
not altered (Fig. 8, B, E, and G). Collectively, our data
suggest two alternative mechanisms for regulating ac-
tin bundling by VLN4 (Fig. 8H). VLN4 bundles actin
with the linker region as a monomer; an alternative is
that villin forms dimers via the core domain, which
allows each linker region to bind an actin filament
(Fig. 8H). TIBA binding induces additional interaction
between VHP domains, which further promotes the
formation of VLN4 oligomers (Fig. 8), offering a third
mechanism for VLN4 to bundle filaments (Fig. 8H).

VHP Domain Contributes to TIBA-Induced Actin
Reorganization in Plants

The data above suggested that TIBA binds to VHP
domains to regulate bundling activity of VLN4 in vitro.
We hypothesized that the C-terminal headpiece do-
main is also required for TIBA-induced actin reorgani-
zation in vivo. To test this hypothesis, we transformed
full-length VLN4 and VLN4 mutant lacking VHP do-
main into vln4-1 plant, all driven by the endogenous
VLN4 promoter. These constructs were able to rescue
the short root hair phenotype in vln4-1 mutant
(Supplemental Fig. S16). Additionally, wild-type and the
complemented lines showed no significant differences

in actin organization (Fig. 9, A–C). The reduced rate of
PAT in vln4-1 mutant was recovered by expressing
VLN4. Expressing VLN4DVHP restored the PAT in
mutant, but to a lesser extent than did wild-type and
full-length VLN4 transgenes (Fig. 9D). These results
suggest that the VHP domain is not essential for VLN4
to regulate actin dynamics, PAT, and root hair growth
under normal conditions. Following treatment with
TIBA, VLN4DVHP failed to restore actin response to
the wild-type level as full-length VLN4 did in cells
(Fig. 9, A–C). The rate of auxin transport was further
measured in wild-type, vln4-1 mutant, and the com-
plemented lines. As shown in Figure 9, D and E, the
inhibitory effect of TIBA on auxin transport in mutant
transformed with full-length VLN4 was similar to that
in wild-type. In both vln4-1 mutant and VLN4DVHP-
complemented lines, however, the extent of inhibition
was attenuated (Fig. 9, D and E). These data suggest
that the villin headpiece region contributes to the action
of TIBA on actin remodeling and PAT.

DISCUSSION

In this study, we utilize TIBA to investigate the
mechanisms of ATI-induced actin organization and

Figure 8. TIBA binding induces the oligomerization of VLN4 through its VHP domain. A to F, Oligomerization of VLN4 truncated
variants. Each VLN4 variant (1.2, 8 mM for the VHP domain) was incubated with or without 500 mM TIBA and cross linked with
2 mM EDC for 1 h (30 min for VHP) at room temperature. Stars indicate oligomeric states that appearedwhen VHP (D) and DCore
(F) were incubated with TIBA. G, Oligomeric populations of core, DVHP, and full-length VLN4 after TIBA treatment were
measured quantitatively by densitometric analysis and plotted as fold change compared with mock control. Values given are
means 6 SE from five replicates (nd, no significant difference from mock control; *P , 0.05; ***P , 0.001; t test). H, Schematic
illustration of the positive regulatory mechanisms of TIBA in VLN4-mediated bundling.
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dynamics. TIBA treatment results in high abundance
of thick bundles in the cortical actin array. Genetic
dissection revealed that Arabidopsis VLN4 mediates
the action of TIBA on actin cytoskeleton and auxin
transport. VLN4-dependent actin dynamics are in-
volved in the action of TIBA to increase PIN2 inter-
nalization and sorting to the vacuole for degradation,
resulting in reduced PIN2 level at the PM. TIBA en-
hanced the bundling activity of VLN4 in vitro but had
no apparent impact on other biochemical properties

of this protein. Furthermore, TIBA directly interacts
with the C-terminal headpiece domain of VLN4. The
VHP–TIBA interaction induces additional oligomeric
VLN4 to cross link actin filament via intermolecular
association between VHP domains, which normally
does not occur in the mechanism of VLN4-mediated
bundling. VLN4 mutant lacking the VHP domain has
impaired actin and auxin transport responses to TIBA
in plants, suggesting that the villin C-terminal head-
piece contributes to in vivo TIBA sensitivity. Our study

