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In plants, clathrin-mediated endocytosis (CME) is dependent on the function of clathrin and its accessory heterooligomeric
adaptor protein complexes, ADAPTOR PROTEIN2 (AP-2) and the TPLATE complex (TPC), and is negatively regulated by the
hormones auxin and salicylic acid (SA). The details for how clathrin and its adaptor complexes are recruited to the plasma
membrane (PM) to regulate CME, however, are poorly understood. We found that SA and the pharmacological CME inhibitor
tyrphostin A23 reduce the membrane association of clathrin and AP-2, but not that of the TPC, whereas auxin solely affected
clathrin membrane association, in Arabidopsis (Arabidopsis thaliana). Genetic and pharmacological experiments revealed that loss
of AP2u or AP2¢ partially affected the membrane association of other AP-2 subunits and that the AP-2 subunit AP2¢, but not
AP2u, was required for SA- and tyrphostin A23-dependent inhibition of CME. Furthermore, we show that although AP-2 and
the TPC are both required for the PM recruitment of clathrin in wild-type cells, the TPC is necessary for clathrin PM association
in AP-2-deficient cells. These results indicate that developmental signals may differentially modulate the membrane recruitment

of clathrin and its core accessory complexes to regulate the process of CME in plant cells.

Clathrin-mediated endocytosis (CME) is the pre-
dominant mode of membrane protein internalization
from the plasma membrane (PM) in eukaryotic cells
(Bitsikas et al., 2014; Kirchhausen et al., 2014). In plants,
CME is essential for many developmental processes,
nutrient uptake, and responses to biotic and abiotic
stresses or stimuli (Chen et al., 2011; Baisa et al., 2013;
Fan et al., 2015; Zhang et al., 2015). In addjition to their
role in the internalization of PM proteins and associated
ligands, distinct clathrin-coated vesicles (CCVs) form at
the trans-Golgi network/early endosome (TGN/EE),
where the trafficking pathways involved in the trans-
port of newly synthesized proteins to the PM or vacu-
ole, and the delivery of endocytosed proteins from the
PM, converge (Song et al., 2006; Viotti et al., 2010;
Dettmer and Friml, 2011; Zouhar and Sauer, 2014). The
formation of distinct CCVs at the PM and TGN/EE
requires the recruitment of clathrin and organelle-
specific adaptor protein complexes that aid in the

temporal and spatial regulation of coated vesicle for-
mation (Holstein, 2002; Lam et al., 2007a, 2007b; Hwang
and Robinson, 2009).

Similar to the formation of CCVs in mammalian cells,
the plant CCV core proteins include clathrin heavy
chains (CHCs; Kitakura et al., 2011) and clathrin light
chains (CLCs; Wang et al., 2013a; Yu, et al., 2016) as
well as the evolutionarily conserved heterotetrameric
adaptor protein (AP) complexes AP-1 (Park et al., 2013;
Teh et al., 2013; Wang et al., 2013b) and AP-2 (Bashline
et al., 2013; Di Rubbo et al., 2013; Fan et al., 2013; Kim
et al., 2013; Yamaoka et al., 2013) that connect clathrin
and membrane-associated lipids and/or cargo pro-
teins at sites of CCV formation on the TGN/EE and
PM, respectively. Although the AP-2 complex has been
generally thought to function as a heterotetramer,
consisting of two large («/A and /B), one medium
(n/M), and one small (o-/S) subunit(s), recent studies in
Caenorhabditis elegans have indicated that AP-2 may
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function as two partially independent a-0 and u-B8
hemicomplexes (Gu et al., 2013).

In addition to the AP-2 complex, CCV formation at the
PM in plant cells is dependent on the heterooctameric
TPLATE complex (TPC; Gadeyne et al., 2014). The TPC is
postulated to function during the early steps of CCV for-
mation at the PM for the recruitment of clathrin and
AP-2, as down-regulation of the TPC subunits TPLATE
muniscin-like (TML) and TPLATE effectively blocks CME
and also leads to a reduction of AP2« recruitment to the
PM (Gadeyne et al., 2014). Evolutionarily, the TPC appears
to predate the functional specification of the AP complexes,
and homologs of the complex components are found in a
range of eukaryotes, including Dictyostelium spp., with the
notable exception of yeast and metazoans (Gadeyne et al.,
2014; Hirst et al., 2014; Zhang et al, 2015). However,
whereas the hexameric Dictyostelium spp. TPC-related
complex, TPLATE SET (Hirst et al., 2014), is dispensable for
growth and endocytosis, Arabidopsis (Arabidopsis thaliana)
TPC subunit mutants display severe defects in plant
growth and development and are strongly impaired in
CME (Van Damme et al., 2006; Gadeyne et al., 2014).

In plant cells, CME is regulated by the plant hormones
auxin and salicylic acid (SA), which rapidly inhibit CME
and thereby affect the distribution of PM proteins, in-
cluding the PIN-FORMED (PIN) auxin efflux transporters
and the water channel protein PLASMA MEMBRANE
INTRINSIC PROTEIN2A (PIP2A; Paciorek et al., 2005;
Pan et al., 2009; Robert et al., 2010; Du et al., 2013; Wang
et al., 2013a). The regulation of CME by auxin and SA
occurs in a transcription-independent manner (Robert
et al., 2010; Xu et al., 2010; Du et al., 2013). However, the
details underlying how these two CME effectors modu-
late the activity of core and accessory proteins required for
CCV formation remain to be defined.

The phosphotyrosine analog tyrphostin A23 (TyrA23)
has been utilized as a pharmacological tool to interfere
with CME in animal and plant cells. In animal cells,
TyrA23 is thought to impair the interactions between the
AP2u subunit and cargo proteins, leading to general in-
hibition of CME (Crump et al., 1998; Banbury et al., 2003).
Likewise in plants, TyrA23 disrupts the PM association of
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AP2a1 (Di Rubbo et al,, 2013; Kim et al., 2013), AP2u
(Yamaoka et al., 2013), AP2o (Fan et al., 2013), and the
TPC subunit TPLATE (Van Damme et al., 2011) and in-
hibits the internalization of a number of PM-resident
proteins involved in hormone signaling (Robert et al.,
2010; Irani et al., 2012), nutrient uptake (Barberon et al.,
2011), and pathogen defense or stress response (Beck
et al., 2012; Hao et al., 2014; Smith et al., 2014a, 2014b).

In this study, we examined the PM recruitment of
clathrin as well as the AP-2 complex and TPC during
CME in plant cells. Our results indicate that clathrin
recruitment to the PM is dependent on the functions of
the AP-2 complex and TPC and that the membrane
recruitment of clathrin and its core accessory complexes
is differentially regulated by the plant hormones auxin
and SA and the pharmacological agent TyrA23.

