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Bin1 directly remodels actin dynamics through its
BAR domain
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Abstract

Endocytic processes are facilitated by both curvature-generating
BAR-domain proteins and the coordinated polymerization of actin
filaments. Under physiological conditions, the N-BAR protein Bin1
has been shown to sense and curve membranes in a variety of
cellular processes. Recent studies have identified Bin1 as a risk
factor for Alzheimer’s disease, although its possible pathological
function in neurodegeneration is currently unknown. Here, we
report that Bin1 not only shapes membranes, but is also directly
involved in actin binding through its BAR domain. We observed a
moderate actin bundling activity by human Bin1 and describe its
ability to stabilize actin filaments against depolymerization. More-
over, Bin1 is also involved in stabilizing tau-induced actin bundles,
which are neuropathological hallmarks of Alzheimer’s disease. We
also provide evidence for this effect in vivo, where we observed
that downregulation of Bin1 in a Drosophila model of tauopathy
significantly reduces the appearance of tau-induced actin inclu-
sions. Together, these findings reveal the ability of Bin1 to modify
actin dynamics and provide a possible mechanistic connection
between Bin1 and tau-induced pathobiological changes of the
actin cytoskeleton.
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Introduction

Plasma membrane rearrangements are crucial for many cellular

processes such as endocytosis, trafficking, and motility. Membrane

remodeling is achieved by an organized interplay between proteins

that control plasma membrane curvature, membrane fission, and

assembly of newly formed actin filaments [1]. BAR (Bin-amphi-

physin/rvs) domain proteins are key players in regulating the shape

of membranes by directly binding membrane lipids and inducing

curvature [2,3]. This protein class also couples membrane rear-

rangements and actin dynamics via direct interactions with actin-

binding proteins [2,4], thus orchestrating different morphogenetic

processes. Recently, the BAR domain of two BAR proteins, pacsin2

and PICK1, has been identified to also directly interact with actin fil-

aments, thereby adding an additional layer of regulation [5,6].

Human Bin1 (hBin1, also called MYC box-dependent interacting

protein-1 or bridging integrator-1 or Amphiphysin 2) is a highly

conserved membrane deforming protein. hBin1 has many different

functions including tubulation of t-tubules in muscle tissue, and

regulation of clathrin-mediated endocytosis and of endosome traf-

ficking [7–11]. Although hBin1 is broadly expressed, it is most

abundant in muscle and brain tissue [12]. Alternative splicing gener-

ates at least 10 transcripts in humans including ubiquitous and

tissue-specific isoforms [13]. All isoforms of hBin1 contain a

N-terminal BAR domain, which through dimerization, induces

membrane curvature [14,15]. A C-terminal SH3 domain mediates

the interaction of hBin1 with other proteins, such as endophilin,

dynamin, and neuronal Wiskott–Aldrich syndrome protein

(N-WASP) for example [7,16,17]. The neuron-specific isoforms

additionally contain a clathrin and AP2 (CLAP) binding domain [18]

and have been implicated to function in clathrin-mediated endocyto-

sis and intracellular endosome trafficking [12]. hBin1 belongs to a

sub-class of the BAR superfamily, called N-BAR proteins, which

contain an N-terminal amphiphatic helix (H0) [14]. Although the H0

helix is not required for membrane tubulation, it is important for

hBin1 polymer formation at the membrane [19].

Interestingly, hBin1 was recently identified as a major risk factor

in genomewide association studies (GWAS) of Alzheimer’s disease

(AD) [20]. Different groups have reported altered hBin1 expression

levels, even though the observations are conflicting [21–24]. Recent

studies have associated hBin1 with two proteins in AD
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pathobiology: beta-amyloid (Ab) and tau. Ab is generated from its

precursor form in endosomes by a dual proteolytic cleavage [25].

Since hBin1 is part of the endocytosis machinery, its depletion

impairs the endocytic recycling of the first protease (b-secretase)
and thus may promote Ab production [26,27]. Bin1 has also been

shown to directly interact with tau and to modulate tau-toxicity in

Drosophila, although it is still controversial whether its loss

enhances or mitigates tau-toxicity [21,28]. Importantly, the underly-

ing molecular mechanisms of hBin1-mediated changes of tau neuro-

toxicity remain unclear.

In this study, we explore the mechanistic link between hBin1

and tau-mediated pathology in AD. Tau aggregation leads to a

plethora of different cellular impairments, like proteostasis disrup-

tion, mitochondrial dysfunction, and changes of the cytoskeleton

[29,30]. The actin cytoskeleton is highly impaired in AD, with actin

accumulating in aggregates [31]. The presence of these actin-rich

inclusions correlates with the extent of tau pathology in AD patients

[32], and tau can be detected in a subset of these rods [23]. Given

the association of hBin1 with N-WASP and the involvement of BAR-

domain proteins in regulating actin dynamics, we speculated that

hBin1 could be involved in tau pathology by directly affecting actin

dynamics.

Here, we demonstrate that hBin1 is directly involved in modu-

lating actin dynamics. hBin1 does not only stabilize filamentous

actin and tau-induced actin bundles in vitro; it also exhibits actin

bundling activity itself. Furthermore, loss of Drosophila Bin1

(dBin1) leads to a decrease in actin accumulations in an in vivo tau

Drosophila model. These novel observations provide a first mecha-

nistic connection between Bin1 and pathological changes mediated

by tau.

Results

hBin1 directly interacts with actin filaments

The BAR-domain proteins PICK1 and pacsin2 have recently been

shown to directly interact with actin filaments to execute their

physiological functions [5,6]. To investigate whether the AD risk

factor hBin1 is also able to directly bind to filamentous actin, we

performed co-sedimentation assays (Fig 1A). We analyzed the

neuron-specific isoform of hBin1 in this assay by incubating it

with in vitro polymerized actin filaments for 30 min, before F-actin

filaments were separated from free G-actin and unbound hBin1 via

ultracentrifugation. hBin1 was detected only in the supernatant

fraction in the absence of actin. However, upon incubation with

F-actin for 30 min, a proportion of hBin1 could also be observed

in the pellet fraction, indicating an interaction of hBin1 with

polymerized actin filaments (Fig 1B). Since some actin-binding

proteins also associate with G-actin, we subsequently analyzed

whether hBin1 can also bind to the monomeric form of actin. We

incubated G-actin coupled to Sepharose beads either with hBin1 or

with the G-actin-binding protein profilin as a positive control. Both

proteins could be pulled down with the G-actin beads, indicating

that hBin1 can bind to both F- and G-actin (Fig EV1A). However,

the binding of hBin1 to G-actin was rather weak compared to pro-

filin, suggesting that hBin1 preferentially binds to the filamentous

form. Next, we aimed to visualize bound hBin1 on F-actin

filaments using negative stain electron microscopy (EM) (Fig 1C).

