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Polarized cell growth in plants is maintained under the strict
control and exquisitely choreographed balance of exocytic
and endocytic membrane trafficking. The pollen tube has
become a model system for rapid polar growth in which
delivery of cell wall material and membrane recycling are
controlled by membrane trafficking. Endocytosis plays an
important role that is poorly understood. The plant AP180
N-Terminal Homolog (ANTH) proteins are putative homo-
logs of Epsin 1 that recruits clathrin to phosphatidylinositol
4, 5-bisphosphate (PIP2) containing membranes to facilitate
vesicle budding during endocytosis. Two Arabidopsis ANTH
encoded by the genes AtAP180 and AtECA2 are highly ex-
pressed in pollen tubes. Pollen tubes from T-DNA inserted
knockout mutant lines display significant morphological de-
fects and unique pectin deposition. Fluorescent tagging re-
veals organization into dynamic foci located at the lateral
flanks of the pollen tube. This precisely defined subapical
domain coincides which clathrin-mediated endocytosis
(CME) and PIP2 localization. Using a liposome-protein bind-
ing test, we showed that AtECA2 protein and ANTH domain
recombinant proteins have strong affinity to PIP2 and phos-
phatidic acid containing liposomes in vitro. Taken together
these data suggest that Arabidopsis ANTH proteins may play
an important role in CME, proper cell wall assembly and
morphogenesis.
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Introduction

Epsin N-terminal homology (ENTH) proteins and AP180 N-ter-
minal homology (ANTH) proteins are structurally related cla-
thrin assembly proteins that play important roles during
clathrin-dependent endocytosis (Ford et al. 2001, Mills et al.

2003). Clathrin-mediated endocytosis (CME) is coordinated
by multiple accessory and regulatory proteins. The invagination
of clathrin coated vesicles is initiated by the polymerization of
clathrin triskelia and cargo recruitment (Brodsky et al. 2001,
Higgins and McMahon 2002). Clathrin assembly requires a
complex machinery involving two major types of components,
the coat proteins [clathrin heavy chain (CHC), clathrin light
chain (CLC), the AP2 complex, AP180, auxilin and huntingtin-
interacting protein 1 (HIP1)/HIP1R] and cytosolic network
proteins (eps15, amphiphysin, epsin and dynamin). In a wide
variety of eukaryotic cells, the cytosolic network proteins are
associated with the coat proteins (Aguilar et al. 2003, Legendre-
Guillemin et al. 2004, Maldonado-Báez et al. 2008). Clathrin
assembly proteins have a highly conserved N-terminal domain,
the ENTH domain, or the highly similar yet unique module
referred to as the ANTH domain (Ford et al. 2001). In mammalian
cells, lymphoid myeloid leukemia protein (CALM; Tebar et al.
1999, Meyerholz et al. 2005) and HIP1 (Gervais et al. 2002) con-
tain an ANTH domain like homolog which is highly expressed in
brain neurons and play a role in receptor-mediated endocytosis.
The yeast AP180 homolog known as yAP180 (Aguilar et al. 2003,
Legendre-Guillemin et al. 2004, Maldonado-Báez et al. 2008),
Unc-11 in Caenorhabditis elegans, LAP in Drosophila melanoga-
ster and AP180 in squid function as clathrin assembly proteins
(Morgan et al. 1999, Brodsky et al. 2001). Both the ENTH domain
and the ANTH domain have affinity to phosphatidylinositol 4,
5-bisphosphate (PIP2) on the plasma membrane and they recruit
clathrin to the membrane (Itoh et al. 2001). The ENTH and
ANTH domain containing proteins are involved in many aspects
of polarized membrane trafficking such as polar growth of neu-
rons (Petralia and Yao 2007) and synaptic vesicle distribution for
transmitter release in nematodes (Dittman and Kaplan 2006),
promotion of membrane invagination (Ford et al. 2001), clathrin
nucleation and regulation of coat size in lamprey central synapses
(Jakobsson et al. 2008). However, the ENTH domain is about half
the size of an ANTH domain, and the mechanism of interaction
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with PIP2 is completely different as it uses a different residue
(Mao et al. 2001).

Many elements composing the molecular machinery of
animal clathrin assembly are present in plants, such as a large
protein complex called adaptor protein complex (Holstein and
Oliviusson 2005, Dittman and Kaplan 2006). Endocytosis and
exocytosis have been studied molecularly and genetically in
plant cells, and because of their intensive membrane trafficking
activities, plant pollen tubes were often used as a model system
(Moscatelli et al. 2007, Bove et al. 2008, Zonia and Munnik
2009). Using an antibody against soy-bean CHC proteins, cla-
thrin was located at the apical plasma membrane of lily pollen
tubes (Blackbourn and Jackson 1996). The zone of 6–15 mm
behind the pollen tube tip is enriched in coated pits (Derksen
et al. 1995). Quantification of organelle distribution in the
Nicotiana tabacum pollen tube by electron microscopy
showed that 50% of total coated pits occurred in this zone
(Derksen et al. 1995).

The Arabidopsis genome encodes a total of 18 ANTH con-
taining proteins (Hwang and Robinson 2009) and two ANTH
members (Zouhar and Sauer 2014). One of these, AtAP180/
PICALM6 (At1g05020), has been studied extensively, mostly
in vitro (Barth and Holstein 2004). An in vitro assay using
AtAP180/PICALM6 and its ANTH domain showed that
AtAP180/PICALM6 is able to interact with the ear-regions of
aC-adaptin and capable to form a clathrin-cage by regulating
the size of vesicles and accelerating the efficiency of cargo for-
mation (Barth and Holstein 2004). A study on another
Arabidopsis ANTH protein, the Epsin-like Clathrin Adaptor
(ECA) protein 1 (At2g01600), 2/PICALM5a(At1g03050) and
4(At2g25430) showed that these are involved in cytokinesis
and function as adaptors of clathrin-mediated vesicle forma-
tion during cell plate expansion at the plasma membrane (Song
et al. 2012). A recent study showed that two ANTH members
(PICALM5b and AtECA2/PICALM5a) are involved in maintain-
ing pollen tube integrity during growth and tip-localization of
ANXUR1/2 during CME (Muro et al. (2018). One of the AP180
ANTH family members, EAP1 (At1g681110), interacts with
REN4, a WB40 domain protein (ROP1 enhancer 4,
At2g26490) during CME in Arabidopsis pollen tube growth
(Li et al. 2018). Using green fluorescent protein (GFP)-AP180
as clathrin endocytosis marker in pollen tubes, it was shown
that clathrin-dependent endocytosis is regulated by phospha-
tidylinositol-4-phosphate 5-kinase 6 (PIP5K6). In a PIP5K6 over
expression line, GFP-AP180 accumulates on the plasma mem-
brane of pollen tube apical and subapical regions (Zhao et al.
2010). However, while transcriptional profiling suggests that
ANTH proteins as well as syntaxin AtSYP124, a yeast Sec7p
homolog and potential SNARE protein, are highly expressed
in the Arabidopsis pollen tube (Becker et al. 2003), the function
of the ANTH protein family in pollen tube growth is poorly
understood.