Figure 9. VHP domain of VLN4 contributes to the effect of TIBA on actin dynamics and PAT in Arabidopsis. A, Representative
images of root epidermal cells from wild-type (WT), vln4-1, and vln4-1–complemented lines. Seedlings were treated with mock
or 10 mM TIBA for 5 min. Bar5 10 mm. B and C, Actin architecture analyses were performed on images shown in A. D, Basipetal
auxin transport was detected in the roots treatedwith 30mM TIBA for 15 h. E, The percentage inhibition of PAT in seedlings treated
with TIBA relative to the mock control was calculated. Values given are means 6 SE (for actin architecture analysis, n . 300
images from 25 seedlings for each genotype and treatment; for PAT analysis, n 5 15 roots for each genotype and treatment; for
calculating the percentage inhibition, data were from five replicates; a, significantly different frommock control within the same
genotype; b, significantly different from wild-type treated with mock; c, no significant difference from mock control within the
same genotype; d, no significant difference from wild-type treated with mock; e, significantly different from vln4-1 com-
plemented with full-length VLN4 within the same treatment; f, no significant difference from vln4-1 complemented with full-
length VLN4 within the same treatment; * P , 0.05; **P , 0.01; t test; Pearson’s x2 test was applied to evaluate significant
differences in the frequency distribution across intensity classes between treatments). F, Schematic illustration summarizing VLN4
as a direct-binding target of TIBA to regulate actin dynamics and PAT. TIBA stimulates actin bundling and suppresses filament
turnover in a VLN4-dependent fashion, leading to a more bundled cortical actin array in cells. The changes in actin organization
and dynamics alter PIN2 localization and trafficking, which are critical for the maintenance of PAT. Solid and dashed lines in-
dicate verified and unclear interactions, respectively.
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provides mechanistic insight into the link between actin
cytoskeleton, vesicle trafficking, and auxin transport
(Fig. 9F).
It has been reported that VLN-dependent actin re-

modeling is involved in various auxin transport-
dependent physiological processes. For example, the
vln2 single mutant in rice and the vln2vln3 double
mutant in Arabidopsis both display hypergravitropism
(Wu et al., 2015; this study) and twisted organ growth
(van der Honing et al., 2012; Wu et al., 2015), a phe-
notype that is associated with altered PIN2 polar dis-
tribution (Lanza et al., 2012).Moreover, mutation of rice
VLN2 disrupts cycling of PIN2 and PAT (Wu et al.,
2015). Our study suggests that loss of VLN4 leads to
reduced root gravitropic response, less PM presence of
PIN2, and a slower rate of auxin transport, further
demonstrating that VLN-mediated actin reorganiza-
tion plays a role in coordinating trafficking of auxin
transporters, PAT, and auxin-dependent growth. Vil-
lins are widely expressed in most eukaryotic cells. We
show that, in addition to VLN4, other villin isovariants,
including VLN2 and VLN3, are also targeted by TIBA,
suggesting that actin dynamics modulated by villins
might be a conserved mechanism for the action of
several ATIs among plant and mammalian cells
(Dhonukshe et al., 2008; Zhu et al., 2016). However, the
extent of involvement of these VLNs in the action may
depend on the dosage of drug and/or duration of
treatment. For example, when plants are treated with
TIBA at low concentration or for short periods of time,
this inhibitor may preferentially bind to VLN4 but not
to other VLNs, because VLN4 has the highest binding
affinity to TIBA among the VLNs tested. This may ex-
plain why actin filament bundling and turnover in the
mutant were totally unresponsive to 5-min treatment of
TIBA (Fig. 3, E and F). However, a higher dose or
longer-term treatment of TIBA requires more VLNs to
be involved, as suggested by PAT assays, in which the
rate of auxin transport in the vln4 mutant was less
sensitive to but still inhibited by TIBA (Supplemental
Fig. S5).
Our data uncovered the mechanism by which TIBA