RESULTS

Auxin and SA Modulate the Membrane Association of
CHCs and CLCs Differentially

CLCs and CHCs assemble to form clathrin triskelia in
vivo (McMahon and Boucrot, 2011; Kirchhausen, 2012).
Despite the association of CLCs with CHCs, we have
shown previously that the initial loss of membrane-
associated CLC1 is paradoxically accompanied by a
transient increase of membrane-associated CHCs after
5 to 30 min of treatment in auxin-treated plant cells
(Wang etal., 2013a). To validate that changes in the levels
of endogenous auxin similarly affect CLC1 and CHC
membrane association, we analyzed their subcellular
distribution in WOX5:IAAH transgenic lines (Blilou etal.,
2005), which express the enzyme indoleacetamide hy-
drolase (IAAH) in the quiescent center of the root tip,
by immunofluorescence (IF) microscopy using affinity-
purified anti-CLC1 and anti-CHC antibodies. JAAH
catalyzes the formation of indole-3-acetic acid (IAA) from
the substrate, indole-3-acetamide (IAM), and previous
studies in WOX5:IAAH lines have shown that application
of IAM results in increased levels of auxin in the root
columella, lateral root cap, and root epidermis (Blilou
etal., 2005) as well as an inhibition of PIN2 endocytosis in
root epidermal cells (Pan et al., 2009). Using similar
conditions, we found that 5 um IAM effectively induced
the membrane dissociation of CLC1 and subsequently
enhanced the membrane association of CHCs in the epi-
dermal cells of the WOX5:IAAH roots but not in those of
wild-type roots (Supplemental Fig. S1), confirming the
differential auxin regulation of CLC and CHC recruit-
ment to the membranes. Next, we examined the effect of
changes in the distribution of endogenous auxin on the
levels of membrane-associated CLC1 in epidermal cells
of gravistimulated roots, in which an auxin gradient is
generated upon gravity perception across the root cap
with an accumulation on the new bottom side of the root
(Paciorek, et al., 2005). Following a 2-h gravistimulation,
the levels of membrane-associated CLC1 at the bottom
side of the roots were reduced relative to those at the
top side, but not in vertically grown roots (Fig. 1).
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Furthermore, statistical analysis (Supplemental Table
51) revealed that approximately 95% of the vertically
grown roots had similar levels of membrane-associated
CLC1 at both sides. By contrast, approximately 50% of
the gravistimulated roots displayed a 20% reduction of
CLC1 at the bottom side, indicating that the distribution
and levels of endogenous auxin regulate clathrin mem-
brane association in a physiologically relevant manner.

SA, which activates plant defense responses to a va-
riety of biotic and abiotic stresses (Vlot et al., 2009;
Rivas-San Vicente and Plasencia, 2011), inhibits CME
and affects CLC2 association with the PM but not with
the intracellular compartments (presumably TGN/EE;

Anti-CLC1

Differential Regulation of Clathrin, AP-2, and TPC

Du et al., 2013). To further examine the kinetic effects of
SA on clathrin membrane association, we analyzed the
subcellular localization of endogenous CLC1 and
CHCs, and CLC1-GFP (driven by the 35S promoter), by
IF microscopy and live-cell imaging, respectively, on
wild-type root epidermal cells following time-course
treatments with SA. Different from the previously ob-
served effects of exogenous SA treatment (50 um and
120 min; Du et al., 2013), lower concentrations of SA (25
uM) rapidly inhibited both the PM and intracellular
compartment association of CLC1 (Fig. 2, A-D) and
CLC1-GFP (Supplemental Fig. 52) within 5 to 30 min and
enhanced PM- and intracellular compartment-associated
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Figure 1. Effect of a gravity-induced auxin gradient on clathrin membrane association. A to D, Subcellular distribution of
membrane-associated CLC1 at the left and right sides of vertically grown roots. E to H, Subcellular distribution of membrane-
associated CLCT at the top and bottom sides of 2-h gravistimulated roots. D and H show the relative intensity of membrane-
associated CLC1 at both sides (B and C, n=37; Fand G, n = 43). The frequency distribution of ratios of both sides of individual
roots is summarized in Supplemental Table S1. B, C, F, and G show higher magnification images of both sides of the roots shown in
A and E. Arrows show the gravity vector or intracellular compartment-associated CLC1, while arrowheads show PM-associated
CLC1 at both sides of the root. Values shown are means = sp. **, P<0.01 and ***, P< 0.0001 (Student’s ttest). Bars =50 umin A

and E and 20 um in B, C, F, and G.
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levels of CHCs after 30 min (Fig. 2, K-N). Furthermore, the
kinetic effects of SA on clathrin membrane association were
different from those of the natural auxin IAA (Wang et al.,
2013a) and the auxin analog 2,4-dichlorophenoxyacetic
acid (2,4-D; Supplemental Fig. S3). In the presence of
2,4-D (10 um), PM- and intracellular compartment-
associated levels of CLC1 displayed transient loss
and subsequent recovery to basal levels after 120 min,
while the membrane-associated CHC levels showed
an initial increase and a subsequent loss within 120
min (Supplemental Fig. 53). By contrast, in the pres-
ence of exogenous SA, the restoration of wild-type
levels of membrane-associated CLC1 and CLC1-GFP
was delayed significantly (240 min; Fig. 2, E-J;
Supplemental Fig. S2), while the elevated levels of
membrane-associated CHCs lasted longer (180 min;
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Fig. 2, O-T), compared with those in auxin-treated cells
(60 min; Supplemental Fig. S3).

We corroborated these results by immunoblot analysis
of microsomal membrane fractions from whole wild-
type seedlings. Although no changes in the levels of
membrane-associated CLC1/2 and CHC were detected
in seedlings treated with 25 um SA, application of 50 and
100 uM SA resulted in the reduction and elevation of
microsome-associated CLC1/2 and CHC levels, respec-
tively, 30 min after treatment (Supplemental Fig. S4A).
The observed difference in the amount of SA required
to interfere with the PM association of clathrin in roots
(25 uM; Fig. 2) versus whole seedling microsomal mem-
branes (50 or 100 um; Supplemental Fig. S4A) may reflect
cell and/or tissue-specific differences in the response to
exogenous SA. Consistent with this, SA (25 um) did not

Relative intensity (%)

Anti-CHC/Col-0

Mock SA

®ntracellular OPM

300 -

200 +

am
0 .