Although the occurrence of endocytosis in plants had been
questioned for long time because of the high turgor pressure in
walled cells, there is clear evidence for active endocytosis in the
tip region of pollen tubes: the internalization of styryl dyes such
as FM4-64 and FM1-43 (Bove et al. 2008, Zonia and Munnik

2008), and the uptake of charged nano-gold particles
(Moscatelli et al. 2007). It is thought that endocytosis occurs
in one or two domains on the surface of this rapidly growing
cell—in a sleeve-shaped region on the cylindrical shank and, in
some species at least, at the pole (the very tip of the apex).
Endocytosed vesicles are thought to mix with cytoplasmic ves-
icles in a cone-shaped volume of the apical cytoplasm from
where they are transported rearward (Parton et al. 2001, Bove
et al. 2008, Chebli et al. 2012).

Endocytosis in pollen tubes has several purposes: the uptake
of material from the extracellular space, the spatial confine-
ment of markers of polarity at the tip (Kost et al. 1999,
Rockel et al. 2008), and the equilibration of the amount of
material delivered by exocytosis. The latter point results from
the difference in ratio between membrane and cell wall material
that exists between the secretory vesicle and the cellular enve-
lope. The continuously elongating tube depends on the secre-
tion of large amounts of cell wall material and membrane at the
apex delivered by thousands of vesicles every minute (Bove
et al. 2008). Because of their geometry, these vesicles deliver
an excess of membrane material (Picton and Steer 1983, Malhó
et al. 2005, Bove et al. 2008) which has to be reincorporated. The
vesicle population in growing pollen tubes is, therefore, com-
posed of large numbers of both endocytotic and exocytic
vesicles. More categories of vesicle populations containing dif-
ferent molecules (polysaccharides, proteins, signaling messen-
gers) must co-exist at the hemisphere-shape apex of the pollen
tube, but whether and how these different types are organized
in space and how reach their respective targets is entirely
unknown.

In other cell systems, ANTH proteins have been associated
with polar growth, where they form microdomains or display
polar localization. In yeast, yAP180 localizes at the budding area
of the plasma membrane (Aguilar et al. 2003, Legendre-
Guillemin et al. 2004). In neurons, AP180 is enriched in the
presynaptic terminal membrane, HIP1 is preferentially localized
in the postsynaptic terminal membrane, and CALM and epsin1
are present in both the presynaptic and postsynaptic terminals
(Yao et al. 2002, Meyerholz et al. 2005). Such uneven or polar
distribution patterns of proteins in plant cell membranes are
known to play important roles in many aspects of cell genesis
such as cell differentiation, hormone distribution and cell
growth. Establishment of polarity is an essential feature
during plant cellular morphogenesis and differentiation, and
it is in part achieved by the nonsymmetric delivery of mem-
brane components or membrane-bound proteins through
endomembrane trafficking. For example, clathrin monomers,
phosphoinositides (PIs), phospholipase C (PLC) and PI phos-
phatase are known to be polarly distributed during plant cell
differentiation and development (Fu and Yang 2001, Konopka
et al. 2008, Stenzel et al. 2008, Geldner 2009). In pollen tubes,
polarity is particularly pronounced, since the cell grows unidir-
ectionally and the rapidly growing end is very differently orga-
nized from the immobile distal portion of the cell. PIP2, known
as a rapid secondary messenger, is localized in the plasma mem-
brane of the shank of the growing pollen tube but in nongrow-
ing tubes it can be found at the apex. This was shown using a
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GFP-fused PLC motif which specifically binds to membrane-
bound PIP2 (Dowd et al. 2006). PLC is involved in Inositol 1,
4, 5-trisphosphate (Ins-P3) production from PIP2. Two PIP2 syn-
thesis enzymes were identified in Arabidopsis (PIP5K4 and
PIP5K5), and both are expressed specifically in pollen tubes
and abundantly accumulate in the subapical region of the
growing pollen tube apex (Ischebeck et al. 2008, Ischebeck
et al. 2010). PIP2 is formed by phosphorylation of phosphatidy-
linositol-4-phosphate (Ptdlns4P), which is catalyzed by phos-
phatidylinositol-4-phosphate 5-kinases (PIP5-kinases; Ischebeck
et al. 2008). PIP2 is known to regulate actin polymerization and
organization through its effect on actin binding proteins such as
profilin (Janmey 1994, Kost et al. 1999). Interestingly, phospho-
lipid-protein binding studies showed that ECA1 has high affin-
ity for PI(4, 5)P2 and other PIs (Silkov et al. 2011), and
additionally binds phosphatidic acid (PA; McLoughlin et al.
2012, Putta et al. 2016) . PIs are a group of membrane lipids
and constitute less than 10% of the plasma membrane lipids.
However, they selectively accumulate at specific membrane
domains and determine their identity (Thole and Nielsen 2008).

In this study, we show that two ANTH domain containing
proteins, AtAP180 and AtAtECA2, seem to play important roles
in the polar growth activity of the pollen tube. They localize in
highly specific and polar manner and they have strong affinity
to PIP2 and PA. Pollen tubes from knockout lines showed ab-
normal growth and cell wall assembly thus opening avenues to
investigate the molecular links between intracellular trafficking,
cell wall assembly and cellular morphogenesis.

Results

AtAP180-GFP and AtECA2-GFP show polar
localization in pollen tubes

Transcriptional profiling suggests that genes for two
Arabidopsis thaliana ANTH proteins known to be clathrin as-
sembly proteins, AtAP180/PICALM6 (At1g05020) and AtECA2/
PICALM5a (At1g03050), are highly expressed in pollen tubes
with an average expression being 8.9-fold compared with four
vegetative tissues (Becker et al. 2003). A phylogenic tree based
on cDNA sequences from TAIR shows that AtECA2
(At1g03050) and AtAP180 (Atag05020) belong to the same
clade (Fig. 1A), suggesting that they are have arisen from a
relatively recent genome duplication. In order to determine
the subcellular distribution of these two proteins in pollen in
vivo, we coupled their gene sequences to that of GFP, and both
permanently introduced them into wild-type Arabidopsis Col-0
plants (Fig. 1C, D), and transiently transformed N. tabacum
pollen by microprojectile bombardment (Fig. 1F, G). To
ensure normal expression and localization of the GFP-tagged
proteins (AtAP180-GFP and AtECA2-GFP) in pollen tubes, we
used a 2.0 kb sequence of the native promoter region for ex-
pression in Arabidopsis, whereas expression in tobacco pollen
was achieved by using the pollen specific pLat52 promoter
(Twell et al. 1990). AtAP180-GFP and AtECA2-GFP signals
were visible in hydrated Arabidopsis pollen grains (Fig. 1B)
and in the cytoplasm of pollen tubes (Fig. 1C). Both proteins

showed particularly high label intensity in a region on the
plasma membrane that extends subapically starting at the tran-
sition between the hemisphere shaped apex and the shank
(Fig. 1C, D, see Movie 1). A similarly specific enrichment of
both proteins was observed in transiently transformed tobacco
pollen tubes (Fig. 1F, G). To prove that the label was associated
with the plasma membrane and not with the cell wall, pollen
tubes were plasmolyzed by adding mannitol to the growth
medium. The label clearly retracted together with the plasma
membrane (Fig. 1E).

