinant UNC-60B (nematode cofilin) and glutathione S-

transferase (GST)-tagged UNC-78 (a Caenorhabditis elegans AIP1) were purified as 

described [35, 65]. Although a thrombin recognition site was present between GST and 

UNC-78, thrombin did not cleave the site appreciably in our conditions, and a dimer of GST-

tagged UNC-78 was presumably formed because GST fusion proteins are generally dimers. 

GST-tagged UNC-78 was labeled with Alexa-488. Approximately 90% of the AIP1 

molecules were labeled with one to five Alexa-488 molecules which enables high-speed and 

high-S/N imaging (Fig. 1S).

Recombinant monomeric UNC-78 for fluorescence labeling was also prepared; the original 

expression vector for GST-UNC-78 (pGEX-UNC-78) [35] was engineered to elongate the 

linker sequence to contain two tandem thrombin recognition sites followed by three cysteine 

residues for fluorophore labeling; monomeric UNC-78 was labeled with 1.7 Alexa-488 

molecules in mean. Rabbit skeletal muscle actin was prepared essentially as described 

previously [29].

The GST-tagged 3xCys-UNC-78 was bacterially expressed, purified by glutathione-affinity 

chromatography in the same manner as described for original GST-UNC-78, and dialyzed 

against phosphate-buffered saline containing 0.2 mM dithiothreitol. The protein was 

digested by 10 units of bovine thrombin for 8 hours at room temperature. Cleavage of the 

GST portion was confirmed by SDS-PAGE, and the digested protein was applied to 

Glutathione-Uniflow column equilibrated with PBS to adsorb free GST and uncleaved GST-

fusion protein. The flow-through fraction was dialyzed against buffer containing 0.1 M KCl, 

2 mM MgCl2, 20 mM HEPES-KOH, pH 7.5, 0.2 mM DTT, 0.2 mM 

phenylmethanesulfonylfluoride (PMSF), and 50 % glycerol and stored at −20 °C, and 

labeled with Alexa-488 before use. Protein concentrations were determined by a BCA 

Protein Assay Kit (Pierce Biotechnology) using bovine serum albumin as a standard.
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Preparation of GST2-AIP12 and rhodamine labeled-actin filaments and AIP1 application

G-actin (1 μM, in the ratio 79% non-labeled: 20% rhodamine labeled actin: 0.1–1% biotin 

labeled actin) was polymerized in F-buffer (100 mM KCl, 2 mM MgCl2, 0.2 mM ATP, 0.1 

mM DTT, 10 mM HEPES, pH 7.5) overnight at 4°C. F-buffer (pH 7.0) contained 100 nM F-

actin, 10 mM ascorbic acid. Long actin filaments are attached to the coverslip surface using 

the anti-biotin antibody cross-linked on the coverslip surface; the average distance between 

tethering points was in the 1 μm range. 17 μm square area was examined by TIRF 

microscopy (Fig. 1S).

UNC-60B (nematode cofilin, 2 μM) and the GST2-AIP12 (10 nM) in F-buffer was applied to 

actin filaments by gentle ejection through a fine glass capillary (inside diameter 5 μm, 

Narishige, Japan). AIP1-Alexa and these concentrations were chosen because cofilin almost 

fully decorates the fluctuating regions of actin filaments, and imaging a fluorescently labeled 

single GST2-AIP12 bound to actin filaments requires extremely low background 

fluorescence noise [5]. Ejection of AIP1 and cofilin containing solution (100 nM AIP1 and 

20 μM cofilin) was made by a small ejector (Narishige, Japan); nearly no-pressure was 

applied and the solution diffused to the imaging small chamber. The actin filaments were 

exposed to cofilin (ca. 2 μM resulting from dilution) for ten seconds, which allows cofilin to 

decorate the filament, the AIP1 binding to the cofilin decorated filament was imaged and 

analyzed at nearly equilibrium condition in this study (see more in the following section for 

imaging).