Here, we observed F-actin filaments partially decorated with an

electron-dense material, strongly supporting a direct interaction

between hBin1 and F-actin filaments. In order to verify that indeed

hBin1 decorates actin filaments, we used dual-color total internal

reflection microscopy (TIRFM) with fluorescently labeled actin

(actin 488) in the presence of fluorescently labeled hBin1 (hBin1-

SNAP-549). This C-terminally coupled hBin1-SNAP was equally

effective in F-actin binding as untagged hBin1 in the co-sedimenta-

tion assay (Fig EV1B), indicating no interfering effect of the SNAP-

tag for actin binding. Interestingly, hBin1 directly localized to

actin filaments with hBin1 spots gradually accumulating on

actin filaments until the filaments were decorated (Fig 1D),

confirming our EM data. To further characterize the hBin1-actin

interaction, we increased the actin concentration systematically

in our co-sedimentation assays. Importantly, we observed a

concentration-dependent enrichment of hBin1 in the pellet frac-

tion (Fig 1E). Under these experimental conditions, hBin1 bound

F-actin with a dissociation constant (Kd) of 0.54 lM (Fig 1F).

This dissociation constant is comparable with the Kd of 0.3 lM
of the BAR protein PICK1 [6] and the Kd of 1.9 lM of the BAR

protein pacsin2 binding to F-actin [5].

The BAR domain of Bin1 is sufficient for F-actin binding

In order to identify the region of Bin1 driving the interaction with

F-actin, we performed crosslinking experiments between hBin1 and

actin using the zero-length crosslinker 1-ethyl-3-(3-dimethylamino-

propyl) carbodiimide (EDC). hBin1 (isoform 1) and F-actin were

incubated at different molar ratios and crosslinked with EDC. On a

SDS–PAGE, a band running at 135 kDa could be readily detected

and increased with higher concentrations of F-actin (Fig 2A). This

band was absent in F-actin and hBin1 control samples (Fig 2A),

indicating the formation of specific crosslinks between the two

proteins. Mass-spectrometric analysis of this band confirmed the

formation of a specific dimer between hBin1 and actin and revealed

a selected number of crosslinked peptide sequences between the

BAR domain as well as the N-terminal amphiphatic helix of hBin1

to actin (Fig EV1C and Dataset EV1). This finding confirms a speci-

fic binding between hBin1 and F-actin and indicates the BAR

domain as interaction interface, in line with previous results, where

the BAR domains of pacsin2 and PICK1 have been shown to directly

interact with actin [5,6].

The BAR domain is pivotal for the physiological function of

hBin1 as a membrane-interacting protein and its ability to induce

membrane curvature [33], and is a highly conserved feature in the

amphiphysin protein superfamily [14,34]. To test whether the actin-

binding property of hBin1 is conserved in other Bin1 orthologues,

we turned to the invertebrate Bin1 orthologue from Drosophila.

dBin1 is similar to hBin1 (isoform 1) in the overall structure of the

BAR domain and the SH3 domain, while the middle domain of

dBin1 lacks the defined CLAP and MBD domains (Fig EV1D). dBin1

displays 34% sequence identity with hBin1 (isoform 1; Fig EV1E),

and its BAR domain (dBAR) has even 41% sequence identity to the

BAR domain of hBin1 (Fig EV1F). Therefore, hBin1 is closer in iden-

tity to its evolutionary ancestor than to other human N-BAR

domains such as endophilin A1 (Endo A1; Fig EV1E). We first con-

firmed dBin1 binding to F-actin by its localization in the F-actin
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pellet fraction in our co-sedimentation assay (Fig EV1G). Not only

full-length dBin1 but also only the dBAR domain was sufficient to

directly bind actin filaments (Fig EV1G). Furthermore, our EDC

crosslinking experiments confirm the direct interaction between

dBAR domains with actin, as we observed a heterodimer band at

65 kDa (Fig 2B). To further investigate the specificity of this dBAR-

domain-mediated binding, we tested co-sedimentation assays with

increasing actin or increasing salt concentrations (Fig 2C–E).

Increasing the actin concentration also elevated the amount of dBAR

in the pellet fraction (Fig 2C and D), indicating a specific interac-

tion. Moreover, raising the KCl concentration from 50 to 250 mM

decreased the amount of dBAR in the pellet to below 10% (Fig 2E

and F), which suggests that the binding between actin and the dBAR

domain is mainly driven by electrostatic interactions.
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Figure 1. Identification of hBin1 as a new actin-binding protein.

A Experimental setup to separate F-actin and its binding partners (pellet) from unbound, soluble proteins (supernatant). F-actin is incubated with Bin1 at RT for
30 min. Upon ultracentrifugation, F-actin and proteins binding to it can be separated from monomeric G-actin and unbound, soluble protein.

B hBin1 isoform 1 (1 lM) binds directly to F-actin (4 lM). Co-sedimentation assay as described in (A) was resolved by SDS–PAGE followed by Coomassie Blue staining.
S, supernatant; P, pellet.

C Electron micrographs of negatively stained F-Actin (0.4 lM) alone or together with hBin1 (isoform 1; 0.4 lM), scale bar = 50 nm. Black arrowheads point to heavily
decorated parts of the actin filament.

D TIRFM image of actin-488 filaments (green, 1 lM) in the presence or absence of hBin1-SNAP594 (red, 250 nM), scale bar = 2 lm. White arrowheads point to
hBin-SNAP dots associating with the actin filament.

E Effects of increasing amounts of F-actin on co-sedimentation of hBin1 (isoform 1). F-actin at indicated concentrations was incubated with 1 lM Bin1 and then
subjected to a co-sedimentation assay as described in (A). SDS–PAGE followed by a Coomassie Blue staining of the proteins found in the pellet fraction is shown.

F Binding of hBin1 (isoform 1) to F-actin. Data represent mean values of four independent experiments similar to (E). Calculated Kd of binding: 0.54 � 0.07 lM. Error
bars represent � SD.
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Although all these experiments suggest that the BAR domain

of Bin1 harbors the conserved actin-binding capacity, the SH3

domain was recently also suggested to bind F-actin [35]. We

therefore compared the F-actin-binding abilities of human BAR

domain, SH3 domain, and full-length hBin1 to each other. In our

experimental setup, the hSH3 domain did not co-pellet with

F-actin, whereas hBAR binds F-actin with a comparable Kd

(1.5 lM) to the full-length protein (Fig EV2A–D). Interestingly

the hBAR binding curve exhibits clear kinetic cooperativity, likely

reflecting the stronger requirement for multimerization in the

binding of the BAR domain compared to full-length hBin1

(Fig EV2D).
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Figure 2. The BAR domain of Bin1 is sufficient to bind F-actin.

A Crosslinking of F-actin with hBin1 (isoform 1). F-actin and hBin1 were mixed at the indicated concentrations and crosslinked by addition of the EDC crosslinker.
SDS–PAGE of crosslinked samples stained with Coomassie Blue is shown. The red box highlights the specific band, corresponding to ~135 kDa, which appeared after
crosslinking in a dose-dependent manner.