To better distinguish label on the plasma membrane from
cytoplasmic label, and to determine the spatial dimensions of
the GFP labeled plasma membrane domain, the lipophilic styryl
dye FM4-64 was added to the growth medium. This dye labels
the entire plasma membrane and is also rapidly endocytosed
marking most endomembranes. In Arabidopsis pollen tubes,
FM4-64 and AtECA2-GFP labels showed significant co-localiza-
tion at the subapical plasma membrane domain and in the
subapical cytoplasm but not elsewhere (Fig. 2A–C, Movie 2).
The apical cytoplasm, while weakly labeled for AtECA2-GFP,
displayed much higher label intensity for FM4-64. In pollen
tubes from transformed Arabidopsis, the subapical plasma
membrane domain that was enriched in AP180-GFP and
AtECA2-GFP label starting at 4.2 mm (n = 14) and 4.9 mm
(n = 18) from the tip, respectively (Fig. 2D). For both proteins
this domain extended for an average length of 12 mm, with
variations between 9 and 15 mm among individual tubes
(Fig. 2E, F). The spatial confinement of label to the subapical
plasma membrane domain was dependent on growth activity.
When pollen tube growth slowed or stopped temporarily,
AtAP180-GFP and AtECA2–GFP label extended into the
apical portion of the plasma membrane (see Supplementary
Fig. S1A, B).

pLat52:AtAP180-GFP and pLat52:AtECA2-GFP are
recruited to the plasma membrane from the
cytoplasm

In steadily growing pollen tubes, the subapical plasma mem-
brane domain characterized by pLat52:AtAP180-GFP and
pLat52:AtECA2-GFP label remained stable at a constant dis-
tance from the growing apex indicating that the spatial dimen-
sions of the domain are precisely regulated. Since the cylindrical
portion of the cellular envelope (plasma membrane and cell
wall) does not move relative to the surroundings, the position
of individual proteins must either move forward within the
membrane at the same rate as tip elongation occurs, or,
more likely, new proteins are continuously inserted into the
plasma membrane directly in the domain and are likely to
detach at its distal end (Fig. 3A). Protein insertion into the
membrane could be achieved either by recruitment directly
from the underlying cytosol, or by exocytosis mediated delivery
in the apical region. To distinguish between these mechanisms,
we investigated the dynamics of pLat52:AtAP180-GFP and
pLAT52:AtECA2-GFP in the subapical plasma membrane of
tobacco pollen tubes using FRAP (fluorescence recovery after
photobleaching) analysis. While focusing on the median plane
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of a pollen tube, a longitudinal region of interest (ROI) of the
subapical plasma membrane area was bleached (Fig. 3B).
Fluorescence in this ROI recovered very rapidly with an average
half time (T1/2) of 3.1 s (± 2.1 s SD, n = 21) in pLAT52:AtAP180-
GFP, and 3.2 s in pLat52:AtECA2-GFP (± 1.2 s SD, n = 9). This
indicates that both AtAP180 and AtECA2 in that membrane
domain have a high turnover rate and are constantly being
replaced by new AtAP180 and AtECA2 proteins. To analyze
the dynamics in more detail, fluorescence recovery was quan-
tified in three subdomains within the bleached ROI (Fig. 3B).
The three ROIs displayed different dynamics. In the subregion
closest to the apex (ROI 3), the half time of fluorescence inten-
sity recovery (T1/2) for both labeled ANTH proteins was higher

than in the two subregions located more centrally in the labeled
domain (Fig. 3C). This means that ANTH protein recruitment is
more prominent in the central region of the domain than at its
apical end. When the pollen tube is turning, the growth ma-
chinery turns to point toward the new growth direction and
the concave side of the tube slows expansion. In this situation,
ROI 3 at the inner flank recovered faster than ROI 1 and ROI 2
suggesting that the dynamics in the subapical domain ‘catches
up’ to the apex on the slow growing side (see Supplementary
Fig. S2C, D, n = 3).

The fact that new AtECA2 and AtAP180 seem to be added
to the plasma membrane predominantly in the center of the
domain rather than at its apical end suggests that exocytosis is

A

B D

C

E

F

G

Fig. 1 Arabidopsis ANTH family phylogenic tree and localization of Arabidopsis ANTH-GFP in pollen. (A) Arabidopsis ANTH domain containing
family phylogenic tree. On the basis of a sequence comparison of cDNA sequences from TAIR website. ClustalW (version 1.82) was used for
multiple sequence alignment and the tree was generated by TreeView software. (B) Fluorescence micrograph of hydrated AtAP180-GFP
Arabidopsis pollen grains. (C) Confocal micrograph of Arabidopsis pollen tube. AtAP180-GFP label is concentrated at the periphery of the
shank but not at the tip of a germinating Arabidopsis pollen tube. (D) Distribution of AtAP180-GFP signal across the width of an Arabidopsis
pollen tube showing high intensity at the periphery in subapical regions of the pollen tube shank (red curve corresponding to red transect in C)
but not in more distal regions (blue curve). (E) A plasmolyzed tobacco pollen tube shows pLat52:AP180-GFP label at plasma membrane but not
at the cell wall. (F) A confocal micrograph of transformed tobacco pollen tube with pLat52:AP180-GFP. Heat map of fluorescence intensity.
(G) Confocal micrograph of transformed tobacco pollen tube with pLat52:AtECA2-GFP. Heat map of fluorescence intensity. Red—high intensity,
blue—low intensity. Scale bars = 10 mm.
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not the delivery mechanism for AtAP180 and AtECA2 as exo-
cytosis is known to occur in the apical region (Bove et al. 2008).
Additional evidence against vesicle-mediated delivery of ANTH
was provided by FRAP analysis after bleaching of the apical
cytoplasm. If ANTH was transported by vesicles, bleaching
the entire population of apical vesicles should eventually
lower the fluorescence intensity of the subapical, plasma mem-
brane-bound ANTH because of the recruitment of bleached
protein. However, this did not occur, neither for AtAP180-
GFP or AtECA2-GFP (see Supplementary Fig. S2A, B).