In some experiments, AIP1 and cofilin containing solution was dropped on the avidin 

conjugated coverslip (24 × 60 mm) and covered with another coverslip (22 × 22 mm), which 

served to flatten the solution and reduce the background fluorescence noise. The on-rate of 

AIP1 binding (side and end of filaments) was estimated in this condition (10 nM AIP1 and 1 

μM cofilin). Fluorescence images were recorded for 1–10 s at a rate of 10, 30 or 100 ms per 

frame. The duration of the typical bindings (<1 s) was shorter than the time for the bleaching 

of Alexa-488 dye in our recording condition, ensuring the reliable estimation of the period 

of bindings.

Preparation of anti-biotin-conjugated coverslips

Coverslips were conjugated with anti-biotin antibody to tether the actin and biotin-actin 

copolymer. Coverslips (24 × 60 mm, Matsunami, Japan) were treated with 2N NaOH for 

more than a week, washed using milli-Q water, and stored after air-drying. Plasma oxidation 

was performed on the coverslips, and were treated with 1% (v/v) 3-(triethoxysilyl)propyl 

isocyanate (Wako, Japan) in 10 mM CH3COOH, 50% ethanol (v/v) for 30 sec, and washed 

using milli-Q water. Coverslips were dried at 60 °C for 10 min and treated with 10 μg/ml of 

anti-biotin sheep-IgG (BETHYL LABORATORIES INC. TX, USA Lot: A150–110A-1) in 

PBS (pH 7.0) for 20 min. Coverslips were blocked by 10 mg/ml bovine serum albumin 

(BSA)-fraction V (SIGMA-ALDRICH) for 10 min and washed by PBS and replaced by F-

buffer containing 10 mM ascorbic acid. The average length of the fluctuating filament 

segments is 1–2 μm. The length reduced as the density of biotin-conjugated-actin in the actin 

filaments was increased.
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Labeling of UNC-78 (nematode AIP1)

AIP1-GST fusion protein (100 μM) was treated with 1 mM Alexa-488 C5 maleimide (Life 

Technologies, USA) in 50 mM HEPES-KOH buffer (pH 7.5) for 2 hr on ice. Reaction was 

attenuated by adding 100 mM of DTT at the final concentration, and the specimen was 

dialyzed against F-buffer. The enhancement of severing of cofilin decorated actin filaments 

by nematode Alexa-AIP1 is in the substantially the same range as that by nematode non-

labeled AIP1 [27].

The number of Alexa-488 in a presumably dimerized AIP1-GST fusion protein was 

estimated by a separate experiment (Fig. 3S).

Imaging of GST2-AIP12 and rhodamine labeled-actin filaments

The fluorescence of GST2-AIP12 was observed using total internal reflection microscopy 

made by modifying an epifluorescence microscope (TE2000-U, Nikon, Japan) equipped 

with a high-numerical-aperture lens (Plan Apo TIRF, 60x, NA = 1.45, Nikon, Japan) and an 

ORCA Flash D4 CMOS camera (Hamamatsu Photonics, Japan). The TIRF illumination 

light was passed through a quarter wave plate to avoid linear polarized laser illumination. 

Experiments were performed at room temperature (23–25°C) (Fig. S1). The fluorescent 

level of each actin filament was almost the same among the filaments, and single step 

severing was observed with AIP1 bindings. These suggest single actin filaments were 

imaged in this study.

Fluorescence images were recorded for 1–10 s at a rate of 10, 30 or 100 ms per frame. The 

time constant of the photo-bleaching of GST2-AIP12 (t2) was 5 ± 0.7 s (n = 3; intensity of 

illumination, 2.5% or 1.25 mW) under our recording conditions, which is long enough to 

check the number of AIP1 bindings as shown in Fig. 3.

It should be noticed that the intensity of the laser illumination in Fig. S3 is ten times higher 

(12.5 mW) than the ordinal experiment, which enhanced the photo bleaching of the 

fluorescence dye as well as increased the photon emission from the dye molecule. These 

made it easier to estimate the number of fluorophore in an Alexa-488-tagged GST-AIP1.

The dilution of the pipette solution was fitted in the following way. First, we imaged 10 nM 

fluorescence AIP1 and actin filaments tethered to the glass surface. Second, AIP1 and cofilin 

was gently ejected from the pipette which contained 100 nM AIP1 and 20 µM cofilin to the 

actin filaments. We adjusted the distance between the ejection pipette and the imaging 

region until the density of AIP1 was nearly the same as that of 10 nM AIP1; the 

concentration of AIP1 was ca.10 nM in most of the cases, but it rarely increased to 15 nM at 

most, since the number of AIP1 fluorescence spots in the time-lapse images was stochastic. 