B Crosslinking of F-actin with dBAR. F-actin and dBAR were mixed at the indicated concentrations and crosslinked by addition of the EDC crosslinker. SDS–PAGE of
crosslinked samples stained with Coomassie Blue is shown. The red box highlights the specific band, around 65 kDa, which appeared after crosslinking in a dose-
dependent manner.

C Effect of increasing amounts of F-actin on co-sedimentation of dBAR. 1 lM of dBAR was mixed with F-actin at indicated concentrations before subjecting the sample
to high-speed sedimentation. SDS–PAGE of pellet fraction visualized by Coomassie Blue staining is shown.

D Densitometric quantitation of dBAR found in the pellet fractions from (C). The error bars represent mean � SD (n = 3).
E Effect of increasing KCl concentration on co-sedimentation of 2 lM dBAR with 4 lM F-actin. SDS–PAGE of supernatant (S) and pellet (P) fractions stained with

Coomassie Blue.
F Densitometric quantitation of dBAR found in the pellet fractions from (E). Graph shows percentage of binding compared to the maximum binding; statistically

significant differences are indicated (one-way ANOVA, ****P < 0.0001, n = 3). The error bars represent mean � SD.
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hBin1 stabilizes F-actin

We next hypothesized that the binding of hBin1 to F-actin could

influence actin dynamics. To address this question biochemically,

the polymerization of pyrene-labeled actin was monitored via its

fluorescence signal, which is drastically enhanced during its poly-

merization into filaments [36]. Analysis of actin polymerization

kinetics revealed no difference in polymerization rate between

actin alone or actin incubated with increasing amounts of hBin1

(Fig 3A). In a second experimental setup, we tested whether hBin1

has an influence on cofilin-induced actin severing. In a polymeriza-

tion assay, cofilin enhances the rate of polymerization by severing

the filaments and therefore producing more barbed ends which

can be used for subsequent filament elongation [37]. Our data con-

firm this effect by showing that cofilin could increase the rate of

polymerization dramatically compared to actin alone (Fig 3B).

Surprisingly, hBin1 addition was able to further promote this

cofilin-induced effect in a dose-dependent manner (Fig 3B). This

effect could result from enhanced filament severing and barbed-

end production upon hBin1 binding, as proposed for other actin-

binding proteins such as fascin and the Switch-associated protein

70 (Swap-70) [38,39].

To further determine the mechanism underlying the ability of

hBin1 to increase cofilin-induced actin severing, we followed actin

polymerization in the presence of GFP-tagged cofilin and hBin1 via

TIRFM. In line with previous studies, severing events occurred at

boundaries between GFP–cofilin-decorated and non-decorated fila-

ment segments [40]. Intriguingly, we frequently observed that addi-

tion of hBin1 induced filament crosslinking and cofilin-induced

severing occurred often during incorporation of filaments into Bin1-

induced bundles (Movie EV1). Therefore, the promotion in severing

is probably due to increased shear stress when filaments attach to

adjacent filaments, in agreement with an overall stabilization func-

tion of hBin1 on F-actin.

To evaluate the effect of hBin1 on filament disassembly, we

performed dilution-induced depolymerization experiments with

actin filaments in the presence of different hBin1 concentrations.

Interestingly, in this assay, hBin1 could decrease the depolymeriza-

tion rate in a dose-dependent manner, thus indicating a stabilization

of actin filaments upon its binding (Fig 3C). By mixing equimolar

concentrations of hBin1 and actin filaments, the half-time of the

depolymerization could be doubled (Fig 3D). This stabilization could

be either due to an impairment of the hBin1-actin complex to release

actin monomers from the filament ends or due to the inhibition of

actin filament breakage. To explore these possibilities, we monitored

the spontaneous disassembly of actin filaments by cofilin by measur-

ing the decrease in pyrene fluorescence upon dilution. As expected,

the depolymerization rate was enhanced by cofilin, in line with previ-

ous studies [41,42] (Fig 3E). The half-time of the actin depolymeriza-

tion could be reduced by fivefold by adding cofilin (Fig 3E and F).

Interestingly, the stabilization of actin filaments by hBin1 binding

resulted in an increased half-life of the hBin1-actin complex during its

cofilin-mediated disassembly. However, the half-life was only partially

rescued to the level of actin depolymerization without cofilin (Fig 3F).

This suggests that cofilin partially antagonizes the stabilizing effect of

hBin1 on actin disassembly by creating new filament ends.

Since the BAR domain seems to be responsible for binding actin,

we tested whether hBAR exhibits also the actin–stabilization effect

observed in the depolymerization assays using the full-length hBin1.

If hBAR was the main driver for the F-actin interaction, it should be

able to functionally replace full-length hBin1 in the depolymeriza-

tion assays. Importantly, the BAR domain itself was able to stabilize

actin filaments during dilution-induced depolymerization (Fig EV3A

and B) and also during cofilin-mediated disassembly (Fig EV3C and

D). Overall, these findings implicate that hBin1 modulates actin

dynamics by stabilizing existing actin filaments via interactions

through its BAR domain.

hBin1 exhibits an actin bundling activity

Similar effects to hBin1 in the described actin polymerization and

depolymerization assays were monitored for the actin crosslinking

proteins fascin and SWAP-70 [38,39]. Additionally, we already

observed filament crosslinking when hBin1 was added into the TIRF

assay to study cofilin-induced actin severing (Movie EV1). There-

fore, we systematically explored hBin1’s F-actin bundling activity.

Here, TIRFM allowed the visualization of freely diffusing, growing

filaments in the presence or absence of hBin1 to observe possible

F-actin bundling events by real-time imaging. While low concentra-

tions of hBin1 did not exhibit any bundling activity (Fig 4A, top

panels), at 250 nM hBin1 single actin filaments frequently fused

with other filaments to form bundles with mixed polarity

(Fig EV4A). This effect was enhanced further by higher concentra-

tions of hBin1. Twenty minutes after initiation of actin polymeriza-

tion, higher concentrations of Bin1 resulted in a network of actin

filament bundles (Fig 4A, lower panels). Previous studies demon-

strated that the fluorescence intensity of the actin bundles directly

correlates with the number of filaments per bundle [38]. We

exploited this to determine the number of filaments in each hBin1-

induced bundle. The number of filaments per bundle increased to

approximately three (250 nM hBin1) and four (500 nM hBin1), but

could not be increased further when adding 1,000 nM hBin1 to actin

(Fig 4B). These data show that hBin1 induces actin bundling in a

concentration-dependent manner.