regulates bundling activity of VLNs, whereas how
severing function is involved in TIBA action remains
unclear. In vivo analyses showed that actin turnover in
the vln4mutant was insensitive to TIBA, suggesting the
requirement of severing activity (Fig. 3F), but in vitro
biochemical data suggested otherwise (Fig. 6, H–L).
How to explain this contradiction is worthy of future
investigation. Nevertheless, our data demonstrate that
VLN-dependent actin dynamics contribute to TIBA
action. How ATI-induced actin dynamics associate
with PAT inhibition remains unclear. It has been hy-
pothesized that auxin regulates its own transport by
unbundling actin filaments (Holweg et al., 2004;
Paciorek et al., 2005; Zhu and Geisler, 2015), and that
ATIs may counteract the effect of auxin by promoting
actin bundling and subsequent auxin exporter vesicle
trafficking defects and thus altered PAT (Kleine-Vehn
et al., 2006; Dhonukshe et al., 2008). However, this

study and others suggest that there is no direct corre-
lation between a specific alteration of actin architecture
and the status of PIN2 localization and trafficking
(Dhonukshe et al., 2008; Lanza et al., 2012; Li et al.,
2014a; Wu et al., 2015; Zhu et al., 2016). Instead, our
results showed that TIBA not only stimulates actin
bundling but also suppresses actin filament turnover.
The resulting reduction of actin dynamics may pre-
dominantly lead to the trafficking defects (Dhonukshe
et al., 2008; this study).
Using advanced live-cell imaging and quantitative

analyses of actin organization, we find that actin rear-
rangement induced by TIBA occurs much faster than
what was shown previously (Rahman et al., 2007;
Dhonukshe et al., 2008); it can be detected within
minutes after application. TIBA treatment results in an
increased optical density in the cortical array. The op-
tical density measures the occupancy of GFP signals; it
does not discriminate well between single actin fila-
ments above threshold and filaments that are bundled
over a spatial scale below optical resolution. Therefore,
this value does not reflect the actual density of assem-
bled actin filaments. To solve this, we estimated actin
filament density by analyzing the total intensity in fil-
amentous structures. The total intensities were then
normalized to the intensity of single actin filaments to
account for variance in actin reporter expression or
optical efficiency during imaging. The data suggest that
the relative amount of actin filaments was significantly
increased after TIBA treatment, which is consistent
with the results from optical density analysis. Collec-
tively, data from different analyses demonstrate that
TIBA treatment enhances the density of thick actin
bundles in the cortical array, which is consistent with
previous studies (Rahman et al., 2007; Dhonukshe et al.,
2008). Quantitative assessment of the dynamics of sin-
gle actin filaments further suggests that the increased
filament abundance and bundling result from increased
filament assembly and reduced filament disassembly,
namely, a reduced severing frequency. We also detec-
ted an increase in the bundling frequency in TIBA-
treated cells, suggesting an enhancement of filament
bundle formation. Similar to TIBA, another auxin
transport inhibitor, NPA, also induces excessively
bundled actin arrays in Arabidopsis (Zhu et al., 2016).
However, the underlying single filament dynamics are
distinct between TIBA and NPA. For example, the
bundling frequency decreases after NPA treatment
(Zhu et al., 2016). NPA also reduces the debundling
frequency (Zhu et al., 2016), whereas TIBA has no ap-
parent effect on this parameter. These data suggest that
actin bundle formation induced by ATIs may require
different classes of actin-bundling proteins.
The Arabidopsis genome encodes five isovariants of

villin, VLN1 to VLN5 (Klahre et al., 2000; Huang et al.,
2005). They are abundantly expressed in a wide range
of tissues, with elevated expression levels in certain
types of cells (Klahre et al., 2000). Except for VLN1,
which is a simple filament-bundling protein that lacks
severing ability (Huang et al., 2005; Khurana et al., 2010),
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the other four VLNs contain the full suite of actin-
modifying activities, including bundling, capping, and
filament severing (Khurana et al., 2010; Zhang et al.,
2010, 2011; Bao et al., 2012). The function of VLNs in
actin organization and dynamics has been studied in
different tissues and cell types. Loss of VLN2 and
VLN3 results in fewer thick bundles and more thin
bundles in the cortical actin array, leading to impaired
directional organ growth and sclerenchyma develop-
ment (Bao et al., 2012; van der Honing et al., 2012).
VLN2 and VLN5 are responsible for filament severing
at pollen tube tips, which facilitates the construction of
actin collars (Qu et al., 2013). Moreover, the decreased
skewness value in the subapical region of vln2vln5
mutant pollen tubes implies an involvement of villin-
mediated bundling activity (Qu et al., 2013). A previ-
ous study by Zhang et al. (2011) shows that loss of
VLN4 inhibits root hair growth and causes thinning of
actin bundles, suggesting that VLN4 contributes to
root hair growth by bundling actin filaments. Consis-
tently, we further demonstrate that deletion of VLN4
reduces the actin array abundance and impairs the
enhanced actin bundling associated with root cell
elongation, resulting in fewer thick bundles in the
cortical actin array. VLN4 also facilitates filament
turnover by severing actin filaments. Its loss leads to
decreased severing frequency and longer actin fila-
ment length and lifetime. Compared to the filament
bundling and severing activity, the barbed-end-capping
activity of VLNs seems less important in cells, because
the dynamic behaviors of actin filament ends are not
altered by loss of VLNs (Wu et al., 2015; this study).
This study and others suggest that members of the
Arabidopsis villin family primarily function in actin
filament bundling and turnover in different tissues and
cell types.