We used this condition in the majority of the experiments. When the AIP1 concentration was 

increased to 20 nM by displacing the pipette, we observed similar severing events by AIP1, 

but we did not attempt to analyze them since a very large number of observations will be 

required to resolve the difference in kinetic parameters between experiments at 10 nM and 

20 nM AIP1. When the AIP1 concentration was increased to 100 nM, we observed enhanced 

severing, but the background fluorescence became higher and disturbed the precise 

measurements. On the other hand, the chance to find AIP1 binding was very low in 1 nM 
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AIP1 for quantitative analysis; actin filaments were often photo bleached before 

accumulating the number of measurements. We have not attempted to analyze kinetics under 

these (1 nM and 100 nM) conditions.

The on-rate of cofilin binding is 0.14 s−1µM−1, and the dissociation constant of cofilin ca. 4 

µM. The expected concentration of cofilin at the glass surface was 2 µM in this experiment; 

the extent of filament decoration at equilibrium is roughly estimated 10–20% accordingly.

The on-rate of cofilin will be 0.28 s−1 for 2 µM cofilin, which means one binding site of 

cofilin will be occupied 0.28 times within one second, in other words, the binding site will 

be mostly occupied within 10 s. This suggests the cofilin binding reached nearly equilibrium 

when measurement started several seconds after the gentle ejection of the pipette solution.

The on-rate was estimated by counting the number of the transient fluorescence increase 

events along filaments for 1–10 s. The number of events was divided by the number of AIP1 

binding sites (366 sites per μm) and by the duration of the measurement to evaluate the on-

rate. One to five AIP1 binding events in a 2–5 μm filament in 15 s of time lapse imaging 

were analyzed. The number of AIP1 molecules binding to each actin filament ranged from 

several to approximately 10. In typical cases 10–50 filaments were in the image field, and 

10–100 fields of time lapse images were analyzed. Analysis of a sequence of time-lapse 

images of one image field gives one severing rate, and three different sequence of time-lapse 

images were analyzed to estimate the rate of severing. The image field contained filaments 

50–250 μm in total length.

The rate of the association of AIP1 with the glass surface without actin filaments was 

approximately 100 times lower than the rate of binding to the actin filaments, suggesting 

that non-specific binding of AIP1 to the glass surface was negligible. No apparent binding of 

Alexa-488-BSA (1 μg/ml) or Alexa-488-GST (1 μg/ml) to the actin filaments was detected. 

The duration of non-specific binding was <5 ms in our set up, implying that individual non-

specific AIP1 binding events were not detected using our current imaging procedure (30 ms 

per frame). Background punctate fluorescence noise (ca. 0.1 μm−1s−1) was subtracted from 

data in the AIP1 on-rate estimation.

The amplitude of the filament fluctuations was ~30 nm in z-axis, while the length of the 

filament was several μm. Therefore, it is possible to estimate the bending angle in the x-y 

plane as illustrated in figure 5C.

Fragmentation examined in this study was not a result of photodamage, since filaments 

could be photographed multiple times without any fragmentation in the absence of AIP1. 

Photon damage was greatly reduced by 10 mM ascorbic acid in the bath.

The mean duration of AIP1 binding was ca. 700 ms. These results denote that nearly all 

AIP1 bindings associated with severing were detected in this study. It is, thus, not likely that 

two (or more) AIP1 binds to the different sites of the filament and a segment of the filament 

between the AIP1 binding sites was moved away from the original filament (e.g., Fig. 5B 

and 6E), since we did not detect multi AIP1 bindings at both ends of the severed segment.
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Analyses of AIP1 binding to an actin filament

The AIP1 binding number and the on-rate of AIP1 binding to actin filaments were evaluated 

in every pixel (85 nm) of the CMOS image sensor along the actin filament. Fluctuations in 

the fluorescence intensity of actin filaments were also examined along the same filament. 

The magnitude of the fluctuations was evaluated in the same way [28]. The fluorescence 

intensity of each pixel during the 1–10 s of recording was averaged for each pixel along the 

filament. The fluorescence intensity of each pixel of the filament was then divided by the 

average to normalize the fluorescence intensity. The standard deviation of the fluorescence 

intensity for each pixel was calculated, multiplied by 200, and named “index of fluctuation” 

(Fig. 4).