To better understand the role of hBin1 in actin bundling, we

employed two-color TIRF microscopy to directly visualize fluores-

cently labeled hBin1 molecules interacting with actin filaments.

hBin1-SNAP readily associated with actin filaments and remarkably

adjacent filaments often fused at places where hBin1 was concen-

trated (Fig EV4B). We repeated the TIRF assay with hBAR in order

to test whether the BAR domain is sufficient to induce actin bund-

ling. Interestingly, the hBAR domain was not only able to bundle

F-actin, but this was also achieved at lower concentrations than

needed for the full-length hBin1 (Fig EV4C and D). To obtain an

insight in the morphology of hBin1-induced bundles, negative

staining EM was employed. By using the same experimental condi-

tions as in our TIRF assay, we detected hBin1 induced bundles,

which were not observed in the absence of hBin1 (Fig 4C). These

bundles consisted mostly of 2–5 filaments, which is comparable to

our quantification of bundles as determined using TIRF. To confirm

the bundling activity of hBin1 in an additional experimental setup,

we used low- and high-speed sedimentation protocols to first pellet

bundles and subsequently pellet filaments (Fig 4D). Increasing the

amount of hBin1 resulted in a concentration-dependent increase in

actin found in the bundle fraction collected at low centrifugation

speeds (Fig 4E and F), in line with the results of our TIRFM study.
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Figure 3. hBin1 stabilizes actin filaments.

A Effect of hBin1 on the spontaneous polymerization of actin. In vitro polymerization of pyrene-labeled actin was monitored in the presence or absence of hBin1
(isoform 1) at indicated molar ratios using time-based fluorimetry.

B Effect of hBin1 on actin polymerization, increased by cofilin. Pyrene-labeled actin was polymerized in the presence or absence of hBin1 (isoform 1) and/or cofilin at
indicated molar ratios resulting in a Bin1-dependent acceleration of the actin polymerization.

C Effect of hBin1 on the rate of actin depolymerization. Dilution-induced depolymerization of pyrene-labeled actin in the presence or absence of hBin1 (isoform 1) at
indicated molar ratios was measured following pyrene fluorescence intensity over time. Dotted lines indicate the one-phase exponential decay fitting.

D Calculated half-time of actin depolymerization from (C) after one-phase exponential decay fitting. Statistically significant differences are indicated (one-way ANOVA,
****P < 0.0001, n = 3). The error bars represent mean � SD.

E Effects of cofilin and Bin1 (isoform 1) on dilution-induced depolymerization of F-actin. Spontaneous disassembly of pyrene-labeled F-actin in the presence or absence
of hBin1 (isoform 1) and cofilin was followed, as measured by pyrene fluorescence. Dotted lines indicate the one-phase exponential decay fitting.

F Calculated half-time of actin depolymerization from (E) after one-phase exponential decay fitting. Statistically significant differences are indicated (one-way ANOVA,
***P < 0.001, ****P < 0.0001, n = 3). The error bars represent mean � SD.
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Figure 4. hBin1 can bundle actin filaments.

A Concentration-dependent actin bundling induced by hBin1 (isoform 1). 1 lM actin (10% DY-549 labeled) was polymerized for 20 min in the presence or absence of
different concentrations of hBin1 (isoform 1) in TIRF buffer. Scale bar = 10 lm.

B Number of filaments/bundle formed in the presence of different hBin1 (isoform 1) concentrations. For each condition, 45 bundles were analyzed using fluorescence
intensity measurements. Statistically significant differences are indicated (one-way ANOVA, ****P < 0.0001, n.s. = not significant). The error bars represent
mean � SD. For reasons of clarity, not all significances are indicated.

C Negatively stained electron micrographs of hBin1 induced actin bundling. 4 lM G-actin was polymerized alone or together with hBin1 (isoform 1; 2 lM) before
diluting the sample 1:10. Scale bar = 50 nm.

D Experimental setup to monitor a possible bundling activity of Bin1 via a low- and high-speed centrifugation protocol. G-actin was polymerized in the presence of
hBin1 (isoform 1) for 20 min. In order to separate bundles from filaments, the sample was centrifuged at 10,000 g for 15 min. The supernatant containing filaments
and monomeric protein was further separated by high-speed centrifugation 100,000 g for 1.5 h to spin down filamentous actin.

E hBin1 induces actin bundling as monitored by co-sedimentation assays. 4 lM G-actin was polymerized in the presence of different concentrations of hBin1 (isoform
1) for 20 min. Actin fractions were separated as illustrated in (D). SDS–PAGE of the fractions after Coomassie Blue staining is shown.

F Densitometric quantitation of the percentage of actin found in the bundle fraction of (E) at the indicated hBin1 concentrations. Statistically significant differences are
indicated (one-way ANOVA, **P < 0.01, ****P < 0.0001, n = 3). The error bars represent mean � SD. For reasons of clarity, not all significances are indicated.
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hBin1 stabilizes tau-induced actin bundling

Tau is a microtubule-binding protein, which has been proposed to

also bind actin in order to link both the microtubule- and the actin

network [43]. Interestingly, tau has also been suggested to have

actin bundling activity [44,45], and in AD patients, the abundance

of actin–cofilin-rich rods correlates well with the extent of tau-toxi-

city [23]. We therefore asked whether the extent of tau-induced

actin bundle formation could be altered by changes in hBin1

levels. To answer this question, we purified recombinant human

tau (0N4R) from Escherichia coli and tested its actin bundling activ-

ity as described above via TIRFM. Interestingly, we observed tau-

dependent bundling of actin already at 100 nM tau (Fig 5A) and

even thicker bundles could be observed when actin was co-poly-

merized with 300 nM tau (Fig 5A). At a concentration of 100 nM

tau, actin bundles consisted of 2–6 filaments, whereas 300 nM tau

resulted in bundles of up to 13 filaments (Fig 5B). Low-speed co-

sedimentation assays could again confirm this dose-dependent

bundling of actin filaments (Fig 5C). Specifically, up to 80% of

total actin could be found in the bundle fraction when co-polymer-

ized with 1 lM tau (Fig 5D). The bundling activity of tau in our

experimental setup is in good agreement with results from previ-

ous work [43]. We next investigated which effect a mixture of

hBin1 and tau would have on actin bundling. Here, low- and high-

speed co-sedimentation assays were used again to separate the

actin fraction after co-polymerizing it with hBin1, tau or hBin1,

and tau. We could not observe a significant difference between the

amount of actin in the pellet fraction when it was bundled by tau

compared to a bundling by tau and hBin1 together (Fig 5E and F).

Therefore, it seems that these two proteins are neither inhibiting

each other nor working in a synergistic fashion. However, we

reasoned that additional stabilization of tau-induced actin bundles

due to the addition of hBin1 might change the stability of the tau-

induced bundles and subjected the bundles to cofilin-induced

disassembly (Fig 5G). Pyrene-labeled actin was co-polymerized

with tau to form bundles. These were pre-incubated with different

concentration of hBin1, before exposing them to cofilin. Tau-

mediated actin bundling by itself already stabilized F-actin to some

extend against cofilin-induced disassembly. Most interestingly,

hBin1 was able to further stabilize the tau-induced actin bundles in

a concentration-dependent manner (Fig 5G). The half-time of

disassembly could be almost doubled when adding Bin1 to the

actin bundles (Figs 5H and EV5A). Therefore, hBin1 is not only

able to stabilize filaments but also bundles formed by the patholog-

ical action of tau. This discovery therefore provides a new possible

mechanistic link between tau pathology and hBin1 as an AD risk

factor.