ANTH proteins are associated with CME in the
subapical region

ANTH proteins are known to associate with clathrin to control
the efficiency of vesicle formation in mammalian neurons
(Jakobsson et al. 2008). Plant ANTH proteins from
Arabidopsis are also known to function as a clathrin assembly
protein to promote uniformly sized vesicles in vitro (Barth and
Holstein 2004). To assess whether ANTH proteins are associated
with CME in vivo, we compared the subcellular localization

of GFP-tagged versions of clathrin light chain 2 (CLC2-GFP),
FM4-64, AtAP180-GFP and AtECA2-GFP in Arabidopsis pollen
tubes. CLC2-GFP has previously been described to localize in
root hairs and expanding root epidermis cells in Arabidopsis
(Konopka et al. 2008). Our data showed that CLC2-GFP is highly
expressed in growing Arabidopsis pollen tubes (Fig. 4A, B).
CLC2-GFP label was concentrated at bigger cytoplasmic
organelles that are not labeled by AtAP180-GFP and AtECA2-
GFP, and on a subapical plasma membrane domain that
seemed identical to that characterized by an abundance of
AtAP180-GFP and AtECA2-GFP (Figs. 1, 2). Unlike the
smooth appearance of AtAP180 and AtECA2 label, label for
CLC2-GFP at the plasma membrane exhibited punctate struc-
tures (arrow heads in Fig. 4C). These small punctae at the
plasma membrane may represent individual vesicles being
formed (Fig. 4C–E; white arrow heads; see Movie 3).
Furthermore, similar to AtAP180-GFP and AtECA2-GFP,
CLC2-GFP label was not observed at the very apex of growing
pollen tubes, a region that was dominated by FM4-64 label both
at the plasma membrane and in the cytoplasm (Fig. 4C–E). The

DA

B

C

E

F

Fig. 2 ANTH proteins associate with the subapical region of the pollen tube plasma membrane in tobacco and Arabidopsis. (A) Single optical
sections from confocal time series (1 min/frame) are used to demonstrate strict co-localization (white in merged images) of FM4-64-labeled lipids
(magenta) and AtECA2-GFP (cyan) at the subapical region of tobacco pollen tube. (B, C) Pollen tube from a tobacco plant transformed with (B)
AtECA2-GFP (cyan) and stained with (C) FM4-64 (red). The five frames correspond to 5 min. The time series shows that the GFP-labeled domain
remains at a constant distance from the apex. (D) Average distance (SD) from the pole of the pollen tube to the apical end of the AtAP180-GFP
and AtECA2-GFP domains. (E) Average length of AtAP180-GFP and AtECA2-GFP domains. (F) 3D reconstruction of AtECA2-GFP fluorescence z-
stack or the central portion of a pollen tube. IMARIS software (BITPLANE Inc. USA) was used to reconstruct 3D image of AtECA2-GFP and FM4-
64 confocal images. Scale bar = 10 mm.
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similarity in plasma membrane associated labeling patterns be-
tween AtAP180 and CLC2 is consistent with the putative inter-
action between these proteins and their putative role in the
initiation of CME.

Although AtECA2-GFP at the plasma membrane was gen-
erally much smoother than that of CLC2-GFP, we occasionally
were able to distinguish smaller punctae in the confocal laser
scanning microscope. To examine AtECA2-GFP dynamics in

more detail, we used variable angle fluorescence microscopy
(VAEM; Konopka and Bednarek 2008), which allows high-reso-
lution imaging in the cell cortex based on a principle similar to
TIRF microscopy. This technique allowed us to observe that
both AtECA2-GFP and CLC2-GFP formed foci at the cortex of
pollen tube (Fig. 5A, E, Supplementary Movies S4, S5). CLC2-
GFP was also observed in larger cytoplasmic organelles (Fig. 5A;
yellow arrows), which moved rapidly along the cortex (see
Supplementary Movie S4). Individual foci of both CLC2-GFP
and AtECA2-GFP were much more stable at the cortex of
cells compared with the larger organelles associated with
CLC2-GFP. Fluorescence of AtECA2-GFP foci was relatively
weak and smaller than CLC2-GFP foci but VAEM clearly re-
vealed a punctuate structure at the plasma membrane at the
subapical region of the pollen tube (Fig. 5G, H).

Fluorescence intensity of CLC2 foci in pollen tube was ana-
lyzed over time for 10 foci from four individual growing pollen
tubes. The fluorescence intensity of individual CLC2 foci rose
gradually and then suddenly dropped within a few seconds
(Fig. 5C, D). We suspect that this phenomenon corresponds
to clathrin assembly at the membrane and a disappearance of
the fluorescent focus out of the focal plane when the resulting
vesicle detached from the membrane following completion of
endocytosis. Similar clathrin dynamics was seen in expanding
root hair and epidermis cells in Arabidopsis (Konopka et al.
2008). In contrast, the fluorescence intensity of AtECA2 foci
was typically stable and static during continuous observation
(Fig. 5I, J). This suggests that AtECA2 does not get invaginated
together with clathrin pits.

AtECA2 binds to PA and PIP2

Cell polarity plays an essential role in pollen tube growth, but it
is unknown what confines CME to a distinct zone in the subap-
ical region of the growing pollen tube. A minor group of a PI is
known to be enriched at the subapical region of growing pollen
tubes in Arabidopsis and tobacco (Kost et al. 1999, Ischebeck
et al. 2008). Mammalian ANTH family proteins have a PIP2

recognition site at the N-terminus called ANTH domain that
is sufficient for a strong membrane association. We hypothesize
that phospholipids may play a role in anchoring the clathrin
complex to the plasma membrane in pollen tubes. Recent stu-
dies also indicated that PA also has strong affinity to other
ANTH family proteins under salt stress in roots (McLoughlin
et al. 2012, McLoughlin et al. 2013).

We tested if recombinant Arabidopsis ANTH proteins inter-
act with specific phospholipids using artificial liposome vesicles.
We used full size AtECA2, and an ANTH domain of AtECA2
(150 amino acids residues) fused with a polyhistidine(His)-tag.
In this experiment, both complete AtECA2 and its ANTH
domain showed affinity to PA containing liposomes and PIP2

containing liposomes (Fig. 6). mCherry recombinant proteins
with a His-tag fusion proteins were used as negative control,
and a pleckstrin homology 2 of PI-dependent kinase (PDK-PH2-
domain) with glutathione S-transferase (GST) tagged protein
was used as positive control to show binding capability to PA
and PIP2 containing liposomes but not phosphatidylcholine-
phosphatidylethanolamine liposome. The mCherry-His tag

Fig. 3 Recovery after photobleaching of GFP-labeled ANTH proteins
in the subapical domain of growing tobacco pollen tubes.
(A) Schematic of ANTH protein dynamics in the pollen tube. ANTH
proteins are recruited to the subapical plasma membrane directly
from the cytosol rather than being delivered through vesicle fusion
in the apical region. At the distal end of the domain, ANTH proteins
likely detach from the membrane. (B) Illustration of placement of
ROIs during photobleaching and recovery of fluorescence label
(AtECA2-GFP-labeled tube shown here). The white rectangle indicates
the photobleached region. Recovery time was assessed of the entire
region marked by the white rectangle, as well as individually of three
subregions indicated in red, orange and yellow. Scale bar = 10 mm.
(C) Average T1/2(sec) in the three subregions of interest in straight
growing pollen tubes of AtECA2-GFP (n = 7) and AtAP180-GFP
(n = 3).
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did not bind to any of the liposomes. The shown Western blot
gel images are representative of three independent repeats. All
of them showed similar results.