Unlike their vertebrate homologs, plant villins have
a much longer linker polypeptide connecting the core
and headpiece. In addition, the linker–headpiece
connection region in plant villins lacks sequence ho-
mology to the vertebrate villin sequences. It is un-
known to what extent the function of these structural
regions in plant villins resembles those of the well-
studied vertebrate counterparts. Here, the biochemi-
cal properties of each domain were characterized
in vitro. In the presence of EGTA, the core domain of
VLN4 does not bind and bundle actin filaments. The
actin-binding and -bundling activities are predomi-
nantly contributed by the linker region. In the presence
of high calcium (200 mM), the core domain, but not the
linker, displays strong severing activity. This is con-
sistent with earlier studies in which high calcium re-
leases an autoinhibited conformation of vertebrate
villins, thus exposing the actin-binding site in the core
and regulating the actin-severing activity (Kumar
et al., 2004). Our in vitro cross-linking studies with
villin truncation mutants suggest that villin dimerizes
between core domains, which facilitates bundle for-
mation. Based on these data, we proposed two alter-
native mechanisms for VLN4-induced bundling. First,

VLN4 bundles actin with the linker region as a mon-
omer; an alternative is that villin forms dimers via the
core domain, which allows each linker region to bind
an actin filament. Thus, our detailed functional anal-
yses provide insight into the actin-severing and
-bundling activities of plant villins.

The headpiece domain of vertebrate villin contains
an additional actin filament-binding domain that is
crucial for its bundling capacity (Friederich et al.,
1992, 1999; George et al., 2007). This often leads to
the question of whether the properties of the VHP
domain from plant villins are similar to those of
vertebrate villins. Previous studies from Klahre et al.
(2000) report that the GFP-tagged headpieces from
Arabidopsis VLNs (VLN1, VLN2, and VLN3) localize
to actin filaments in Bright Yellow-2 cells (Klahre
et al., 2000). This is supported by the results in
which the VHP domain of VLN4 also shows weak
interaction with actin filaments in vitro. Our study
suggests that the C-terminal headpiece domain of
VLN4 is not critical for actin-severing and -bundling
activities. In addition, expressing VLN4 in the mutant
lacking the VHP domain is sufficient to recover the
actin organization defects in vln4-1, suggesting that
the VHP domain is not critical for VLN4 function both
in vitro and in vivo. This is in contrast to the con-
clusion made by van der Honing et al. (2012). The
authors report that deletion of the headpiece domain
disrupts localization of VLN3 to thick actin bundles,
and conclude that VLN3 requires the headpiece re-
gion for a correct localization to actin filament bun-
dles and for actin filament bundling (van der Honing
et al., 2012). However, a functional analysis of
VLN3DVHP is lacking. Additionally, the actin net-
work in the vln2vln3 double mutant may fail to sup-
port the correct localization of VLN3DVHP. We also
cannot rule out the possibility that the VHP domains
from different VLNs have distinct functions.