Loss of dBin1 decreases actin rods in tauR406W flies

To explore the effect of Bin1 on tau-induced actin bundles in vivo,

we turned to a well-established Drosophila model of tau-induced

neurodegeneration [46]. Specifically, expression of a disease-

associated mutant tau variant (R406W) in Drosophila neurons has

been shown to induce the accumulation of F-actin and the formation

of actin-rich rods in the fly brain [47]. These rod-like inclusions are

phalloidin-positive in whole-mount fly brains (Fig EV5B). As we

have shown the conserved function of the BAR domain, we

reasoned that changes in dBin levels may alter the accumulation of

actin in this in vivo model. To determine whether changes in dBin1

levels have an impact on these tau-induced actin rods, we assessed

the number of actin rods in a defined area in the midbrains of flies

with different levels of dBin1 protein. Here, we used two dBin1

dsRNA constructs to modulate dBin1 levels, whereby the expression

of dBin1 RNAi #1 resulted in a more efficient knockdown of dBin1

compared to RNAi line #2 (Fig EV5C). In control fly brains without

human tau overexpression, very few actin rods were detected

(Fig 6A). However, in agreement with previous reports, pan-

neuronal expression of tauR406W led to the development of signifi-

cant amounts of actin rods in the midbrain [47] (Fig 6A). Following

our biochemical data, lowering the levels of dBin1 might reduce the

stability of these tau-induced actin bundles and therefore foster their

clearance. Indeed, expression of the strong RNAi line #1 signifi-

cantly decreased the number of actin-rich rods typically found in the

midbrain of tau transgenic flies (Fig 6A and B). Intriguingly, the

number of tau-induced actin inclusions decreased by 50% when

▸Figure 5. hBin1 stabilizes tau-induced actin bundles.

A Concentration-dependent actin bundling induced by tau. 1 lM actin (10% DY-549 labeled) was polymerized for 20 min in the presence of tau at the indicated
concentrations. Scale bar = 10 lm.

B Number of filaments/bundle formed in the presence of different tau concentrations. For each condition, 45 bundles were analyzed using fluorescence intensity
measurements. Statistically significant differences are indicated (one-way ANOVA, n.s. = not significant, ****P < 0.0001). The error bars represent mean � SD. For
reasons of clarity, not all significances are indicated.

C Tau-induced actin bundling monitored by co-sedimentation assays. 4 lM actin was polymerized in the presence of different concentrations of tau for 20 min, and
different fractions were separated as described in Fig 4D. SDS–PAGE of the fractions stained with Coomassie Blue is shown.

D Densitometric quantification of the percentage of actin found in the bundle fraction of (C) at the indicated tau concentrations. Statistically significant
differences are indicated (one-way ANOVA, ****P < 0.0001, n = 3). The error bars represent mean � SD. For reasons of clarity, not all significances are
indicated.

E hBin1 does not change the amount of tau-induced actin bundles. Results of co-sedimentation assay separating different actin fractions after polymerization 4 lM
actin in the presence or absence of 0.2 lM tau and 1 lM hBin1 (isoform 1).

F Densitometric quantification of the percentage of actin found in the bundle fraction of (E) (one-way ANOVA, n.s. = not significant, n = 3). The error bars represent
mean � SD.

G Effect of hBin1 on the disassembly rate of tau-induced actin bundles. Pyrene-labeled actin was polymerized in the presence of tau before subjecting it to
depolymerization in the presence or absence of cofilin and hBin1 (isoform 1) at indicated molar ratios. Molar ratios of actin/cofilin/tau: 1:0.23:0.07. Disassembly was
monitored using time-based fluorimetry.

H Calculated half-time of actin disassembly from (G) after one-phase exponential decay fitting (Fig EV3). Statistically significant differences are indicated (one-way
ANOVA, n.s. = not significant, **P < 0.01, ****P < 0.0001, n = 4). The error bars represent mean � SD. For reasons of clarity, not all significances are indicated.
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dBin1 was downregulated. We also observed a small decrease of

actin rods in flies expressing the second, weaker RNAi line #2;

however, this reduction did not reach significance. These results

therefore directly link changes in dBin1 protein levels with tau-

induced pathology, suggesting that downregulation of Bin1 also

modulates tau-mediated pathobiological actin dynamics in vivo.

Discussion

The BAR domain protein superfamily has emerged, not only as

determinants of membrane curvature, but also as linkers between

membranes and the membrane-associated cytoskeleton to coordi-

nate membrane remodeling events [14]. Directed actin
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polymerization beneath the plasma membrane is crucial for

mechanical support and a driving force for movement [1]. It can be

triggered by Rho-family GTPases and by activation of members of

the WASP family [48,49]; both can be regulated by various BAR

domain proteins. Previous observations indicated that the N-BAR

protein Bin1 may integrate membrane curvature and actin dynamics

but mechanistic details have not been studied in detail. For exam-

ple, the yeast Bin1 orthologous Rvs161/167 are involved in actin

dynamics under environmental stress [50,51] and Drosophila dBin1

colocalizes with actin in photoreceptor neurons [52]. Moreover,

hBin1 interacts with N-WASP via its SH3-domain which can lead to

an induction of actin polymerization by the Arp2/3 complex [48]

and the interaction with N-WASP in myofibres is also crucial for

nuclear positioning [35,53].

Here, we show for the first time that hBin1 can directly bind to

actin, an interaction that is mediated through its BAR domain.

Remarkably, the neuronal isoform 1 of hBin1 as well as the

conserved Drosophila orthologue of Bin1 was able to interact with

F-actin, indicating a conserved function. Our mass spectrometry

experiments identified that most crosslinks connect the H0 helix and

BAR domain of hBin1 to actin. This result is in line with previous

reports identifying the BAR domain of pacsin2 and PICK1 as suffi-

cient to interact with actin. Like PICK1, Bin1 is a member of the

N-BAR family, whereas pacsin2 belongs to the family of F-BAR

proteins. But since other N-BAR members as endophilin have been

shown not to bind to actin [5], the structural binding determinants

need to be studied in further detail. We cannot exclude additional

actin-binding sites or cooperative binding events apart from the

BAR domain, since the Kd of hBAR was slightly lower than for

hBin1. However, the SH3 domain alone does not contribute signifi-

cantly to hBin1’s actin-binding ability under our experimental condi-

tions as suggested previously [35]. This discrepancy might be a

result from different Bin1 isoforms tested and will be addressed in

more detail in future studies. The direct binding of the BAR domain

of Bin1 to actin also raises the question of how this interaction is

regulated. It has already been demonstrated that there is a weak

competition of liposomes and F-actin for binding to the F-BAR

domain [5]. In addition to lipid binding, post-translational modifi-

cations of Bin1 and other protein interactions such as the binding to

WASP could possibly modulate the Bin1-actin interaction.

hBin1 and its BAR domain do not only bind to F-actin, but also

stabilize F-actin in a depolymerization assays. This stabilization was

also observed for pacsin2 at higher concentrations [5]. In contrast to

pacsin2, hBin1 binding to actin filaments could partly protect them

from cofilin-mediated disassembly. This difference indicates that the

binding site and affinity might vary for each BAR domain protein.