400 4
300 1

200 {pzm [0
100 | .2,
oL

400 -
300 -

dkk

200 -
100 -

0 d
R 300 -
200
100 -

0 .
Mock SA

300 -
200 -
x 100

0 d
Mock SA

240 min

Figure 2. Kinetic effects of SA on clathrin membrane association. A to J, SA effects on membrane-associated CLC1 in the wild
type. Kto T, SA effects on membrane-associated CHC in the wild type. B, D, F, H, and ) show the relative intensity of CLC1 at the
PM and intracellular compartments (n = 66-105 cells from eight roots each). L, N, P, R, and T show the relative intensity of CHC at
the PM and intracellular compartments (n = 62-86 cells from eight roots each). Different time lengths (5, 30, 120, 180, and
240 min) in mock (dimethyl sulfoxide [DMSO]) and SA (25 um) treatments are indicated in the bottom left corners. Mock and SA
treatments and antibodies are shown at the top. Arrows and arrowheads show intracellular compartment- and PM-associated
CLC1 and CHC, respectively. Values shown are means * sp. ***, P < 0.0001 (Student’s ¢ test). Bars = 10 um.
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Figure 3. Kinetic effects of TyrA23 on clathrin membrane association. A to F, IF analysis of the TyrA23 effect on membrane-
associated CLC1 in the wild type. G to L, IFanalysis of the TyrA23 effect on membrane-associated CHC in the wild type. B, D, and
F show the relative intensity of CLC1 at the PM and intracellular compartments (n = 62-98 cells from eight roots each). H, J, and L
show the relative intensity of CHC at the PM and intracellular compartments (n = 60-95 cells from eight roots each). Treatments
with DMSO (Mock), TyrA23 (A23; 30 um), and TyrA51 (A51 [as a negative control]; 30 um) are indicated at the top, whereas
treatment time lengths (5, 30, and 120 min) are shown in the bottom left corners. Arrows and arrowheads show intracellular
compartments and PM-associated CLC1 and CHC, respectively. Values shown are means = sp. ***, P < 0.0001 (Student’s t test;

compared with the mock control). Bars = 10 pwm.

affect the PM signals of CLC1/2-GFP in cotyledon epi-
dermal cells (Supplemental Fig. S4B), indicating a lower
sensitivity to, or uptake of, exogenous SA in cotyledons
than in roots. Quantitative real-time reverse transcription
(qRT)-PCR analysis showed that SA at 25 um did not in-
hibit the expression levels of CLC and CHC mRNA in
whole seedlings or roots following 30- and/or 120-min
treatments (Supplemental Fig. S5, A and B).

To clarify whether lower concentrations of SA (25 um)
are sufficient to inhibit CME, we examined the effect of SA
on the internalization of PM-resident proteins, including
PIN2, PIP2A, and the low-temperature-induced protein
RARE COLD INDUCIBLE2A (RCI2A), which was
shown to be dependent on CME (Dhonukshe et al., 2007;
Du et al,, 2013; Wang et al., 2013a), in the presence of the
vesicle-trafficking inhibitor brefeldin A (BFA; 50 um). As
shown in Supplemental Figure S6, SA at 25 um dramat-
ically reduced the intracellular accumulation of PIN2-,
PIP2A-, and RCI2A-GFP in BFA bodies in the root cells.

TyrA23 Also Differentially Affects the Membrane
Association of CHCs and CLCs

TyrA23, but not its analog tyrphostin A51 (TyrA51),
interferes with CME of cargo proteins in animal and plant
cells (Crump et al., 1998; Banbury et al., 2003; Ortiz-
Zapater et al., 2006; Dhonukshe et al., 2007; Konopka
et al., 2008; Fujimoto et al., 2010). To further explore the
effect of TyrA23 on clathrin membrane recruitment, we
assessed the levels of membrane-associated CLC1 and
CHC in TyrA23-treated wild-type root cells by IF mi-
croscopy. Similar to the effects of SA and 2,4-D on clathrin
(Fig. 2; Supplemental Fig. S3), TyrA23 (30 um) treatment

Plant Physiol. Vol. 171, 2016

initially affected CLC1 membrane association (5-30 min;
Fig. 3, A-D). However, the membrane reassociation of
CLC1 in the presence of TyrA23 (restored after 120 min;
Fig. 3, E and F) displayed kinetics resembling auxin
(120 min; Supplemental Fig. S3) rather than SA (240 min;
Fig. 2). Again, similar to the 2,4-D effects (Supplemental
Fig. S3), the levels of membrane-associated CHC initially
increased (after 30 min) and subsequently decreased (after
120 min; Fig. 3, G to L). TyrA51 at 30 uM (as a negative
control) had no detectable effects on the levels of membrane-
associated CLC1 and CHCs. TyrA23, therefore, impacts the
membrane association of clathrin, consistent with its inter-
ference of CME (Dhonukshe et al., 2007).

Immunoblot analysis confirmed that TyrA23 (30 um),
in contrast to TyrA51 (30 uMm), decreased the membrane-
associated CLC1/2 levels but enhanced CHC levels upon
30 min of treatment (Supplemental Fig. S4C). These
changes in CLC1/2 membrane association were subse-
quently reverted back to control levels, while CHC levels
decreased 120 min after TyrA23 exposure. Consistent
with these results, TyrA23 (30 and 60 um) decreased the
PM signals of CLC1/2-GFP in cotyledon epidermal cells
(Supplemental Fig. 54B). qRT-PCR analysis, furthermore,
showed that TyrA23 at 30 uMm did not significantly
affect CLC and CHC transcription upon 30- and 120-min
treatments (Supplemental Fig. S5A).

SA, But Not 2,4-D, Affects the Membrane Association of
the AP-2 Subunits

In addition to its effect on clathrin membrane asso-
ciation (Fig. 3), TyrA23 disrupts the PM association of
the AP-2 complex subunits (Di Rubbo et al., 2013; Fan

219


http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1

Wang et al.