It has been shown that the bundling activity of villins
is modulated by a variety of factors, such as phospho-
rylation and phosphoinositide lipids (Zhai et al., 2001;
Kumar et al., 2004). In human villin, the interactionwith
phosphatidylinositol biphosphate (PIP2) at the VHP
enhances villin bundling (Kumar et al., 2004). It is hy-
pothesized that PIP2 interactions with VHP could result
in dimerization or oligomerization of villin proteins,
thus enhancing actin cross linking by villin in the
presence of PIP2 (Kumar et al., 2004; George et al., 2007).
Furthermore, circular dichroism studies suggest that
there is a conformational change in VHP induced by
PIP2, and this facilitates the actin cross-linking activity
(Kumar et al., 2004). Similarly, our results show that
TIBA interacts with the VHP domain of Arabidopsis
villins. The VHP–TIBA interaction induces the forma-
tion of additional oligomeric VLN4, leading to en-
hanced bundling activity of VLN4. In cells with
deletion of VHP, the actin array is less responsive to
TIBA. These data suggest that the C-terminal headpiece
domain might respond to environmental and devel-
opmental signals and regulate villin activity. However,
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themechanism of TIBA-induced VLN4 oligomerization
between VHP domains requires future investigation.
In addition to villins, it is possible that there are ad-

ditional actin-binding proteins targeted by TIBA. Our
analysis of single filament dynamics showed that the
filament elongation rate still increases following TIBA
treatment in the vln4-1 mutant as it does in wild-type
cells. Potential candidates could be formin proteins.
Formins directly stimulate both the nucleation and
elongation of actin filament assembly (Goode and Eck,
2007; Chesarone et al., 2010). The involvement of for-
mins in plant auxin transport has been demonstrated by
Li et al. (2014a), who reported that a type II formin in
rice, rice morphology determinant, modulates actin
organization during auxin signaling and is required for
cycling of PIN2.

CONCLUSIONS

The use of ATIs provides insights into the importance
of actin cytoskeleton for auxin transport. In this study,
using high-performance, live-cell imaging approaches,
the effect of TIBA on actin cytoskeleton was character-
ized in detail. We found that TIBA induces high abun-
dance of thick bundles in the cortical array. A genetic
screen identified Arabidopsis Villin4 as a cytoskeletal
target of TIBA. VLN4 contributes to the plant sensitivity
to TIBA, including actin remodeling and PAT inhibition.
In addition, TIBA interacts with the VLN4 C-terminal
headpiece domain to modulate the bundling activity of
VLN4, which is involved in the proper subcellular
localization of PIN2. Finally, we provide genetic ev-
idence that the C-terminal headpiece domain is im-
portant for exerting the inhibitory effect of TIBA on
actin cytoskeleton and auxin transport in plants.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The homozygous vln4-1 (SALK_049058) and vln4-2 (SAIL_517_A03) sin-
gle mutants were crossed to wild-type Arabidopsis (Arabidopsis thaliana)
Columbia-0 expressing GFP-fABD2; DII-VENUS or PIN2rPIN2-GFP reporter
(Sheahan et al., 2004; Staiger et al., 2009; Zhang et al., 2011) and homozygotes
were recovered from F2 populations. To generate the VLN4-complemented
plants, a native promoter of 2,000 bp in length and cDNAwere PCR amplified
(Supplemental Table S2) and cloned into pMDC32-DEST; the resulting con-
structs were introduced into vln4-1 plants by Agrobacterium-mediated trans-
formation. Surface-sterilized seeds were plated onto 0.53 Murashige and
Skoog medium supplemented with 1% (w/v) Suc and 0.8% (w/v) agar.
Plants were grown vertically in an environmental chamber under long-day
lighting conditions (16 h light, 8 h dark) at 22°C for 4–5 d.

Plant Treatments

Before use, TIBA or BA (Sigma-Aldrich)was dissolved inDMSO and diluted
to various concentrations. For fluorescence imaging, 5-d-old seedlings were
treated with 10 mM TIBA for 5 min or the indicated time within figure legends.
For gravitropic response assays, 4-d-old seedlings were transferred to 0.53
Murashige and Skoog solid medium supplemented with 5 mM TIBA and re-
covered for 6 h before 90° rotation. An equivalent amount of solvent was used
as a negative control.