The stabilization of actin filaments has been observed for many

actin-binding proteins, in particular for actin bundling proteins [54].

Notably, in vitro TIRFM and EM identified also an actin bundling

activity of hBin1. Actin crosslinking/bundling requires at least two

actin-binding sites; dimerization of hBin1 could be a prerequisite for

the induction of bundling. Although no actin bundling activity has

been identified so far for pacsin2 and PICK1, filopodia-inducing

IRSp53 (insulin receptor phosphotyrosine 53 kDa substrate) can
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Figure 6. dBin1 modulates actin dynamics in vivo.

A TauR406W expressing Drosophila brains with endogenous dBin1 levels display more actin rods in the brain than in the brains of tauR406W transgenic flies in which
dBin1 was downregulated. Phalloidin staining of whole-mount brain (22 days old), dissected from tauR406W transgenic flies. Here, a zoom-in is displayed (scale
bar = 10 lm). White arrowheads indicate phalloidin-positive actin inclusions.

B Quantification of actin rods per brain slice. Statistically significant differences are indicated (one-way ANOVA, n.s. = not significant, ****P < 0.0001, n = 8–10). The
error bars represent mean � SD.
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bind both membranes and bundles actin via its IMD domain, which

has weak similarity with to a BAR domain [55–57]. Whether the

actin bundling activity of Bin1 is a physiological function or a patho-

logical consequence to excess F-actin is currently unclear.

hBin1 has been identified as the second most prevalent risk

factor for late-onset Alzheimer’s disease (LOAD) [58]. It has been

hypothesized to be linked directly to two prominent hallmarks of

Alzheimer’s disease, both tau [21,28] and Ab [26,27]. hBin1 can

directly bind tau via its SH3 domain and the Bin1-tau complexes

colocalize with the actin cytoskeleton in primary neurons [21,59].

dBin1 modulates tau-induced neurotoxicity in Drosophila [21,28],

while in human cell culture studies, downregulation of hBin1

promotes tau propagation [60].

Here, we provide a mechanistic link between Bin1 and tau, by

identifying actin dynamics as a possible causative connection. Tau

overexpression has been shown to lead to the formation of actin

rods in Drosophila models as well as in AD patient brains tau-toxi-

city correlates with the extend of actin aggregates [32,47]. More-

over, mutant forms of tau were recently identified to increase

F-actin levels at the synapse and crosslink actin to synaptic vesicles,

thus interfering with presynaptic functions [61]. Tau itself has been

demonstrated to bind and bundle actin filaments in vitro via its

microtubule-binding domain and proline-rich domain [44,45,62].

Therefore, it was suggested that tau might act as a linker between

actin and microtubule cytoskeleton under physiological conditions

[43]. However, it is still unclear whether actin accumulations

observed under pathological conditions in AD patients are only

derived by tau-induced actin bundling, since tau rarely colocalizes

with these rods in post-mortem human brain tissues [32,63].

Given that Bin1 and tau interact directly and both also bind to F-

actin, we hypothesized that Bin1 might play a role in tau-induced

actin pathology. Although we could assign bundling activities to

hBin1 as well as tau, no cooperative bundling activity of these two

proteins could be observed, as reported in a study using fascin and

a-actinin [64]. However, we obtained evidence that hBin1 can stabi-

lize the tau-induced actin bundles in vitro. Remarkably, dBin1

downregulation could be confirmed to have an effect on tau-induced

actin rods in vivo. Downregulation of dBin1 in Drosophila neurons

decreased the amount of actin rods found in the brain. This in vivo

phenotype is consistent with the proposed in vitro mechanism that

Bin1 stabilizes actin bundles. Due to tau’s involvement in the forma-

tion of the actin rods, its direct protein interactor hBin1 might be

mislocalized toward tau-induced actin bundles, thus further stabiliz-

ing them. However, we cannot exclude that Bin1 could modify actin

dynamics in vivo via different mechanisms, for example by regulat-

ing the association with various actin regulators like N-WASP.

Future experiments will need to determine whether Bin1 alone is

sufficient to stabilize actin rods in vivo and how this is mechanisti-

cally associated with tau pathology.

Several modifier screens and genomewide associations studies

have been conducted in recent years in order to unravel novel path-

ways involved in AD [58,65]. Interestingly, many hits from these

tau modifier screens also seem to have a role in axonal transport

and actin dynamics, highlighting the actin cytoskeleton as an impor-

tant pathway for further study [58,66]. For example, two indepen-

dent screens identified the loss of Cheerio, an actin crosslinking

protein and the Drosophila orthologue of the mammalian Filamin-A,

as an enhancer of tau-toxicity [66,67]. Other identified modifiers

from the actin field included Paxillin, CD2AP, and myosin 6 (MYO6)

[65,66,68]. Although MYO6 and Filamin-A colocalize with tau

tangles in post-mortem brain stainings, their functional connection

to AD needs to be further studied [69].

In conclusion, we have identified Bin1 as a novel and direct

modulator of actin dynamics. This work provides important mecha-

nistic information about the complex regulation of the actin

cytoskeleton at the membrane and highlights Bin1 as a dual coordi-

nator of membrane shaping and actin dynamics. Cytoskeleton

impairments are emerging as a hallmark in AD and in neurodegen-

eration in general. Thus, a misbalance of functional membrane

shaping versus actin bundle recruitment of Bin1 might contribute to

AD pathology. It will be essential to study neuronal dysregulation of

actin dynamics and the possible involvement of tau, Bin1 and other

proteins, in order to decipher the molecular pathways leading to

cytoskeleton impairments in AD.

Materials and Methods

Constructs and protein purification

hBin1 (isoform 1), hBAR, hSH3, hBin1-SNAP, dBAR, dBin1 (isoform

A), and human tau (0N4R) were all expressed with an Ulp1-clea-

vable N-terminal His6-SUMO tag from a modified pCold vector

(Clontech) in E. coli Rosetta expression host (gift from B. Bukau) by

induction with 0.3 mM isopropyl-1-thio-b-D-galactopyranoside at

16°C overnight (o/n). The proteins were purified using Ni-IDA

matrix (Protino; Macherey-Nagel); eluted material containing

250 mM imidazole was supplemented with His6-Ulp1 protease o/n

at 4°C. Purified proteins were separated from Ulp1 by size exclusion

using a Superdex200 16/60 column (GE Healthcare).