Figure 4. Impacts of CME effectors/

30 min

inhibitor on the PM association of AP-2
subunits. A to F, Live-cell imaging anal-
ysis of the impacts of CME effectors/
inhibitor on the PM association of fluo-
rescently tagged AP-2 subunits. G to L,
IF analysis of the impacts of CME effectors/
inhibitor on AP-2 membrane associa-
tion. B, D, and F show the relative in-
tensities of fluorescently tagged AP-2
subunits at the PM (n = 160-250 cells
from eight to 12 roots each). H, J, and L
show the relative intensities of AP2q,
AP1/281, and AP2u at the membranes
(n = 61-79 cells from six to eight roots
each). Treatments with DMSO (Mock),
TyrA23 (A23; 30 um), SA (25 um), and
2,4-D (10 um) and duration time (30 min)
are indicated at the top. Arrowheads
and arrows show PM-associated AP-2
subunits and intracellular compartment-
associated AP1/2B31, respectively. Values
shown are means + sp. *, P < 0.05;
** P < 0.001; and ***, P < 0.0001
(Student’s t test; compared with the
mock control). Bars = 10 uwm.
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et al., 2013; Kim et al., 2013; Yamaoka et al., 2013). To
further investigate the mechanisms by which CME ef-
fectors, auxin and SA, and a CME inhibitor, TyrA23,
impact the membrane recruitment of AP-2 subunits, we
examined their impacts on the PM association of the
AP-2 subunits by quantitative live-cell and/or IF mi-
croscopy using affinity-purified anti-AP1/281, anti-
AP2u, and anti-AP20 antibodies. Inmunoblot analysis
of total protein extracts from leaf tissues (Supplemental
Fig. S7A) showed the absence of the 48-kD AP2u and
15-kD AP20 polypeptides in the ap2u and ap20 mu-
tants, respectively, providing further confirmation of
the specificity of anti-AP2u and anti-AP2¢ antibodies.
In addition to detecting their corresponding polypep-
tides, anti-AP2u and anti-AP2¢ antibodies displayed
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cross reactions against unidentified polypeptides in the
wild-type and mutant lines. However, anti-AP2u and
anti-AP2¢ antibodies specifically labeled the PM in wild-
type cells but not in the loss-of-function ap2u and ap2o
mutants, respectively (Supplemental Fig. S7, Band C). In
contrast to the AP2u and AP20 subunits, which are
specific for the AP-2 complex, the AP1/28 subunits,
AP1/2B81 and AP1/282, have been suggested to be
shared by the AP-2 and AP-1 complexes (Bassham
et al., 2008). Consistent with this, anti-AP1/281 an-
tibodies labeled the PM (Supplemental Fig. S7D) and
largely colocalized with CLC1-GFP at the intracellu-
lar compartments, as demonstrated by quantitative
colocalization analysis (Supplemental Fig. S7, E-G).
For the analysis of AP2a membrane recruitment, we
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Figure 5. IFanalysis of the AP-2 PM association in ap2u and ap2o-. A to F, Effects of loss of AP2u on the membrane association of
AP1/281 and AP2¢. G to L, Effects of loss of AP2a- on the membrane association of AP1/281 and AP2u. C, F, I, and L show the
relative intensities of membrane-associated AP2 subunits (n = 72-92 cells from seven to 11 roots each; the quantitative data are
summarized in Supplemental Table S2). Arrowheads and arrows show PM-associated AP-2 subunits and intracellular com-
partment-associated AP1/21, respectively. Values shown are means =+ sp. ***, P < 0.0001 (Student’s t test). Bars = 10 pwm.

relied solely on the use of live-cell imaging of lines
expressing AP2a1-GFP.

Previous studies have analyzed the effect of TyrA23 on
AP-2 PM association using higher concentrations and/or
longer treatment periods relative to the conditions we have
utilized (TyrA23, 30 um, 30 min; Fig. 3). Similar to the ef-
fects of high TyrA23 concentrations (60 and 90 uMm, 30 min;
Supplemental Fig. S8), SA (50 and 100 um) affected the PM
association of AP2a1-GFP, AP2u-YFP (for yellow fluo-
rescent protein), and AP20-GFP after 30 min of treatment
(Supplemental Fig. S8). However, at lower concentrations
of SA (25 um) or TyrA23 (30 um) that effectively inhibit
CLC1 membrane association (Figs. 2 and 3), we observed
that SA or TyrA23 had differential effects on the membrane
association of fluorescent fusion protein-tagged AP-2 sub-
units and endogenous AP-2 subunits upon 30 min of
treatment (Fig. 4). Notably, SA (25 um) or TyrA23 (30 um)
affected the PM association of AP2o (Fig. 4, A, B, G, and H;
approximately 12% and 10% loss of AP20-GFP and AP2o
upon SA treatment and approximately 23% and 17% re-
duction upon TyrA23 treatment, respectively) as well as
AP1/2B1 localization to the PM and intracellular com-
partments (Fig. 4, I and J; approximately 20% and 40%
reduction upon TyrA23 and SA treatment, respectively;
Supplemental Fig. S9A), but it did not significantly de-
crease PM-associated levels of AP2a1-GFP (Fig. 4, C and
D) and AP2u-YFP (Fig. 4, E and F; a slight increase) or
AP2u (Fig. 4, K and L). Furthermore, prolonged treat-
ments (120 min) with TyrA23, but not SA, significantly
decreased the levels of PM-associated AP2a1-GFP and
AP2u-YFP (Supplemental Fig. S10; AP2u-YFP was in-
creased slightly by SA). Additionally, the auxins 2,4-D
(10 um) and IAA (10 um), which rapidly disrupt clathrin
association with the PM and intracellular compartments
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(Supplemental Fig. 53; Wang et al., 2013a), did not alter the
PM association of the four AP-2 subunits after 30- and/or
120-min treatments (Fig. 4; Supplemental Figs. S10 and
S11). As confirmed by qRT-PCR analysis, the differential
changes in the levels of PM-associated AP20- and AP1/
2B1 caused by SA or TyrA23 treatment were not due to
alterations in AP-2 subunit mRNA levels (Supplemental
Fig. S5C).