Protein Purification

To generate full-length and truncated villin constructs, the corresponding
fragmentswere PCR amplified (Supplemental Table S2) from cDNAand cloned
into pET-30a(1). The constructs were expressed in strain BL21 (DE3) of
Escherichia coli. Cells were grown in Luria-Bertani medium at 37°C until optical
density600 5 0.6, then induced for 12 h at 16°C with the addition of 0.5 mM

isopropyl b-D-thiogalactopyranoside. Cells were collected and resuspended in
binding buffer (400 mM NaCl, 40 mM phosphate-buffered saline, pH 8.0) sup-
plemented with 0.1 mM phenylmethylsulfonyl fluoride and sonicated. The
sonicate was clarified at 12,000g for 10 min. This was followed by purification
using Ni-NTA His Bind Resin (GE Healthcare). The purified protein was dia-
lyzed overnight against buffer Tris and KCl (5 mM Tris, 50 mM KCl, 0.5 mM

dithiothreitol [DTT], 0.5 mM EDTA, pH 7.5). The purified proteins were sepa-
rated into aliquots, frozen in liquid nitrogen, and stored at 280°C. Actin was
purified from rabbit skeletal muscle acetone powder as described by Pardee
and Spudich (1982). Protein concentrations were determined with the Bradford
reagent (Bio-Rad) using bovine serum albumin as a standard.

MST

MST experiments were carried out using a Monolith NT.115 (NanoTemper
Technologies GmbH). The core and linker domains of VLN4 were tagged with
GFP by PCR amplification and purified from E. coli. His-VHP fragments were
fluorescently labeled using MO-L008 Monolith His-tag labeling Kit RED-
Tris-NTA (available from NanoTemper Technologies GmbH). Increasing
concentrations of titrant (either TIBA or BA) were titrated against constant
concentrations (50 nM) of target proteins in a standard MST buffer (50 mM

Tris, pH 7.5; 150 mM NaCl; 10 mM MgCl2; 0.05% [v/v] Tween 20). MST
premium-coated capillaries (Monolith NT.115 MO-K005) were used to load
the samples into the MST instrument. Triplicate time traces were acquired
for each test system. The binding curves were fit with Kd mode in MO analysis
software (NanoTemper Technologies GmbH). Data analyses were performed
with NTAnalysis (NanoTemper Technologies GmbH).

Measurements of Basipetal Auxin Transport in Roots

Auxin transport assay was performed according to previous description
(Lewis andMuday, 2009). Six-day-old wild-type, vln4-1, and vln4-1–complemented
seedlings were transferred to medium supplemented with 30 mM TIBA or sol-
vent for a 10-h pretreatment. To test the basipetal auxin transport, small 7-ml
droplets of agar containing 100 nM 3H`-indole-3-acetic acid (25 Ci mmol21;
Amersham) were applied at the root tip. After incubation in darkness for 5 h,
the apical 2 mm of root was excised and discarded, and a 5-mm segment basal
to that was collected and placed into scintillation vials containing 1 ml of
scintillation fluid to examine the radioactivity with a liquid scintillation counter
(HIDEX 300SL; Hidex).

DARTS Assay

DARTS assay was performed as previously described by Lomenick et al.
(2011)withminor changes. In brief, wild-type protoplastswere transfectedwith
HA-tagged villins. Total protein was extracted after transfection for 24 h with
extraction buffer (50 mM Tris, 150 mM NaCl, 10% [v/v] glycerol, 0.1% [v/v]
Nonidet P-40, 5 mM DTT, 2 mM MgCl2, 0.1 mM phenylmethylsulfonyl fluoride,
pH7.5). The supernatant from 16,000g was used as the input. Protein extract
(300 mL) was incubated with 500 mM TIBA, BA, or an equal volume of DMSO
for 1 h at room temperature. This mixturewas divided into six aliquots of 50ml,
to which different concentrations of pronase (Sigma-Aldrich) were added, and
digested for 15min at room temperature. Sampleswere loaded onto SDS-PAGE
gels, and immunoblotting was performed.Membranes were probedwith either
anti-HA (1:2,000) or antiactin (1:10,000; Sigma-Aldrich).