Each experiment was independently performed more than three times, and similar results 

were obtained. Data from transient fluorescence increases were accumulated for typically 

100–300 events, and statistical analyses were performed using Origin software (OriginLab 

Corp., Northampton, MA). Statistical significance was determined using Student’s t-test; 

differences resulting in P values <0.05 were considered statistically significant.

Binding of AIP1 to actin filaments was observed as shown in Fig. S2. Binding and 

dissociation of GST2-AIP1 2 (0.3– 3s) to and from an actin filament were observed without 

large fluorescence fluctuations of the actin filament, indicating that the duration of the 

binding was measured reliably (as shown in Fig. 1). Temporal fluctuations of actin filaments 

were much slower than the off-rate of the binding in most of the observations, which also 

denotes that the duration was measured reliably in most cases.

The number of Alexa-488 in single dimeric AIP1 molecules (GST2-AIP12) estimated by 
single molecule fluorescence changes

Dimerization of GST has been reported, and at least four cysteine residues are found in a 

single GST [66–68]. There might be a possibility that dimerization occludes or exposes 

binding surfaces for cofilin or actin, but significant differences in the binding and 

dissociation to/from actin filaments between dimer AIP1 and monomer AIP1 were not 

detected, suggesting above possibility is not likely. The number of Alexa-488 in single AIP1 

molecules was estimated by the following procedure.

Imaging of fluoresce signal from single GST 2-AIP12 molecules with strong illumination 

revealed stepwise decreases in the intensity of fluorescence as shown in Fig. 3S. The number 

of fluorophores in a single GST2-AIP12 was estimated by counting the number of stepwise 

decreases to the background level during bleaching processes. The number of fluorophores 

in the single GST2-AIP12 was estimated using the binomial functions as shown in Fig. S3. 

The chance to detect GST2-AIP12 with 2 fluorophores is highest (40 %) and the chance 

decreases in other cases, which agrees the bionomical function with five binding sites. The 

photon count that corresponds to the single fluorophore labeling was ca. 5 in our imaging 

system. The count will decline 2 or 1 in our experiments when AIP1 bound to actin 

filaments because the filament fluctuate above the coverslips and actin filaments were 

tethered to the glass surface via the large (ca. 10 nm) anti-biotin antibodies, or AIP1 was 
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imaged in the less illuminated region of the TIRF imaging (e.g., off-center of the image 

field).

These results suggest that two GST-AIP1 molecules undergo dimerization, and each of two 

GST is labeled by zero to five Alexa-488 molecules; in other words, a single GST has 4 

cysteine residues, and 1.2 out of 4 cysteine residues (2.4 Alexa molecules per dimer) are 

labeled with Alexa-488 in mean. This matches that approximately 2 cysteine residues are 

located in a region for reduced-glutathione binding [61].

The distribution of the number of Alexa-488 bindings with the binomial function (binding 

sites=5 and p=0.3) suggests the percentage of non-labeled AIP1 is less than 10 % of total 

AIP1. This agrees our observation that we almost always found AIP1 fluorescence signals in 

the vicinity of the severing. Therefore we did not take into account the non-labeled AIP1 in 

our analysis.

We detected the 3–4 alexa-488 labeled AIP1 in this study for high speed imaging (10–30 ms 

per frame) as a bright fluorescence spot, and used them for kinetic analysis. This bight 

nature is crucial for high speed and high signal to noise ratio (S/N) imaging of single 

molecules. We also examined 1–2 Alexa-488 labeled AIP1. By averaging 3 or more series of 

time lapse images we detected the location of the binding, but these are not included in the 

kinetic analysis in this study. The number of measurements denotes the number of AIP1 

binding events, and SD follows after ±, otherwise mentioned in the text. Statistical tests were 

made with Student`s t-test and ANOVA (one-way, Origin Lab). Images are rotated to the 

angle where the left side daughter filament fluctuates after severing, while the other stays in 

the field of view, which facilitate our analysis.