Membrane Association of Other AP-2 Subunits in ap2u
and ap2o

Having shown that SA at 25 um impacts the PM as-
sociation of AP20 and AP1/281, but not AP2x and
AP2a1-GFP, upon 30- and 120-min treatments (Fig. 4;
Supplemental Fig. S10), we examined whether other AP-2
subunits may be recruited to the PM in ap2u and ap2o
loss-of-function mutants, in which CME (Bashline et al.,
2013; Fan et al., 2013; Kim et al., 2013) and PM-associated
CLC1/2-GFP levels are reduced (Fan et al., 2013;
Supplemental Fig. 512, A-F). Quantitative IF analysis
showed that the levels of endogenous PM-associated
AP1/2B1 and AP2¢ in the ap2u mutants (Fig. 5, A-F;
Supplemental Table S2; Supplemental Fig. S9B) were
reduced by approximately 49% and 41%, respectively,
relative to the wild type, whereas in the ap2o- mutant lines
(Fig. 5, G-L; Supplemental Table S2; Supplemental Fig.
S9B), there were approximately 27% and 37% reductions
of PM-associated AP1/281 and AP2u levels, respec-
tively. Similarly, loss of AP2u caused approximately 56%
and 57% reductions of PM-associated AP2a1-GFP and
AP20-GFP levels, respectively (Supplemental Fig. 512,
G-L; Supplemental Table S2), while the ap2c mutants
displayed approximately 37% and 32% reductions of
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Figure 6. Interference of CME effectors/inhibitor with endocytosis in the ap-2 mutants. A to R, Effects of TyrA23 (A23; 30 um), SA (25 um),
and 2,4-D (10 um) treatments on PIN2-GFP internalization in wild-type (A-F), ap2u (G-L), and ap2o- (M-R) root cells. F, L, and R show the
average number of PIN2-GFP-labeled BFA bodies in the presence of CME effectors/inhibitor. S, Average number of PIN2-GFP-labeled BFA
bodies in the absence of CME effectors/inhibitor. Mock controls in F, L, and R are identical to those in D. The durations of pretreatments and
treatments are indicated at the top. Arrows show PIN2-GFP-labeled BFA bodies. Values shown are means = sp. ***, P<<0.0001 (Student’s
t test; compared with the mock or wild-type control). n, Total number of cells examined from 11 to 15 roots. Bars = 10 uwm.

PM-associated AP2a1-GFP and AP2u-YFP levels, re-
spectively (Supplemental Fig. S12, M-R; Supplemental
Table S2). These results suggest that the loss of AP2u or
AP20 partially impacts the membrane association of
other AP-2 subunits.

AP20 Is Necessary for SA and TyrA23 Inhibition of
PIN2 Internalization

As shown above, SA (25 um) and TyrA23 (30 um)
predominantly affect the levels of PM-associated AP2o

222

and AP1/2p31 (Fig. 4). Thus, we expected that if other AP-2
subunits in the ap2u and ap2o mutants are functional
during CME, loss of AP2¢, but not AP2, could reduce the
inhibitory effects of SA and TyrA23 on CME. To test this,
we examined the endocytosis of PIN2-GFP in the ap2u
and ap2o mutants treated with or without CME effectors/
inhibitor. Consistent with previous findings with reduced
CME in ap-2 mutants (Bashline et al., 2013; Fan et al., 2013;
Kim et al., 2013), PIN2-GFP endocytosis was reduced in
both ap2u and ap2o relative to wild-type cells in the
presence of the protein synthesis inhibitor cycloheximide
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ESTR-inducible amiR-TPLATE (A-C), amiR-TML (D-F), and wild-type
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each). The duration of induction with DMSO (Mock) and ESTR (5 um) is
indicated at the top. Arrows and arrowheads show intracellular com-
partment- and PM-associated CLC1, respectively. Values shown are
means = sp. ***, P < 0.0001 (Student’s t test). Bars = 7.5 um.

(CHX) at 50 um (Fig. 6, B, H, N, and S). Furthermore, similar
to their inhibitory effects in wild-type cells (Fig. 6, B-F),
TyrA23 (30 um), SA (25 um), and 2,4-D (10 uM) significantly
inhibited PIN2-GFP endocytosis in ap2u relative to mock-
treated control cells (Fig. 6, H-L). By contrast, ap20- mutants
displayed resistance to the inhibitory effects of TyrA23 and
SA, but not 24-D, on PIN2-GFP endocytosis (Fig. 6, N-R),
compared with the wild-type and ap2u cells (Fig. 6, B-F and
H-L). These results provide further support for our hy-
pothesis that SA and TyrA23 exert their inhibitory effects on
CME and clathrin membrane association through individ-
ual AP-2 subunits.

Recent work showing that PIN2 endocytosis is differ-
entially regulated between trichoblast versus atrichoblast
cells in root epidermis (Lofke et al., 2015) prompted us to
examine whether the loss of AP2o" or AP2u. and CME
effectors/inhibitor differentially impacts PIN2 internali-
zation in these two different cell types. As reported
(Lofke et al., 2015), the average number of PIN2-GFP-
labeled BFA bodies in trichoblast cells (1.73 * 0.65) was
slightly higher than that of atrichoblast cells (1.46 + 0.46)
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in the wild type (Supplemental Fig. S13B). However,
the loss of AP2u or AP20 and treatments with CME
effectors/inhibitor in the wild type or ap2u or ap20 had a
similar impact on PIN2-GFP internalization between
these two types of cells relative to wild-type cells or the
mock control (Supplemental Fig. S13).

The TPC Is Required for Clathrin Membrane Recruitment

AP-2 and the TPC dynamically colocalize with clathrin
at the PM (Gadeyne et al., 2014), and ap2u and ap2o
mutants show a reduction in the levels of PM-associated
CLC1/2-GFP (Fan et al.,, 2013; Supplemental Fig. S12). To
determine if the TPC is likewise required for clathrin
membrane association, we examined CLC1 localization
in seedlings expressing the estradiol (ESTR)-inducible
artificial microRNA amiR-TPLATE and amiR-TML con-
structs (Gadeyne et al., 2014) by IF microscopy using
affinity-purified anti-CLC1-specific antibodies. The
levels of PM- and intracellular compartment-associated
CLC1 were found to be reduced following ESTR (5 um, 24
h) induction of amiR-TPLATE and amiR-TML expression
relative to uninduced amiR-TPLATE and amiR-TML
mock controls (Fig. 7, A-F). Estradiol treatment of wild-
type Columbia-0 (Col-0) cells (Fig. 7, G-I) did not affect
CLC1 membrane association. Furthermore, qRT-PCR
analysis showed that ESTR treatment and/or down-
regulation of TPLATE or TML (Supplemental Fig. S5D)
did not decrease the transcriptional levels of CLC1 to
CLC3 (Supplemental Fig. S5E). These results suggest that
normal recruitment of clathrin to the membranes is de-
pendent on both AP-2 complex and TPC.