Fluorescence Microscopy and Image Analysis

Images were acquired with a PerkinElmer UltraView Vox spinning disk
microscope equipped with 603/1.42 Numerical Aperture objective. Dif-
ferent genotypes and treatments were imaged with their respective controls
side by side with fixed microscope settings on a given day. A fixed speci-
men exposure time and gain setting were used such that individual actin
filament could be seen, but actin bundles were not saturated. Images were
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processed with ImageJ software (National Institutes of Health). For actin
architecture analysis in vivo, the percentage of occupancy (density) was
measured as previously reported (Higaki et al., 2010; Henty et al., 2011). In
brief, filament density was calculated as the percentage occupancy of GFP-
fABD2 signal separated from background by setting a minimal threshold to
include all actin filaments, and then images were converted to binary black
and white images. Because there were no z-series projections, and spinning
disk confocal microscopy generates relatively high-contrast, low-background
images, we did not apply Gaussian blur, high band-pass filter, or skeletoni-
zation processing steps. Quantification of the fluorescence intensity of actin
cables was performed as previously described (Martin et al., 2007; van der
Honing et al., 2012). Profiles of GFP fluorescence intensities were created
parallel to the longitudinal cell axis. We selected an area in which no actin
filaments were visible and subtracted the mean fluorescence intensity of this
region from the fluorescence intensities of the intensity profile. This resulted in
a new plot profile, which was used to distribute the peaks into two classes.
Only peaks that were at least 10 units higher in fluorescence intensity than the
intensities of the left and right bases of the peaks were included. Each exper-
iment was repeated three times independently. All image collection and data
analyseswere performed as double-blind experiments. For time-lapse imaging
of actin filament dynamics, the cortical actin array in root epidermal cells was
recorded at 1-s intervals, and a series of 100 images were collected. Quanti-
tative analyses of the dynamic behavior of individual actin filaments were
performed as described previously (Staiger et al., 2009; Henty et al., 2011; Li
et al., 2012). Tominimize the effects of filament abundance or the density of the
filament array, we normalized the bundling and debundling frequency to
average filament number within the region of interest (Staiger et al., 2009;
Zheng et al., 2013; Hoffmann et al., 2014; Li et al., 2015).

For imaging actin filaments in vitro, actin (75% Oregon green-labeled; Kuhn
and Pollard, 2005) was dialyzed against buffer F (5 mM Tris-HCl, 0.1 mM CaCl2,
1 mM NaN3, 0.2 mM ATP$2Na, 0.5 mM DTT, 50 mM KCl, 2.5 mM MgCl2, and
0.1 mM ATP, pH 7.0) and prepolymerized in 13 KMEI buffer (50 mM KCl, 1 mM

MgCl2, 1 mM EGTA, 10 mM imidazole, pH 7.0) at room temperature for 2 h.
To test the bundling activity of VLN4 or VLN4 fragments, 3 mM F-actin was
incubated with different VLN4 proteins in the absence or presence of TIBA or
BA at room temperature for 30min. Reactionmixtureswere supplementedwith
2 mM EGTA. Skewness analysis was performed to compare single actin fila-
ments and reconstituted actin filament bundles in vitro as described previously
(Khurana et al., 2010). To test the severing activity of VLN4, 3 mM F-actin was
incubated with VLN4 in the presence of 200 mM free Ca21. Before imaging, all of
the polymerized F-actin was diluted to 250 nM with fluorescence buffer con-
taining 10 mM imidazole, pH 7.0; 50 mM KCl; 1 mM MgCl2; 1 mM DTT; 0.2 mM

ATP; 15mMGlc; 20mgmL21 catalase; 100mgmL21 Glc oxidase; and 0.5% (w/v)
methylcellulose.

High-Speed Cosedimentation Assay

High-speed cosedimentation assays were used to determine the actin-
binding activity of VLN4 and various VLN4 fragments (Zhang et al., 2011).
Actin was dialyzed overnight against buffer G (5 mM Tris-HCl, 0.1 mM CaCl2,
1 mM NaN3, 0.2 mM ATP$2Na, 0.5 mM DTT, pH 7.0). Before use, proteins were
clarified by centrifugation at 55,000g for 1 h. Actin was prepolymerized in
13 KMEI buffer (50 mM KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM imidazole,
pH 7.0) at room temperature for 2 h. In a 100-mL reaction volume, VLN4
fragments were incubated with 3.0 mM preformed actin filaments. Following
incubation, the reaction mixture was centrifuged for 1 h at 55,000g. Supernatant
(80 mL) was removed to a separate tube, and 16 mL of 63 protein-loading buffer
was added to it. The pellet was suspended by 100 mL of buffer G, and 20 mL of
63 protein-loading buffer was added. The samples were then separated by
SDS-PAGE and stained with Coomassie Brilliant Blue R (Sigma-Aldrich). To
determine the effects of TIBA on binding, VLN4 was preincubated with 500 mM

TIBA on ice for 30 min. Increasing amounts of VLN4 were incubated with
3.0mM preformed actin filaments in the presence of 500mM TIBA. The amount of
VLN4 in the pellets or supernatants was quantified using ImageJ software. The
Kd value for VLN4 bound to actin filaments was calculated by fitting the data of
bound protein versus free protein to a hyperbolic function using PRISM 5
software (GraphPad Software).