Kinetic analysis

The kinetics scheme of fluorescence labeled Agonist (A) and Receptor (R) binding can be 

described by the following equation (“On” and “Off” denote the presence and absence of the 

fluorescence signal, respectively) [37, 38],

A+R
kb

k f
A · R

Off On

A:Agonist, R:receptor

[1]

The distribution of on-time duration should be an exponential function with a time constant 

1/kb according to the Poisson statistics [31]; off-rate (kb), and the apparent “on-rate” (kf) are 

shown.

The duration distribution of agonist binding with a state transition of receptor (R*) generally 

follows the following equation based on the Michaelis-Menten type kinetics:
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A+R A · R
k2

k1
A · R∗

k3 A + R∗

Off On On Off,

[2]

where k1 and k2 denote first-order rates, and k3 denotes the rate of dissociation; i.e., the level 

of fluorescence emission is designated as “On” and “Off” in the same manner. The previous 

study of single enzymology assumes “dissociation (k2)” equals zero (or very small) to 

simplify the analysis; the probability distribution of “on-times” (Pon) is expressed by the 

following equation [37, 38]:

Pon t = constant × −exp −k1 × t + exp −k3 × t [3]

This equation is used to fit the data in Fig. 6D. Under a certain condition (e.g., k1 >100 s−1, 

k2 =0, and k3 <10 s−1) and observation was made under the limited time resolution (e.g., 30 

ms), the probability distribution of “on-times” (Pon), i.e., the duration of AIP1 binding 

associated with severing (Ts, Fig. 1), is apparently expressed by a single exponential 

equation as shown in Fig. 5. In the above condition the state of the receptor R changes from 

left to right, and k3 is rate-limiting. The ensemble of data acquired at 30 ms interval is not 

good enough to distinguish single exponential or multi-exponential distributions, but is 

apparently expressed by a single exponential equation. We use kinetics scheme of Agonist 

(A) and Receptor (R) binding instead of Enzyme (E) binding to Substrate (S) as mentioned 

above, because the enzymatic reactions often involve cleavage of covalent bonds, and on the 

other hand the severing of actin filaments by cofilin would not involve cleavage of covalent 

bonds.
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Figure 1. 
Sequential observation of single GST2-AIP12 binding and severing of an actin filament in 

the presence of cofilin. A, signal intensity of AIP1 fluorescence was plotted against time 

(ms). The signal intensities of AIP1 (A) and actin (B) are measured at the 600 nm diameter 

circle area on the actin filament; the center of the area is shown by the arrow besides the 

time lapse image in the inset. The time from AIP1 binding to severing (Ts), and the duration 

of AIP1 binding (Td) are shown by double headed arrows. The inset shows the time lapse 

fluorescence image of the actin filament (red) and AIP1 (green, which turned yellow on the 

filament, images b and c in panel A). AIP1 binds to the side of the filament (a, b), and 

severing and transient end-binding (c) of the filament are detected, and the AIP1 is 

dissociated (d) from the filament. Time of acquisition of these images (a–d) are shown by 
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arrows and letters in A. Bar 1 μm. B, the signal intensity of fluorescence from the region of 

the actin filament was plotted against time (ms), which decreased suddenly when the 

filament was severed and began to fluctuate; the abrupt stepwise decrease in actin 

fluorescence intensity was detected due to the 600 nm diameter image circle contained a part 

of the daughter filament that fluctuated after severing. The duration of AIP1 on the filament 

following the severing, which denotes the duration of transient end-binding, is shown by the 

double headed arrow (Tc). A yellow dot on an actin filament denotes fluorescent AIP1, and 

small green dots flanking the actin filaments were mostly the noise of the imaging system. 

See also a streaming video of AIP1 and actin filaments (supplemental video 1). 