The Membrane Association of the TPC Subunits Is Not
Affected by Auxin and SA

The TPC is required for CME and has been proposed to
function in the recruitment of clathrin triskelia and AP-2 to
sites of endocytosis at the PM (Gadeyne et al., 2014; Fig. 7).
To address whether the inhibition of CME by auxin, SA,
and TyrA23 is mediated through the TPC, we used live-
cell imaging to analyze their effects on the PM associa-
tion of five fluorescently tagged subunits of the TPC,
namely TPLATE, TML, TPLATE-associated SH3 domain-
containing protein (TASH3), the Arabidopsis EH domain-
containing proteinl (AtEH1), and AtEH2 (Van Damme
et al, 2011; Gadeyne et al., 2014). In contrast to the AP-2
subunits (Fig. 4), the PM association of the TPC subunits
(Fig. 8) was not detectably affected when cells were
treated with 30 um TyrA23 or 25 um SA for 30 min, which
does affect the PM association of the AP-2 subunits, AP2o
and AP1/2B1. However, consistent with the previously
observed effect of TyrA23 (75 um) on the PM associ-
ation of TPLATE (Van Damme et al., 2011), increased
concentrations of TyrA23 (90 um) caused dissociation
of the five fluorescently tagged TPC subunits from
the PM following a 30-min treatment (Supplemental
Fig. S14). In contrast, the PM association of the TPC
subunits was not affected by 2,4-D (10 um; Fig. 8) or
IAA (10 um; Supplemental Fig. S11) or by increased
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Figure 8. Impacts of CME effectors/inhibi-

30 min

tor on the PM association of the TPC sub-
units. Treatments were performed with
TyrA23, SA, and 2,4-D for 30 min in
the seedlings expressing GFP-fused TPC
subunits. B, D, F, H, and ] show the relative
intensities of PM-associated GFP-fused
TPC subunits (n = 61-145 cells from four to
eight roots each). Treatments with DMSO
(Mock), TyrA23 (A23; 30 um), SA (25 um),
and 2,4-D (10 um) and duration time
are indicated at the top. Arrowheads show
PM-associated GFP-fused TPC subunits,
whereas the arrow shows an AtEH1T-
GFP-labeled nucleus. Values shown are
means * sp. Bars = 10 um.

AtEH1-GFP TASH3-GFP TML-GFP TPLATE-GFP

GFP-AtEH2

concentrations of SA (50 and 100 um; Supplemental
Fig. S14). Taken together, these results demonstrate
that auxin has no effect on either AP-2 or TPC mem-
brane association and that SA and TyrA23 influence
the PM association of AP20 and AP1/281 but not
AP2al1, AP2u, and the TPC subunits.

The TPC Is Necessary for CLC Association with AP-2-
Depleted Membranes

As shown above, extended TyrA23 treatment (30 uM,
120 min) resulted in the significant depletion of all
four AP-2 subunits from the PM (Supplemental Fig.
S10). However, under these conditions, the levels of
membrane-associated CLC1/2 recovered to levels
comparable to untreated cells (Fig. 3; Supplemental Fig.
54C), suggesting that CLC1/2 can bind to the PM in the
absence of AP-2. Therefore, we took advantage of the
ability of TyrA23 to conditionally deplete the AP-2
complex and clathrin from the membranes to investi-
gate whether the TPC is sufficient for CLC binding to
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the PM in the absence of AP-2 function. For this, we
used IF microscopy in TyrA23-treated TPLATE- and
TML-deficient amiR-TPLATE and amiR-TML seedlings.
In wild-type control cells that express endogenous
levels of TPLATE and TML, ESTR treatment had no
effect on TyrA23-triggered depletion and subsequent
restoration of membrane-associated CLC1 (Fig. 9, A-C,
J, and K). In contrast, upon a 120-min TyrA23 treat-
ment, CLC1 restoration at the membranes was abol-
ished in the ESTR-induced TPLATE- and TML-deficient
root cells (Fig. 9, D-K). These results demonstrate that
the TPC is necessary for the recruitment of clathrin to
the PM following AP-2 depletion.

DISCUSSION

CME Is Dependent on Functions of AP-2 and the TPC in
Plant Cells

In animal cells, the AP-2 complex is postulated to
function as a central interaction hub for the recruitment
of factors necessary for CCV formation and release.
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Nevertheless, depletion of the metazoan AP2« does not
significantly impact endocytosis of the CME cargo
protein, transferrin, but rather affects the dynamics of
clathrin-coated pit initiation and maturation (Aguet
et al., 2013), suggesting that clathrin-coated pit forma-
tion is mediated through the coordinated function of
multiple and potentially partially redundant clathrin
accessory factors. Indeed, CME in plant cells has been
shown to be dependent on both the evolutionarily
conserved AP-2 (Bashline et al., 2013; Di Rubbo et al.,
2013; Fan et al., 2013; Kim et al., 2013; Yamaoka et al.,
2013) and the TPC (Van Damme et al., 2011; Gadeyne
et al., 2014), but how AP-2 and the TPC function to-
gether in CCV formation has not been defined.

Consistent with a role for both AP-2 and the TPC in
clathrin binding to the PM, the levels of membrane-
associated CLC1 and/or CLC2 were dramatically re-
duced in loss-of-function ap-2 mutants (Fan et al., 2013;
Supplemental Fig. 512) and in ESTR-inducible amiR-
TPLATE and amiR-TML seedlings (Fig. 7). To further
investigate the roles of the AP-2 complex and TPC in
clathrin recruitment, we utilized the CME effector/
inhibitor, SA and TyrA23, in combination with loss-
of-function ap-2 and fpc down-regulation mutants.
The differential effects of SA or TyrA23 on the PM as-
sociation of the AP-2 complex and clathrin but not the
TPC (Figs. 24 and 8), together with the data showing
that the TPC is required for CLC recruitment to AP-2-
depleted membranes (Fig. 9), provide evidence that the
TPC and AP-2 have independent as well as overlapping
roles in the coordination of clathrin recruitment and
potentially in the stabilization of the clathrin coat dur-
ing CCV formation at the PM.

Additionally, although AP-2 and the TPC function in
CME, we observed a loss of intracellular compartment-

amiR-TML
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associated CLC1 upon exposure to CME effectors/
inhibitor (Figs. 2 and 3; Supplemental Figs. S1-S3) or
in ap-2 mutants (Supplemental Fig. S12) and TPC
knockdown lines (Fig. 7), suggesting that clathrin re-
cruitment to the intracellular compartments depends
on CCV activity at the PM. An alternative, but not
mutually exclusive, possibility is that CLCs are de-
graded upon CME inhibition, thereby reducing total
cellular clathrin levels.