Pollen tubes from AtAP180 and AtECA2 T-DNA
knockout lines display morphological changes and
aberrant pectin localization

To further assess the functions of AtAP180 and AtECA2 in
pollen tube growth, the growth behavior and morphology of
pollen tubes from T-DNA insertion mutant lines were analyzed
(obtained from the Arabidopsis Biological Resource Center,
Ohio State University, USA). Plants from the homozygous
lines of salk-142412 and salk-013758 (Fig. 7A, B), of ateca2
and ap180, respectively, did not show any change in silique
morphology and seed production, indicative of relatively

normal pollen tube growth leading to fertilization (data not
shown). A conventional in vitro pollen tube growth assay con-
firmed the absence of significant differences in growth rate
between the mutants and the wild type. However, especially
for Arabidopsis, in vitro conditions do generally not allow op-
timal pollen tube growth. Therefore, we also tested pollen tube
growth in semi in vivo (Fig. 7D) and in vivo (Fig. 7E, F) condi-
tions. We isolated pollen from wild type, ateca2 and atap180
mutants and used them to pollinate pistils of the male sterile 1
(ms1) mutant. Pollen tube growth was scored after 6 h incuba-
tion at high humidity and the experiment was repeated five
times. For both mutant pollen, tube growth was reduced sig-
nificantly compared with the wild type (Fig. 7E, F, P = 0, 007,
P = 0.001 according to Welch’s test, respectively). However, nei-
ther the percentage of germinated pollen grains nor the

A

C

D

E

B

Fig. 4 CLC2-GFP and FM4-64 localization. (A) CLC2-GFP in Arabidopsis pollen tube shows accumulation of fluorescence at the shank of pollen
tubes. (B) DIC micrograph of tube shown in A. (C) Time course showing CLC2-GFP localization in Arabidopsis pollen tube reinitiating fast growth
after a slow down (times as specified in E). Arrow heads indicate accumulation of CLC2-GFP at the subapical region of growing pollen tubes.
(D) FM4-64 localization in Arabidopsis pollen tubes. (E) Merge of CLC2-GFP and FM4-64. Scale bar = 10 mm.
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eventual fertilization rate was compromised by the mutation.
Similar morphological changes have been reported in the
pollen tubes of mutants of ANTH family members. The
double mutant picalm5apicalm5b displayed growth defects
and bulged pollen tubes, although the ateca2/picalm5a single
mutant did not show pollen tube growth defects in vivo. The
reason for this discrepancy may be the fact that we observed a
different T-DNA insertion mutant line.

Under in vitro conditions, pollen tubes from ap180, ateca2
single and ap180ateca2 double knockout mutants showed mor-
phological aberrations such as bulging or swelling pollen tubes
(Fig. 8). Although bulging and swelling occasionally occurs in
Arabidopsis wild-type pollen tubes, the average dimensions of

the enlarged bulges were 30–42% larger than their regular tube
diameter, and the frequency of bulging was two to three times
higher than in wild-type pollen tubes (Fig. 8). Interestingly,
immunofluorescence analysis showed that the bulged portion
of the pollen tube cell wall was clearly enriched in highly de-
esterified pectin detected by monoclonal antibody JIM5
(Fig. 8E, arrow heads).

Discussion

The members of the ANTH family are required for CME during
polar cell growth and development in a wide variety of

Fig. 5 CLC2-GFP and ECA2-GFP foci dynamics at the plasma membrane. Growing CLC2-GFP (A–C) and ECA2-GFP (E–I) transgenic Arabidopsis
pollen tubes imaged by VAEM (A, E, G, H) and DIC (B and F). Time series of foci of CLC2-GFP (C) and foci of ECA2-GFP (I) were acquired every 5 s.
Arrow heads (red and green, or blue and red) indicate position of different foci over time (C and I). CLC2-GFP pollen tubes show more frequent
and more intense foci compared with ECA2-GFP-labeled pollen tubes. (D) The fluorescence intensity of CLC2-GFP foci changes over time. Often
the CLC2-GFP foci disappear from the focal plane using VAEM (C, D). Few but intensely labeled foci of ECA2-GFP are present at the subapical
region of pollen tube near the plasma membrane (E, G, H). (J) The fluorescence intensity of ECA2-GFP foci tends to be very stable and does not
disappear from the focal plane over the period of observation. Scale bars = 5 mm (A, B, E–H) and 2.5 mm (C, I).
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eukaryotic cells. However, the plant ANTH isoformes are largely
uncharacterized in terms of their putative roles in membrane
trafficking or polar growth. In this study, we focused on two
plants ANTH proteins, which are highly expressed in
Arabidopsis pollen according to transcriptional profiling
(Becker et al. 2003). The polar localization in precisely defined
plasma membrane microdomains of two ANTH proteins at the
subapical region of growing pollen tube and their formation of
foci similar to those formed by CLC indicate that these proteins
might play a role in endocytosis in these cells. The fact that
mutation caused only a mild reduction in the pollen tube
growth rate indicates that the functionality of these proteins
is covered by redundancy. However, the fact that the pollen
tubes showed a morphologically aberrant phenotype illustrates
that pollen tubes rely on an exquisitly controlled balance be-
tween exocytosis and endocytosis to regulate their optimal
morphogenetic process in efficient manner.

Although it is known that membrane trafficking at the apex
is central to the process of polar growth in pollen tube, little is
known about its orchestration (Chebli et al. 2012). In growing
pollen tubes, cell wall and membrane material is rapidly de-
livered by vesicles, and delivered by fusion to the growing cell
surface. At the same time, because of quantitative differences
between the amount of fusing vesicle membrane and the mem-
brane required for the cell expansion, excess plasma membrane
needs to be recycled back through endocytosis (Bove et al.
2008). The apical cytoplasmic zone extending over the first
few micrometers from very tip of the pollen tube is also
known as the clear zone. It is characterized by an abundance
of endocytosis and exocytosis vesicles and some endoplasmic
reticulum (ER), while other larger organelles such as Golgi
apparatus, mitochondoria are confined to the distal zone of
the cell. The vesicles in the apical zone represent a mix of
clathrin-dependent, clathrin-independent, recycled and secre-
tory vesicles whose traffic is somehow choreographed so that

each vesicle eventually reaches its destination. On the other
hand, the subapical region of growing pollen tube shows
more distinct membrane trafficking lanes than the apical
region. Quantitative assessment of the distribution of clathrin
vesicles in pollen tubes of N. tabacum showed that coated
vesicles were more abundant at the subapical region than at
the apex (Derksen et al. 1995), and thus correlates with the
spatial distribution of ANTH proteins and CLC2 fluorescence
localization. Similarly, immunolocalization using a CHC anti-
body showed predominantly subapical association of label in
the plasma membrane of tobacco pollen tubes (Zhao et al.
2010). Therefore, alternative mechanisms such as smooth ves-
icle endocytosis or kiss-and-run endocytosis have been postu-
lated to occur at the very tip of the pollen tube apex whereas
CME has been proposed to occur mainly in the apex-near
region of the flanks. Our observation of CLC2-GFP location
supports the concept that the majority of CME occurs at the
subapex and that the very tip of the tube is not a principal
location for CME. The mechanism of endocytosis at the very tip
which in some species occurs massively according to observa-
tions with FM4-64 therefore remains unknown. Teasing out the
identities and functions of the vesicles in the apical cytoplasmic
domain of the pollen tube will require specific markers for each
type of vesicle. The ANTH proteins characterized here might
therefore be a useful tool for vesicles produced by plasma
membrane CME since their localization was quite distinct
and restricted to the subapex. Barth and Holstein (2004)
showed that direct interaction of ANTH proteins with the cla-
thrin assembly protein aC-adaptin is necessary for clathrin ves-
icle formation. In our study, we observed that the AP180 and
ECA2 fluorescence signals did not spatially correlate with larger
organelles associated with CLC2 label in the cytoplasm, which
we presume to be part of the Trans Golgi Network (TGN)-
endosome pathway. This suggests that AP180 and ECA2 are
involved in a very specific type of CME pathway—that at the
subapical region of the plasma membrane, but not the TGN-
located pathway.