Cross-Linking Assay

After centrifugation at 20,000g for 20 min, proteins were mixed with 500 mM

TIBA or solvents in PEM buffer (1 mM MgCl2, 1 mM EGTA, and 100 mM

PIPES-KOH, pH 6.9) for 30 min on ice. Zero-length cross-linker EDC (2 mM;
Pierce Biotechnology) was then added, and the solution was kept at room
temperature for 1 h. Since the VHP domain is easily degraded under standard
assay conditions, to detect the cross linking between VHP domains, protein was
freshly purified before use, and after a higher protein concentration (8 mM) and
1% (v/v) protease inhibitor cocktail (2 mM o-phenanthroline, 0.5 mg/mL
leupeptin, 2 mg/mL aprotinin, 1 mg/mL pepstatin) were added into PEM
buffer, the cross-linking reaction time was further reduced to 30 min. Proteins
separated by SDS-PAGE were transferred to nitrocellulose membranes and
probed with anti-His antibody. The blots were incubated in horseradish
peroxidase–coupled secondary antibody (Sigma-Aldrich) at 1:100,000 dilu-
tion and developed with SuperSignal Pico West chemiluminescent substrate
(Thermo Scientific) according to the manufacturer’s instructions. Densito-
metric analysis was performed for quantitative measurements of protein
levels using ImageJ (National Institutes of Health). Fold change in oligomeric
population, normalized to total protein loaded and relative to oligomeric
protein levels in the control sample, was calculated.

Statistical Analyses

Mean values, SE, and statistical tests were calculated with Microsoft Excel
software. Statistical significance was assessed by one-tailed Student’s t test
with unequal variance and between control and treatment. Pearson’s x2 test
was applied to evaluate significant differences in the frequency distribution
across intensity classes between genotypes and treatments, as stated in the
figure legends. Each experiment was repeated at least three times with similar
results; results from one biological replicate were presented.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative under accession numbers: At VLN2, At2g41740; At VLN3, At3g57410;
and At VLN4, At4g30160.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. The relative amount of actin filaments in the
cortical array was increased following TIBA treatment.

Supplemental Figure S2. Actin response to TIBA treatments is dose-
dependent.

Supplemental Figure S3. Reduced sensitivity to TIBA in the vln4-2mutant.

Supplemental Figure S4. TIBA sensitivities of different actin-binding pro-
tein mutants.

Supplemental Figure S5. Reduced TIBA sensitivity in the vln4-1 mutant.

Supplemental Figure S6. TIBA treatment does not affect the amount of
actin filaments in the vln4-1 mutant.

Supplemental Figure S7. Actin arrays in the vln4-2 mutant are unrespon-
sive to TIBA treatment.

Supplemental Figure S8. Actin responses to TIBA in cells from transition
zone and elongation zone in wild type and vln4-1 root.

Supplemental Figure S9. Enhanced FM4-64 uptake by TIBA is impaired in
the vln4-1 mutant.

Supplemental Figure S10. VLN4 is not required for PIN2 recycling to
the PM.

Supplemental Figure S11. PIN2 dynamics in cells from TZ and EZ in wild
type and vln4-1 root.

Supplemental Figure S12. Analysis of the interaction between VLN4
and BA.

Supplemental Figure S13. TIBA also binds to other villin isovariants in
Arabidopsis.

Supplemental Figure S14. Validation of the effect of TIBA on VLN4 activ-
ity by low-speed and high-speed cosedimentation assays.
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Supplemental Figure S15. The actin binding and severing activity of dif-
ferent VLN4 fragments.

Supplemental Figure S16. Root hair phenotype of the vln4-1 mutant and
vln4-1-complemented lines.

Supplemental Table S1. Single filament dynamics in wild type and the
vln4-1 mutant following TIBA treatment.

Supplemental Table S2. Primers used in this study.
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