Membrane Association and Function of the AP-2 Complex
in Plant Cells

Our data indicate that the multimeric AP-2 complex
and TPC jointly function in the recruitment of clathrin for
CME. Previous studies, however, have demonstrated
that mutations in individual TPC subunits display severe
growth defects, including pollen and seedling lethality
(Van Damme et al., 2006; Gadeyne et al., 2014), whereas
AP-2 subunit mutants (Bashline et al., 2013; Di Rubbo
et al,, 2013; Fan et al,, 2013; Kim et al., 2013; Yamaoka
et al., 2013) exhibit only mild developmental defects. This
has raised questions about the relative functional im-
portance of the TPC versus the AP-2 complex in plant
CME. It is plausible that the TPC, as it is an evolutionarily
ancient adaptor complex (Zhang et al., 2015), is sufficient
to support basic CME levels required for plant cell
function. Alternatively, ap-2 mutants lacking only a sin-
gle subunit may still form partial AP2 complexes that
retain some level of activity necessary for CME. Consis-
tent with this hypothesis, we found that remaining AP-2
subunits can associate with the PM in Arabidopsis single
ap-2 subunit mutants (Fig. 5; Supplemental Fig. S12;
Supplemental Table S1). Furthermore, SA or TyrA23
caused differences in the PM association of individual

225


http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01716/DC1

Wang et al.

AP-2 subunits (Fig. 4) and in the endocytosis of PM-
associated PIN2 in ap2o and ap2u mutant lines (Fig. 6),
suggesting that plant AP-2 subunits can assemble in-
dependently or in partially functional subcomplexes. In
a related manner, it was recently shown that C. elegans
mutants, which are defective in a single AP-2 subunit,
exhibit only a modest reduction in CME, likely due to the
formation of partially active AP-2 complexes (Gu et al.,
2013).

Differential Regulation of CME by Auxin, SA, and TyrA23

Clathrin triskelia are composed of CLCs and CHCs.
Nonetheless, the initial loss of membrane-associated
CLC in plant cells treated with auxin, SA, and TyrA23
was accompanied by a transient but pronounced in-
crease in the levels of membrane-associated CHC,
which was followed by its membrane dissociation
(Figs. 2 and 3; Supplemental Figs. 53 and S4). Loss of
CLC, and potentially other clathrin-associated factors,
may thus affect the CHC membrane dynamics neces-
sary for the productive formation of endocytic CCVs.
Short-term treatments (5 or 30 min) with low concen-
trations of SA (25 um) and TyrA23 (30 um), which are
sufficient to block CME (Dhonukshe et al., 2007; Fig. 6;
Supplemental Fig. 56), enabled us to dissect how these
CME effectors/inhibitor impact the PM association of
clathrin and its adaptor proteins. Our data suggest that
SA and TyrA23, but not auxin, inhibit the clathrin PM
association via AP-2, in particular through the PM as-
sociation of the AP2¢0- and AP1/281 subunits (Fig. 4),
and not via the TPC (Fig. 8). Furthermore, as the PM
localization of the TPC (Fig. 8) is not affected by auxin,
SA, or TyrA23, the PM dissociation of clathrin in re-
sponse to these CME effectors/inhibitor is not medi-
ated through the TPC. Together, these data suggest
that, in plants, endogenous developmental and defense
signals such as auxin and SA may differentially mod-
ulate the membrane recruitment of clathrin and com-
ponents of the clathrin-related machinery and, thereby,
regulate the process of CME in plant cells.

SA and TyrA23 show highly similar effects on the
membrane association of clathrin and AP-2 subunits
(Figs. 2—4; Supplemental Fig. S8). However, a notable
difference is that TyrA23 (75 um or greater; Van Damme
etal.,, 2011; Supplemental Fig. S14), but not SA (100 uMm;
Supplemental Fig. S14), resulted in TPC dissociation
from the PM, suggesting that TyrA23 has additional
effects on the process of CME at high concentrations
compared with SA. Indeed, TyrA23 (100 um) inhibits
flg22-elicited reactive oxygen species formation (Smith
et al., 2014a, 2014b), indicating that TyrA23 affects not
only CME but other biochemical and/or cellular pro-
cesses in a dose-dependent manner. Thus, it is impor-
tant to evaluate the effects of TyrA23 over a range of
concentrations and incubation times to discriminate its
effect on different, and potentially overlapping, cellular
processes.

A major question that remains to be addressed is the
molecular mechanisms by which auxin and SA regulate

226

the PM association of clathrin and/or AP-2. Given that
auxin does not affect the membrane association of the AP-2
complex or the TPC, auxin signaling may directly nega-
tively regulate the recruitment and/or dynamics of clathrin
and, consequently, CME through cell surface-localized
AUXIN-BINDING PROTEIN1 (ABP1)-mediated signal-
ing (Robert et al., 2010; Xu et al., 2010) via the auxin-sensing
receptor-like kinase complex (Xu et al., 2014). This model,
however, does not preclude a role for other factors that
may be required for the auxin regulation of clathrin func-
tion during CME. Indeed, the recent finding that abpl
mutants show no gross growth defects (Enders et al., 2015;
Gao et al., 2015) warrants further study of the role of ABP1
in the auxin-dependent regulation of CME. Recent studies
showing that SA inhibition of plant CME is independent
of SA receptor-mediated transcription (NONEXPRESSER
OF PR GENES3/4; Du et al., 2013) support the SA inhi-
bition of CME via an untranscriptional mechanism. Based
on the rapid effects of auxin and SA on plant CME, it is
more likely that they regulate the membrane association
of clathrin and/or AP-2 subunits and, thereby, CME via
rapid posttranslational modifications (e.g. phosphoryla-
tion and/or dephosphorylation). Additionally, the vari-
ous CLC (CLC1, CLC2, and CLC3) and CHC (CHC1 and
CHC2) isoforms may undergo differential regulation.
Therefore, for future study, analyses of the functions
of the individual CLC and CHC isoforms and the po-
tential role of posttranslational modifications in the
regulation of the CME machinery upon auxin or SA
treatment will likely be necessary to understand how
developmental signals regulate CME in plants.

MATERIALS AND METHODS
Plant Material and Growth Conditions

The following Arabidopsis (Arabidopsis thaliana) transgenic lines and mu-
tants were used in this study: ProWOX5:IAAH (Blilou et al., 2005), Pro-35S:
CLC1-GFP (Wang et al., 2013a), ProCLC2:CLC2-GFP (Konopka et al., 2008; Ito
et al., 2012), ProAP2u:AP2u-YFP (Bashline et al., 2013), Pro-355:AP2a1-GFP
(AP2A1-GFP; Di Rubbo et al., 2013), ProAP20:AP20-GFP/ap20 (Fan et al., 2013),
ProPIN2:PIN2-GFP (Xu and Scheres, 2005), ProLAT52:TPLATE-GFP (Van
Damme et al., 2006), ProTML:TML-GFP, Pro-35S:TASH3-GFP, Pro-35S:AtEH]1-
GFP, Pro-35S5:GFP-AtEH2, and ESTR-inducible ProESTR:amiR-TPLATE (Col-0
background) and ProESTR:amiR-TML/BRI1-GFP (ProBRI1:BRI1-GFP back-
ground; Gadeyne et al., 2014) transgenic lines as well as ap20 (SALK_141555;
Fan et al., 2013) and ap2u (SALK_083693C from the Arabidopsis Biological
Resource Center) mutants. The homozygous ap2u mutant was identified by
PCR (Supplemental Table S3) and described previously (Bashline et al., 2013;
Kim et al., 2013). Fluorescently tagged marker lines were crossed into ap2o and
ap2u mutants, and the resulting homozygous lines were confirmed by PCR-
and fluorescent signal-based assays.