Besides clathrin proteins, microdomain formation at the
subapical membrane of growing pollen tubes is characterized
by the polar distribution of other proteins such as type B phos-
phatidylinositol-4-phosphate 5-kinases (PIP5K; PIP5K5 and
PIP5K4; Ischebeck et al. 2008, Sousa et al. 2008) and PIP5K6
(Zhao et al. 2010), PIP4K10 and PIP4K10 (Ischebeck et al.
2011) which are phosphatases involved in PIP2 synthesis.
Specific localization has also been found for PLC3 (Helling
et al. 2006) which hydrolyzes PIP2 and produces diacyl glycerol
and inositol 1, 2, 5-trisphosphate(IP3). ANTH proteins contain a
PIP2 binding domain at the N-terminus, and their ability to bind
to PIP2 has been established (Fig. 6; Barth and Holstein 2004,
Silkov et al. 2011). This suggests that the PIP2 microdomain at
the pollen tube plasma membrane may function as a guide for
plant ANTH proteins. Interestingly, another phospholipid, PA,
had an affinity to the ANTH proteins (Fig. 6). PA represents a
substantial percentage of the plasma membrane phospholipids
and acts as an important component of signaling pathways,
regulating endomembrane trafficking and cytoskeleton. A
lipid binding affinity screen showed that two ANTH proteins

Fig. 6 Liposome-protein binding assay. Western blot assay of specific
lipid bond protein fraction. Specificity of lipid-protein binding was
verified using phospholipid containing liposomes. A variety of
phospholipids such as phosphatidylcholine (PC), phosphatidylethano-
lamine (PE), PA, PtdIns(4, 5)P (PIP2) was tested to assess whether
AtECA2 recombinant proteins, the ANTH domain (N-terminal 200
amino acid), the PDK-PH2 domain or mCherry protein show affinity.
If the protein binds to the liposomes, centrifugation pulls down the
protein together with the liposomes as a pellet (P), if not the protein is
detected in the supernatant (S). Target recombinant proteins were
detected on the Western blotting membrane using anti-his monoclo-
nal antibody or anti-GST antibody, and anti-mouse IgG-HRP was used
as secondary antibody.
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(At2g25430 and At2g01600) have been identified as PA tar-
geted lipid binding proteins that are specifically recruited to
the membrane in the first response to the salt stress
(McLoughlin et al. 2012, McLoughlin et al. 2013). In addition,
two CHC isoforms were also isolated as PA lipid binding pro-
teins (McLoughlin et al. 2013). These results suggest that
plasma membrane-located PA may play a role in CME.

FRAP analysis in tobacco pollen tubes expressing AtAP180-
GFP and AtECA2-GFP showed quick recovery at the plasma
membrane meaning that these ANTH proteins are constantly
supplied to the plasma membrane during growth. Since the
cytoplasmic concentration of GFP-tagged ANTH proteins was
observed to be high near the pollen apex, we hypothesized that
ANTH proteins are either recruited directly from the cytosol or
that they are delivered to the plasma membrane by exocytosis
and then diffuse within the membrane to the subapical region.

However, protein recruitment (measured by FRAP) was slower
near the tip compared with distal region of the domain. Given
that exocytosis is confined to the tip region, this indicates that
plant ANTH proteins are not delivered by exocytosis but
recruited directly from the underlying cytosol carried by the
convection created through cytoplasmic streaming. If mem-
brane-internal, lateral movement of protein was a significant
factor, the FRAP signal in the central subdomain should show
delayed recovery compared with the distal and apical subdo-
mains, but this was not the case. This suggests that lateral
movement within the membrane does not represent a signifi-
cant contribution to the apparent forward movement of the
ANTH protein domain during pollen tube growth. Rather, the
proteins seem to be continuously supplied from the cytosol.
The forward movement of the domain can then be explained
with a net recruitment of protein to the membrane in the apical

Fig. 7 Mutant alleles of AtECA2 and AtAP180. (A) Mapping of T-DNA insertions: salk-142412 is inserted in the second exon in
AT1g03050(atECA2). (B) The location of T-DNA insertion (salk-013758) is in the first exon in AT1G05020. (C) Semi-quantitative RT-PCR of
steady state AtECA2 mRNA in salk-142412 mutant, AP180 mRNA in salk-013758 compared with wild-type Columbia-0 or Landsberg. Expression
of ACTIN 1 was used as a loading control for the corresponding lanes above. RNA was isolated from whole opened flowers after incubation in a
humidity chamber for 45 min at room temperature. Pollen tube growth of wild-type, eca2 and ap180 mutants assessed in a semi in vivo assay (D),
and an in vivo assay (E, F). In both assays, male sterile 1 (ms1) pistils were used for pollination with pollen from wild type, eca2 and ap180.
(D) Brightfield micrographs showing pollen tubes growing out of the cut end of Arabidopsis stigmas. (E) Pollen tube length in the in vivo assay
measured at 6 h after pollination. (F) Fluorescence micrographs of in vivo growing pollen tubes labeled with aniline blue, sampled at various
times after pollination. Both eca2 (g–i) and ap180 (d–f) pollen tubes grew, but slower than wild-type pollen (a–c; arrow indicates tip of longest
pollen tube). Scale bars = 250 mm.
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subdomain, and a net loss in the distal subdomain. Consistent
with this, fluorescence recovery in the apical subdomain was
slower (T(1/2)=4.0 ± 0.4 sec; n = 7) than in the distal subdomain
(2.5 ± 0.2 sec; n = 7). The finding that photobleaching of vesicles
in the apical cytoplasm did not reduce fluorescence intensity of
ANTH proteins at the subapical plasma membrane supports
this notion.