All Bin1 proteins were stored in LEW50 buffer (50 mM NaH2PO4,

50 mM NaCl, pH 8) at �80°C. Human tau (0N4R) was stored in HK

buffer (25 mM HEPES-KOH, 150 mM KCl, 2% glycerol, 2 mM DTT,

pH 7.5) at �80°C. Before using proteins for any biochemical assay,

they were subjected to a buffer exchange in the appropriate buffer

to minimize buffer effects. Actin for TIRFM was purified from rabbit

skeletal muscle according to Spudich and Watt [70] and was labeled

on Cys374 with DY-549 (Dyomics GmbH) or ATTO-488 (Atto-tec

GmbH). GFP–cofilin was expressed in and purified from Rosetta 2

(Novagen) as previously described [71].

Actin filament co-sedimentation assays

Actin co-sedimentation assays were performed using the Actin Bind-

ing Protein Spin-Down Assay Biochem Kit (Cytoskeleton) with slight

modifications. Human-platelet non-muscle actin (APHL99,

Cytoskeleton) was diluted in G-Buffer (5 mM Tris–HCl pH 8.0,

0.2 mM CaCl2, 0.2 mM ATP) and allowed to depolymerize on ice

for 1 h before centrifugation for 1 h at 100,000 g to remove residual

non-polymerized material. Actin was polymerized at either 8.4 or

20 lM for 1.5 h in polymerization buffer (50 mM KCl, 2 mM MgCl2
and 1 mM ATP in 10 mM Tris, pH 7.5). Actin was further mixed

with the test proteins at the indicated concentrations, incubated for

30 min at room temperature (RT), and pelleted at 100,000 g for

1.5 h at 24°C. Equivalent volumes of supernatant and pellet frac-

tions were analyzed by SDS–PAGE and Coomassie staining.
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SDS–PAGEs were quantified using the Image StudioLite 5.2.5 soft-

ware (LI-COR Biosciences). For co-sedimentation experiments with

increasing concentrations of KCl, dBAR in polymerization buffer

supplemented with KCl of a final concentration of 50, 150, or

250 mM was added to polymerized actin and incubated for 30 min

before centrifugation. For determination of the dissociation constant

(Kd), the amount of hBin1 (isoform 1) in the pellet fraction was fit-

ted to a nonlinear regression and the amount of hBAR in the pellet

fraction was fitted to a nonlinear regression with a Hill slope using

Prism 7 (Graph Pad software).

G-actin-binding assay

G-actin-binding assays were performed using the G-actin-binding

toolkit (Hypermol, 8020-01) according to the manufacturer’s instruc-

tions. Briefly, hBin1 and profilin (Cytoskeleton, PRO1-A) were rebuf-

fered into 1× MonoMix buffer, and 50 ll of each protein with a

concentration of 1.25 lM was incubated with 50 ll of G-actin beads

and 400 ll of MonoMix buffer for 1 h at RT under constant agitation.

Samples were centrifuged at 6,000 g for 4 min to pull down actin

beads and proteins bound to it. Beads were washed five times with

1 ml of MonoMix buffer, and bound proteins were eluted by boiling

the beads for 2 min at 95°C in 30 ll 1× Lämmli buffer. Equivalent

volumes (30 ll) of input fraction, unbound fraction, and elution frac-

tion were analyzed by SDS–PAGE and Coomassie staining.

Actin bundling assays

For low-speed pelleting assays, 4 lM rabbit muscle actin was poly-

merized for 30 min in the presence of hBin1 (isoform 1) and tau at

the indicated concentrations in polymerization buffer. Actin bundles

were separated via centrifugation for 15 min at 10,000 g. The super-

natant was subjected to a high-speed centrifugation step (1.5 h at

100,000 g) to separate remaining actin filaments from soluble

proteins. Equivalent volumes of supernatant and the two pellet frac-

tions (filaments and bundles) were analyzed by SDS–PAGE and

Coomassie staining. SDS–PAGEs were quantified using Image

StudioLite software (LI-COR Biosciences).

Crosslinking studies

The crosslinking was carried out as described in [5]. Briefly, F-actin

and hBin1 (isoform 1) or dBAR were mixed at the indicated concen-

trations in 10 mM PIPES, 50 mM KCl, 2 mM MgCl2, pH 6.8 and

incubated for 30 min, before adding the EDC crosslinker (1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide hydrochloride; Thermo

Fisher Scientific) at a final concentration of 1 mM. After 30 min of

crosslinking, the reaction was stopped by adding SDS-loading buffer

[60 mM Trizma base (pH 6.8), 2% (w/v) SDS, 5% (v/v) mercap-

toethanol, 0.01% (w/v) Brilliant blue], and samples were analyzed

via SDS–PAGE and Coomassie Blue staining.

Mass-spectrometric analysis

Coomassie-stained bands representing the crosslinked products

were cut; then, the gel slices were transferred to a 96-well plate and

automatically reduced, alkylated, and digested with trypsin as

described in [72]. Peptides were extracted from the gel pieces with

50% acetonitrile/0.1% trifluoroacetic acid (TFA), concentrated

nearly to dryness in a SpeedVac vacuum centrifuge and diluted to a

total volume of 30 ll with 0.1% TFA. 10 ll of the sample was

analyzed by a Dionex UltiMate 3000RSLCnano HPLC system

(Thermo Scientific) coupled to a LTQ Orbitrap Elite mass spectrome-

ter (Thermo Scientific) equipped with a Sonation column oven (set

to 50°C). Samples were directly loaded onto a self-pulled and self-

packed analytical emitter column (Reprosil Pur-AQ C18, 3 lm,

100 lm i.d. × 400 mm) at a flow rate of 550 nl/min. Afterward,

peptides were eluted into the mass spectrometer at a flow rate of

300 nl/min using a gradient. One Orbitrap survey scan was followed

by 10 information-dependent product ion scans in the Orbitrap. 3+,

4+ and higher charged ions were selected for data dependent HCD

fragmentation with dynamic exclusion enabled. For the identifi-

cation of crosslinked peptides, the uninterpreted MS/MS spectra

were compared against a small database containing the actin and

Bin1 (isoform 1) sequences using StavroX 3.6.0 [73]. StavroX was

set to use trypsin as proteolytic enzyme (mis. cleavage: 4; blocked

as XL-site: K); EDC (comp: -H2O, Site 1: K, N-term, Site 2: E, D, N-

term, mass: �18.0106 Da) was defined as crosslinker; methionine

oxidation (147.0354 Da) was set as variable modification and

carbamidomethylation of cysteine (57.0215 Da) as fixed modifi-

cation. Mass tolerance was set to 10 and 20 ppm for MS and MS/

MS, respectively. The search range was restricted from 400 to

6,000 Da, a S/N ratio of 2 was set and deisotoping enabled. No

neutral losses were considered. Peptide score thresholds were auto-

matically calculated using the target-decoy approach with a FDR of

0.05. Visualization of the identified crosslinks was done using the

xVis Crosslink Analysis Webserver [74].