Approximately 10 nM GST2-AIP1 2 and 2 μM cofilin in the solution (see details in 

Experimental Procedures).
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Figure 2. 
Time dependent distribution of GST2-AIP12 stay bound to the actin filament which 

associated with severing in the presence of cofilin. Panel A shows typical examples of 

duration time lines where AIP1 was found on the actin filament; horizontal bars denote the 

duration of AIP1 binding (Td). Vertical dotted line denotes the time of serving. A scale bar 

denotes 1 s. Note that AIP1 dissociated from the filament prior to the severing in 4th and 9th 

traces. For making Panel B, we found a severing event and collected all AIP1 binding events 

before and after the severing and repeated this procedure. Panel B shows the number of time 

traces (vertical axis) where AIP1 stayed bound at given time (horizontal axis). Ninety time-
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traces of AIP1 binding were analyzed. Time zero corresponds to the time of severing 

filaments. Seventy-one traces were counted at zero; i.e., AIP1 stayed on the filament at 

severing in 71 traces out of 90, denoting AIP1 were dissociated briefly before the severing in 

19 traces (see supplemental Fig. 4S for detail). In 2 cases AIP1 stayed bound for more than 3 

s before severing. Forty-five traces were counted (shown by the double headed arrow) at 30 

ms; i.e., AIP1 stays bound at the end of daughter filaments in a half of cases. The count 

declines with time. The lines pointed by (a) and (b) denote the single exponential function 

fitting for the binding before and after severing respectively. The time constant shown by the 

arrow (a) and (b) are 711 ± 18 ms (n=90) and 164 ± 5 ms (n=45), respectively. The error on 

the time constants is the error of the fit. “Simple binding events which were not associated 

with severing” as well as “AIP1 binding events which resulted in severing (e.g., the data in 

figure 1)” (see Discussion) are used to construct the histogram. The “simple binding events” 

will produce a very small plateau at −3 s and 1.5 s, since the “simple binding events” 

distribute uniformly if it follows the Michaelis-Menten (M-M) type kinetics of binding. The 

plateau did not affect the estimation of the time constants. The experimental conditions were 

the same as in Fig. 1.
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Figure 3. 
The number of GST2-AIP12 molecules bound to actin filaments at the time of actin filament 

severing in the presence of cofilin. Panel A shows changes in the signal intensity of AIP1 

measured at the 600 nm diameter area. Typical examples of AIP1 fluorescence signal 

intensity changes are shown; (a) a single binding, (b) a single binding at the severing with 

additional short binding in the middle of the trace, (c) two bindings detected at the severing, 

and (d) more than three bindings detected at the severing (three bindings case is shown in 

this panel). The time of severing is shown by arrows. Scales denote 1 s and 5 counts of 

photon (photon was detected in the 30 ms time interval). Panel B shows the distribution of 

(a)–(b)–(c)–(d) types of AIP1 binding (n=35 severing events, d denotes more than three 

bindings). AIP1 dimer was labeled by zero to five Alexa-488 molecules (see Fig. 3S). Single 

molecule experiments detected different intensities, but we chose records which showed 

stepwise changes with a similar amplitude. Note that the amplitude of the initial stepwise 

increase in panel d is slightly smaller than others presumably due to that the AIP1 was 

labeled with a smaller number of Alexa-488 molecules. The chance to detect fluorescence 

quenching was quite low during the imaging because the specimen was weakly illuminated. 

Therefore, the steps in the panels in A (horizontal dotted lines) correspond to the number of 

GST2-AIP12. The experimental conditions were the same as in Fig. 1.
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Figure 4. 
Sites of GST 2-AIP12 binding and severing along the cofilin decorated actin filament. A, (a) 

A TIRF image of an actin filament (red) and AIP1 (green). (b) A kymograph of the actin 

filament and AIP1 along the line superimposed on an actin filament in panel d is shown, 

which is a graphical representation of TIRF fluorescence profile of the actin filament along 

the “Distance arrow” over time shown by the “Time arrow”. The position of AIP1 binding 

and severing are shown by a green arrow (binding) and a horizontal red arrow (severing) in 

panel e. Several brief bindings of AIP1 were detected before the stable binding, and severing 

was observed at 0.1 s from the start of the stable binding, where 1 μm of the actin 

fluorescence in the right side of the AIP1 binding disappeared by the severing and 

fluctuations of the filament. (c) The magnitude of the fluctuations at each pixel, evaluated as 