The expansive growth activity of the pollen tube is confined
to the polar apex where delivery of secretory vesicles ensures
cell wall assembly. Diameter and shape of the pollen tube is
controlled by regulating the mechanical properties of cell wall
produced by polarized membrane trafficking. Pectin is a crucial
component since it is delivered in highly methylesterified form
at the apex and gets de-esterified in muro while becoming part
of the flanks. In the presence of calcium, this conversion entails
an increase in rigidity that is important to maintain the tubular

morphology (Fayant et al. 2010, Chebli et al. 2012). It has been
proposed that the location of de-esterification is regulated by
the endocytic removal of pectin methyl-esterase (PME) inhibi-
tors (Rockel et al. 2008) thus illustrating the importance of
endocytosis in the morphogenetic process. It is, therefore, inter-
esting to note that pollen tubes from the ANTH knockout
mutants displayed morphological abnormalities and mislocali-
zation of de-esterified pectin at the apex. The tubes exhibited
frequent bulges that showed accumulation of de-esterified
pectin. This is consistent with other studies reporting accumu-
lation of pectin at the tips of pollen tubes from a PIP5 kinase
overexpression mutant (Ischebeck et al. 2008). PIP5-kinase and
PIP4-kinase are located in subapical domains similar to those
identified here and the overexpression mutants show zigzag
growth and branching phenotypes (Ischebeck et al. 2008), as
well as swelling (Ischebeck et al. 2011). Together, these results

A F

G

B

C

D

E

Fig. 8 Morphological aberrations in pollen tubes of Arabidopsis T-DNA insertion lines. In vitro Arabidopsis pollen tube morphology after 4 h of
incubation on agar medium. (A) Wild-type col-0. (B) eca2 T-DNA homozygote. (C) ap180 T-DNA homozygote (D) ap180 eca2 T-DNA double
mutant homozygotes. In particular, the double mutant pollen tubes frequently showed enlarged bulges. (E) Fluorescence micrographs of pollen
tubes. JIM5 localization at bulges in the pollen tube cell wall (white arrow heads). (F) Relative percentage of bulge size compared with normal
tube diameter. Wild-type pollen shows relatively small bulges (120.3%, n = 41) compared with eca2 mutant (130.4%, n = 27), ap180 mutant
(143.7%, n = 49), and eca2ap180 double mutant (138.5%, n = 22). Error bar indicates standard error (SE). (G) Frequency of bulges per pollen tube
length shown for wild type (1.21 per 100 mm, SE = 0.14, n = 30), eca2 mutant (2.15 per 100 mm, SE = 0.14, n = 30), ap180 mutant (1.31 per 100 mm,
SE = 0.11, n = 30) and eca2ap180 double mutant (2.15 per 100 mm, SE = 0.14, n = 31). Bulge frequency in the double mutant is the highest (3.03 per
100 mm, SE = 0.14, n = 30). Error bars indicate SE. Scale bar = 20 mm (A–D) and 10 mm (E).
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suggest that mislocalization of de-esterified pectin or of the
regulator of the de-esterification process (PME inhibitor) can
be caused by interference with CME. AtAP180 and AtECA2 are
phylogenetically distant, but they were selected here because of
their high and specific expression profiles in Arabidopsis pollen
tubes compared with vegetative tissues (Becker et al. 2003). The
specific spatial distribution and the characteristics of the re-
spective knockout mutant pollen show high resemblance,
implying that these two genes have similar functions with re-
spect to their involvement in CME formation, although the
vesicles formed with their respective assistance do not neces-
sarily carry the same cargo.

In conclusion, plant ANTH proteins are located at precisely
defined microdomains in the pollen tube subapex. AtAP180
and AtECA2 are involved in CME and misfunctioning is trans-
lated into aberrant morphogenesis through the effect on the
kinetics of pectin chemistry. This suggests that the regulation of
polar growth in pollen tubes might be tightly controlled by a
balance of phospholipids and CME.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (ecotype Col-0) was used as the wild-type ecotype. Wild-

type and transgenic seeds were surface-sterilized with 3% H2O2 in 50% ethanol.

Sterile seeds were plated on Murashige and Skoog (MS) medium containing

0.9% agar in plastic Petri dishes and kept at 4�C in the dark for 2 d. Seedlings

were grown at 21�C under continuous light for 7 d. Plants were transferred to

soil and grown at 21�C under long-day conditions (16 h light/8 h dark) in a

Conviron growth chamber (Winnipeg, Canada).

T-DNA insertion mutant lines for candidate AtAP180 (salk-142412) and

AtECA2 (salk-013758) were obtained from the Arabidopsis Biological Resource

Center (ABRC, The Ohio State University, USA). The presence of the T-DNA

insertion in the gene of interest was confirmed by PCR, using a combination of

gene-specific primers, and T-DNA-specific primers (LBa1) described in

Supplementary Table S2). Mutant lines were screened for reduced mRNA

levels using reverse transcription-polymerase chain reaction (RT-PCR; Fig. 7).

Total RNA from T-DNA insertion mutants was extracted using TRIzol reagent

(Invitrogen), then used as a template for cDNA synthesis with oligo(dT) pri-

mers. The cDNA obtained was used for semi-quantitative RT-PCR with target

gene-specific primers (Supplementary Table S1).

For pollen tube analysis, mature pollen grains were harvested from

Arabidopsis flowers and tobacco flowers (N. tabacum). Arabidopsis pollen

was collected from newly opened flowers and hydrated for 30 min at the hu-

midity chamber at room temperature. Pollen was transferred to solid medium

as described in Bou Daher et al. (2009) and incubated at 22�C for further

growth.

Transient gene expression in tobacco pollen tubes

Tobacco pollen grains were hydrated and suspended in Brewbaker and Kwack

(BK) medium (100 mg ml�1 H3BO3, 300mg ml�1 Ca(NO3)2 H2O, 100 mg ml�1

KNO3, 200 mg ml�1, MgSO4 7H2O) +18% sucrose to visualize transient gene

expression using a gold particle bombardment procedure (Brewbaker and

Kwack 1963, Bou Daher and Geitmann 2011). Twenty-five microliters of tung-

sten particles in sterile 50% glycerol was mixed with 2.5 mg plasmid DNA, 25 ml

2.5 M CaCl2 and 10ml 0.1 M spermidine and vortex vigorously for 5 min. DNA-

coated particles were spun down, rinsed twice with 70% ethanol, and resus-

pended in 10ml 100% ethanol. The suspension was placed onto the center of a

macrocarrier and injected into the hydrated pollen grains by pressured helium

gas (1100 psi). After the bombardment, pollen grains were collected in BK

growth medium with 9% sucrose and incubated for 3 h before microscopic

observation of the germinated tubes.

Confocal laser scanning microscopy

For live-cell imaging, we used a Zeiss LSM 510 META / LSM 5 LIVE / Axiovert

200M system. The microscope was fitted with Plan Apochromat 40� and 63�

oil DIC (differential interference contrast) objectives. We used the 488 nm diode

laser (maximal power 100 mW) and emission filter LP (long pass) 550. Image

resolution was 1mm = 7.1 pixels in the LIVE mode.

FRAP analyses

FRAP experiments were performed on a Zeiss CLSM 510 Meta and LIVE 5

confocal microscope (Carl Zeiss) equipped with an oil immersion 63�/

1.4 NA Plan Apochromat objective. A rectangular area was photobleached

using the 488 nm line from a 100-mW Argon laser operating at 100% laser

power. In order to quantify fluorescence recovery, we also used the simultan-

eous grab and bleach feature, allowed by the LIVE 5 module, following the

recommendations of the manufacturer. In this case, a bleach of 0.6 s at 100%

laser power was used. The experimental recovery curve from the image series

was extracted using the AIM ZEISS software. For each analysis, three rectangular

subregions of interest were defined along the bleached region (apical, central,

distal) and fluorescence intensity was plotted as a function of time. To correct

for photobleaching while imaging the fluorescence recovery, a fourth reference

background ROI was chosen as well. To obtain the final recovery curve, ROI

fluorescence was first normalized against the simultaneous background fluor-

escence and subsequently the values were normalized to the prebleach

fluorescence.