Negative stain electron microscopy

4 lM F-actin was incubated in the absence or presence of 4 lM hBin1

(isoform 1) for 30 min at RT. The samples were diluted 10-fold, and

3 ll of the dilution was immediately pipetted onto carbon-coated

grids, where they were allowed to adsorb for 30 s before excess

protein was blotted off. For identifying Bin1-induced actin bundles,

4 lM G-actin was polymerized in the presence of 4 lM hBin1 for

2 h, before diluting the samples 1:10 and transferring them on the

grids. These were then stained with 3% aqueous uranyl acetate solu-

tion for 1 min and washed three times with distilled water, air-dried,

and imaged on an EM900 transmission electron microscope (Zeiss) at

an accelerating voltage of 80 kV. Images were acquired at 85,000

magnification, resulting in a pixel (px) size of 0.6 nm/px.

Pyrene–actin assays

The pyrene actin polymerization and depolymerization assays were

conducted using the Actin Polymerization Biochem Kit protocols

(Cytoskeleton) with slight modifications. For polymerization assays,

pyrene-labeled actin (rabbit skeletal muscle, AP05, Cytoskeleton)

was diluted in G-buffer and allowed to depolymerize on ice for 1 h

before centrifugation for 30 min at 21,000 g to remove remaining fil-

aments. Then, 2.5–3 lM pyrene actin was polymerized in the pres-

ence or absence of hBin1 (isoform 1) and cofilin (CF01,

Cytoskeleton) at the indicated molar ratios in 0.25× polymerization

buffer. For dilution-induced actin disassembly, 12 lM pyrene actin

was polymerized for 1 h in the dark by adding 0.25× polymerization
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buffer. The F-actin was then diluted four times in G-buffer in the

presence or absence of Bin1/hBAR and cofilin at the indicated molar

ratios. For disassembly experiments using tau-induced bundles,

12 lM pyrene actin was polymerized in the presence or absence of

tau at indicated molar ratios for 1.5 h by adding 1× polymerization

buffer before dilution. hBin1 (isoform 1) and cofilin were added at

indicated molar ratios. Pyrene fluorescence was measured using a

FLUORstar Omega plate reader (BMG LABTECH) with excitation of

355 nm and emission of 405 nm at RT. Background fluorescence of

the buffer was subtracted from the pyrene actin fluorescence. For the

halftime determination of the depolymerization experiments, a one-

phase exponential decay was fit using Prism 7 (Graph Pad software).

In vitro TIRF microscopy

Total internal reflection fluorescence microscopy (TIRFM) was

essentially performed as described previously [75] with the follow-

ing modifications: The experiments were conducted on a Nikon

Eclipse TI-E inverted microscope equipped with a TIRF Apo 100×

objective and a motorized stage and were recorded by an Ixon3 897

EMCCD camera (Andor). hBin1-SNAP was labeled with a 2.5-fold

excess of SNAP-surface 549 (New England Biolabs) at 4°C in LEW

50 buffer supplemented with 1 mM DTT under slight agitation ON

before it was rebuffered in polymerization buffer. hBin1, hBAR,

hBin1-SNAP594, tau, and GFP–cofilin were pre-diluted in 1× TIRF

buffer (20 mM imidazole pH 7.4, 50 mM KCl, 1 mM MgCl2, 1 mM

EGTA, 25 mM DTT, 0.5 mM ATP, 15 mM glucose, 2.5 mg/ml

methylcellulose (4,000 cP), 20 lg/ml catalase, 100 lg/ml glucose-

oxidase) prior to initiation of the assay. The assays were started by

adding G-actin (1 lM final concentration, 10% DY-549-or or ATTO-

488 labeled at Cys374) and flushing the mixtures into the pre-coated

flow chambers as described in [76]. Images were captured with

exposure times of 50 ms every 2 s at two positions of the coverslip

for at least 10 min. The pixel size corresponded to 0.159 lm for the

100× objective. Images were background subtracted using a 50-pixel

rolling ball radius and a slight Gaussian blur filter of 0.7 pixel in Fiji

software [77].

The fluorescence intensity of actin bundles was measured using

the Plot Profile tool in Fiji [77] software. Bundles were normalized

to a single actin filament from the same experiment to analyze the

number of filaments per bundle.

Drosophila transgenic lines and husbandry

Flies were raised on standard cornmeal and molasses medium.

Crosses were kept for 3 days at 25°C and then shifted to 29°C (60%

rH). The progeny were collected in a 24 h window, and mated

females were kept at 29°C. All flies were age matched when used

for experiments. Pan-neuronal expression of UAS-tauR406W [46] and

RNAi was achieved using the X-Elav-Gal4 promoter. Bin1 RNAi #1

was obtained from the Bloomington Drosophila stock center (stock

number 39015), and Bin1 RNAi #2 was obtained from the Vienna

Drosophila RNAi Center (VDRC ID 9264).

Fly head protein extraction and immunoblotting

Frozen Drosophila heads were homogenized in extraction buffer

[50 mM Tris (pH 7.5), 2 mM sodium orthovanadate, 50 mM sodium

fluoride, 50 mM b-glycerophosphate disodium salt hydrate, 1×

phosphatase inhibitor (Roche), 1× protease inhibitor (Santa Cruz

Biotechnology Inc.), 150 mM sodium chloride, 2 mM magnesium

chloride, 1% (v/v) Triton X-100, and 1% (w/v) SDS]. After sonica-

tion for 15 min and further incubation on ice for 15 min, samples

were centrifuged for 15 min at 21,000 g at 4°C. Overall protein

concentrations were determined using Lowry quantification (DCTM

Protein Assay, Bio-Rad) and adjusted accordingly. Samples were

boiled for 5 min in 1× Laemmli sample buffer before analyses by

4–20% gradient SDS–PAGE. After transfer, nitrocellulose

membranes were subsequently blocked in 5% (w/v) milk powder in

phosphate-buffered saline (PBS, AppliChem) containing 0.1%

(v/v) Tween-20 for 1 h at room temperature (RT). Membranes

were incubated with primary antibodies o/n at 4°C against anti

dBin1 (1:350, gift from G. Boulianne) and a-tubulin (1:300, AA4.3,

DSHB). After washing, membranes were incubated with HRP-

conjugated secondary antibodies for 2 h at RT. Blots were devel-

oped with an enhanced chemiluminescent substrate (Thermo

Scientific).

Immunohistochemistry and actin-rod analysis

Adult flies were fixed in 4% paraformaldehyde (PFA) for 2 h at RT

before brain dissection in PBS. Dissected brains were blocked in 5%

(v/v) fetal bovine serum (FBS, biochrom) in PBST (PBS + 0.5% (v/v)

Triton-X100) for 2 h at RT before incubating them in the same

buffer containing CF488-A phalloidin (Biotium; 1:250 dilution) for

24 h at 4°C. The brains were then washed 3× in PBST, mounted in

Vectashield (Biozol), and imaged using a Zeiss LSM 710 laser scan-

ning confocal microscope and a 63× objective. The number of actin-

rich rods was determined by counting all rod-shaped and round

structures that positively stained for phalloidin in every single slice

of the z-stack from the Drosophila midbrain. Images were analyzed

with Fiji. All images from Fig 6 are a single plane.

Expanded View for this article is available online.
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