“index of fluctuation” (see materials and methods) varied along the filament. (d) The 

fluorescence image of the actin filament. The intensely illuminated regions of the actin 

filament are shown by outlined arrows. (e) A kymograph of the same actin filament. (f) The 

mean intensity of the fluorescence of the filament (from top to the severing). The zero 

position is chosen to be the middle (50%) of the intensity of actin fluorescence that declines 

from the peak (the basal and the peak levels are shown by dotted lines and the middle is 

shown by an interrupted line). Bars denote 0.5 s, and 1 μm. We set the boundary as zero in 

the contour axis (see panel 4Af). B, The distribution of the position of AIP1 bindings 

accompanied by severing (a), the position of severing (b), the position of AIP1 bindings 
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without severing (c), and the position of cofilin bindings (d). The experimental conditions 

were the same as in Fig. 1.
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Figure 5. 
Distribution of the duration of GST2-AIP12 binding to actin filaments in the presence of 

cofilin. Panel A shows the distribution of AIP1 binding that did not sever the actin filament. 

The inset shows the time lapse fluorescence images of the actin filament and AIP1. AIP1 

binds (b, c) to a filament (a), and dissociates from the filament (d). Bar, 1 μm. The line 

denotes the single exponential function fitting for the distribution of binding; time constant 

of the decay is 289 ± 9 ms. Panel B shows the distribution of the duration of AIP1 binding 

(Ts) that was associated with severing. The inset shows the time lapse fluorescence image of 

the actin filament and AIP1. AIP1 binds to a filament (b, c), and severing of the filament is 

detected (d). Transient end-binding by AIP1 was not detected in this case. The distribution is 

magnified with smaller bins (inset). Notation of the inset is same as Fig. 1A. Cofilin is 

present in the assays for AIP1 severing. Bar, 1 μm. Panel C shows distribution of the angle 

of bending at severing. Notation of the angle measurement is shown in the inset; the angle is 

measured in the anti-clockwise direction. Severing point is shown by an arrow and the 

filaments are approximated by 1μm straight lines. The experimental conditions were the 

same as in Fig. 1.
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Figure 6. 
Distribution of the duration of GST2-AIP12 transient end-binding in the presence of cofilin. 

Panel A shows the distribution of the duration of AIP1 transient end-binding (Tc) after 

severing actin filaments. The line denotes the single exponential function fitting for the 

distribution of binding; time constant of the decay is 120 ± 6 ms. Panel B shows the time 

lapse fluorescence images of the actin filament and bound AIP1 at the bare end of the 

filament. AIP1 binds (b, c) to the end of a bare filament (a), and dissociated from the end 

(d). Panel C shows the signal intensity of AIP1 measured in the 600 nm diameter circle area 

at the end of the actin filament. The time of image acquisition is shown by arrows (a-d). Bar, 

1 μm. Panel D shows the distribution of the duration of AIP1 transient end-binding to a bare 

end of filaments (n=174 binding events). The line indicates the change described by the 

equation (3) in the materials and methods. Panel E shows two monomeric-AIP1 bindings at 

the same side of a severed filament, which are dedicated by white triangles. Cofilin is 

present in the assays. The experimental conditions were the same as in Fig. 1.

Hayakawa et al. Page 30

J Mol Biol. Author manuscript; available in PMC 2020 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Results
	Binding of a single GST2-AIP12 substantially enhances the severing of actin filaments
	Kinetics of GST2-AIP12
binding, severing and transient end-binding
	Sites of AIP1 binding and severing of actin filaments
	Analysis of on-, off-rates, and duration of AIP1 binding before severing
	The angle of filament bending at the AIP1 binding site, and the length of daughter filaments
	Kinetics of transient end-binding of AIP1 at the severed actin filaments

	Discussion
	Kinetics of AIP1 binding and severing of cofilin-decorated actin filaments
	Kinetic properties of transient end-binding following severing
	Possible molecular mechanism behind the enhancement of cofilin-dependent severing by AIP1
	Biological significance of AIP1-dependent enhancement of severing of actin filaments

	EXPERIMENTAL PROCEDURES
	Preparation of proteins
	Preparation of GST2-AIP12 and rhodamine labeled-actin filaments and AIP1 application
	Preparation of anti-biotin-conjugated coverslips
	Labeling of UNC-78 (nematode AIP1)
	Imaging of GST2-AIP12 and rhodamine labeled-actin filaments
	Analyses of AIP1 binding to an actin filament
	The number of Alexa-488 in single dimeric AIP1 molecules (GST2-AIP12) estimated by single molecule fluorescence changes
	Kinetic analysis

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