The half time of recovery (T1/2) was calculated as follows:

T1=2 ¼ Thalf � Tpost

where Thalf corresponds to the time of half maximum recovery and Tpost to the

time of maximum bleaching. The mobile fraction (Mf) is defined by:

Mf ¼ ðFend � FpostÞ=ðFpre � FpostÞ

where Fpre corresponds to the prebleach fluorescence; Fpost to the fluorescence

intensity after bleaching and Fend, to the recovered fluorescence intensity.

Construction and transformation of AtAP180-GFP,
AtECA2-GFP

The AtAP180-GFP and AtECA2-GFP plant expression vectors were constructed

by following PCR cloning system. A full size AP180 and AtECA2 were amplified

from cDNA of Arabidopsis flowers with primer pairs from 800 bp upstream of

ATG to just before the stop codon of At1g05020 and at1g03050. The amplified

fragments were run in agarose gel, extracted, subcloned into E. coli pCR4-topo

vector and sequenced. The fragments were digested by restriction enzyme sites

and ligated into the pMDC107 vector.

Recombinant protein construction

The plasmids encoding a full-length clone of AtAP180 and AtECA2, and ANTH

domain of AtAP180 and AtECA2 as 200 amino acids (600 bp) in Arabidopsis

thaliana Col-0 ecotype were amplified by PCR using the Hi-Fidelity PCR phusion

DNA polymerase. The primers designed before ATG codon with NcoI enzyme

site and before the stop codon or a ANTH domain with XhoI enzyme site. The

template was from cDNA of Arabidopsis opened flowers RNA incubated in

humidity chamber for 30 min. The PCR products were run on 1% (w/v) agarose

gels, gel-purified and subcloned into the pCR4-TOPO vector (Invitrogen),

sequenced and cloned into E. coli pET-28b expression vector (Novagen),

which codes for the expression of these proteins with His-tag at the C-terminus.

Recombinant protein expression and induction

The pET28b constructs encoding the AtECA2, AtECA2-ANTH domain, and

pET16 construct encoding mCherry-His tag, and a construct encoding PDK1-

PH2-domain-GST tag were transformed into C41 (DE3)pLysS(EMD) E. coli cells.

The overnight 0.5 ml starting culture was diluted in 50 ml LB without antibiotics

and incubated for 1–2 h until OD600nm=0.7. The recombinant proteins were

induced with 500 mM IPTG (promega cat#V3955) for 6 h at 18 �C. The induced

cells were pelleted by centrifugation at 35,000 rpm for 10 min at 4�C, and pellet

was flash frozen in liquid nitrogen. The pellet was resuspended in Tris buffer
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(25 mM Tris, 300 mM KCl, pH 7.5) with protease inhibitor cocktail (complete,

EDTA-free, Roche) and sonicated for 3 min on ice to lysis. The lysed cells were

separated by centrifugation at 35,000 rpm for 10 min to soluble and the insol-

uble fractions. The protein was purified by Ni-NTA beads (QIAGEN).

Liposome assay

Assays were formed according to Julkowska et al. (2013). In brief, lipids (PC:PE

50:50, PC:PE:PA 45:45:10, PC:PE:PI(4, 5)P2 45:45:10; Avanti Polar Lipids) were

dried under vacuum condition and hydrated in the extrusion buffer (25 mM

Tris-HCl pH 7.5, 250 mM raffinose pentahyrate and 1 mM DTT) at room tem-

perature for 2.5 h followed by sonication. Using two syringes, the sonicated lipid

solutions were pushed through multiple times over a polycarbonate membrane

(pore size 0.2 mm, Wattmann) to produce liposomes. The liposomes were pel-

leted by centrifugation at 50,000�g for 15 min after adding three volumes of

the binding buffer (25 mM Tris-HCl pH 7.5, 125 mM KCl, 1 mM DTT and

0.5 mM EDTA). Each liposome pellet (PC:PE, PC:PE:PA, PC:PE:PI(4, 5)P2,

400 nmol) was suspended in 25 ml binding buffer. Purified AtECA2 (5 mg),

AtECA2-ANTH (5 mg), PH2 (500 ng) and mCherry (500 ng) were suspended in

25ml binding buffer, respectively. Both AtECA2 and ANTH domain recombin-

ant proteins were quite unstable and easily precipitated; therefore, it was im-

portant to keep the samples at or below 18�C during incubation and

centrifugation steps. Normally, for the liposome assay 500 ng of protein is

enough to detect liposome binding, but 5 mg of the proteins were used in

this experiment. Each protein solution was centrifuged for 5 min at 16,000�g

at 18�C to remove any precipitates. Combinations of liposome (25 ml) and

protein (25 ml) solutions were mixed thoroughly, and incubated for 30 min at

18�C. The protein-lipsome mixtures were separated as supernatant (S) and

pellet (P) by centrifugation at 10,000�g at 18 �C, and analyzed by SDS-PAGE

and Western blotting. SDS-gradient gels (10%) were used. Proteins were blotted

onto PVDF membrane (Immun-Blot PVDF membrane, Bio-Rad, cat#162–0177).

Immuno-detection of the His-tagged protein and GST-tagged protein were

used the penta-His antibody (QIAGEN) and anti-GST (B-14) antibody (Santa

Cruz Biotechnology). For secondary antibody, goat anti-mouse IgG-HRP was

used. For visualization, a chemiluminescence detection kit (Sigma) was used.

Signals on protein immunoblots were detected by film-based autoradiography.

‘T’ is defined as total protein after removal of precipitated protein by

centrifugation.

VAEM/TIRF observation

Cortical pCLC2-GFP and AtECA2-GFP localization in Arabidopsis pollen tubes

were observed by live-cell imaging using VAEM as described by (Konopka and

Bednarek 2008). Arabidopsis pollen grains were harvested on 5 mm filter using

an aspirator, then hydrated for 30 min at the room temperature in the humidity

chamber prior to 4 h germination on an 1% agarose Arabidopsis solid medium

(Bou Daher et al. 2009). Pollen tubes were covered with a cover slip and sealed

with VALAP (1:3 Vaseline, 1:3 lanolin and 1:3 paraffin wax).

Pollen tubes were imaged with a 100� objective in Nikon Eclipse TE2000-U

with the Nikon T-FL-TIRF attachment and the photometrics evolve 512 camera.

For live-cell fluorophore imaging GFP was excited with a 488 laser, and the

fluorescence emission spectra were separated with a 540LP dichroic mirror and

filtered through either a 515/30 (GFP). Images were obtained at 250 ms/frame

for 200 or 600 frames.

Supplementary Data

Supplementary data are available at PCP online.
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