Seeds were surface sterilized and imbibed for 3 d at 4°C in the dark and then
sown onto 0.5X Murashige and Skoog (MS) 1.5% (w/v) agar plates. Seedlings
were vertically grown on plates in a climate-controlled growth room (22°C/20°
C day/night temperature, 16/8-h photoperiod, and 80 uE s™' m™? light in-
tensity). Five-day-old seedlings with healthy roots were used in this study,
unless specified otherwise.

Chemical Solutions and Treatments

All reagents, unless specified, were from Sigma-Aldrich. DMSO was used to
dissolve IAM (5 mm), SA (100 mm), IAA (10 mwm), 2,4-D (10 mm), TyrA23
(30 mm), TyrA51 (30 mm), CHX (50 mm), BFA (50 mym; Invitrogen), and ESTR
(20 mwm) for stock solutions. Unless indicated otherwise in the text, final working
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concentrations were 5 um for IAM and ESTR, 10 uM for IAA and 2,4-D, 25 uM for
SA, 30 uM for TyrA23 and TyrA51, and 50 um for CHX and BFA.

All pretreatment and posttreatment time durations are indicated in the text.
All pretreatments and treatments for subcellular localization of membrane-
associated proteins were performed in liquid medium (0.5X MS basal salts, 1%
Suc, and 0.05% MES [w/v], pH 5.6-5.8), except the specified cases. For the in-
duction of amiR-TPLATE and amiR-TML, 4-d-old vertically grown seedlings
from 0.5X MS 1.5% (w/v) agar plates were incubated for 24 h in 0.5X MS liquid
medium containing 5 um ESTR as described previously (Gadeyne et al., 2014) or
followed by treatment with ESTR plus TyrA23 (30 um). The resulting materials
were used in IF analysis and/or qRT-PCR assay.

Polyclonal Antibodies and Immunoblot Analysis of the
AP-2 Subunits

Polyclonal antibodies of the AP-2 subunits, including anti-AP1/281, anti-AP2p,
and anti-AP20, were raised in rabbits using synthesized peptides related to each
protein (Supplemental Table S4) coupled with keyhole limpet hemocyanin con-
taining an additional N-terminal Cys (HUABIO). Antibodies were affinity purified
using immobilized-peptide affinity columns. To verify the specificity of anti-AP2u
(1:500 dilution) and anti-AP20 (1:500 dilution), total protein extracts (20 ug loading
for each sample) from leaf tissues of Col-0, ap2u, and ap2o adult plants were used
for immunoblot analysis (Supplemental Fig. S7A). However, loss-of-function
ap1/281 mutants are not currently available with which to test the specificity of
the anti-AP1/21 peptide antibody by immunoblot analysis.

Membrane Protein Isolation and Immunoblot Analysis
of Clathrin

For the membrane-associated clathrin assay, microsomal membrane frac-
tions were prepared as described previously (Abas et al., 2006). Briefly, ap-
proximately 1 g of 5-d-old whole seedlings grown in 0.5X MS liquid medium
under continuous light was homogenized in extraction buffer (50 mm Tris [pH
6.8], 5% [v/v] glycerol, 1.5% [w/v] polyvinylpolypyrrolidone, 5 mm EGTA [pH
8], 5 mm EDTA [pH 8], 150 mm KCl, 1 mum dithioerythritol, 50 mm NaF, 20 mm
B-glycerol phosphate, 0.5% [w/Vv] casein, protease inhibitors including 1 mm
benzamidine, 1 ug mL ™" aprotinin, 1 ug mL " leupeptin, 5 ug mL " E64, 1 ug
mL ™! pepstatin A, 1 mm phenylmethylsulfony! fluoride, and one Roche Com-
plete Mini Protease Inhibitor tablet) on ice and spun at 3,800g for 15 min at 4°C.
The supernatant was filtered and spun (3,800¢) again and then centrifuged
(100,000g) for 90 min at 4°C. The pellet was resuspended in resuspension buffer
(50 mm Tris [pH 7.5], 20% [v/v] glycerol, 2 mm EGTA, 2 mm EDTA, 0.5 mm
dithioerythritol, 10 ug mL ! casein, and protease inhibitors as above). The final
samples were detected using the Bio-Rad protein assay to calculate the con-
centration (ug uLh.

For immunoblot analysis, the generation and purification of polyclonal
antibodies, including anti-AtCLC1, anti-AtCLC2, and anti-AtCHC (1:1,000 di-
lution), and their detailed information have been described previously
(McMichael et al., 2013; Wang et al., 2013a). Coomassie Brilliant Blue R250
staining was used as a loading control for total microsomal membrane proteins
(15 ug loading for each sample). For the band intensity assay, each blot was
quantified by one-dimensional gel of Image] software (http://rsb.info.nih.
gov/ij/). The resulting data were calculated relative to the loading controls and
subsequently normalized to the corresponding mock control (each mock con-
trol was set as 1).

Confocal Microscopy, Immunodetection,
and Quantification

Immunolocalization studies were performed in the primary roots as described
before (Sauer et al., 2006; Wang et al., 2013a). Primary antibodies against CLC1
(1:150 dilution), CHC (1:150 dilution), AP1/281 (1:100 dilution), AP2y (1:100
dilution), and AP2¢ (1:100 dilution) were detected using Cy3-labeled anti-rabbit
secondary antibodies (Sigma-Aldrich; 1:100 dilution). Images were captured us-
ing confocal laser scanning microscope (Leica TCS SP5 AOBS). For imaging Cy3,
the 543-nm line of the helium/neon laser was used for excitation, and emission
was detected at 550 to 570 nm. For live-cell imaging of GFP and YFP, the 488- and
514-nm lines of the argon laser were used for excitation, and emission was
detected at 496 to 532 and 520 to 560 nm, respectively. For quantitative mea-
surement of fluorescence intensities, laser, pinhole, and gain settings of the con-
focal microscope were identical among different treatments or genotypes.

Plant Physiol. Vol. 171, 2016

Differential Regulation of Clathrin, AP-2, and TPC

To quantify the intensities of fluorescence signals at the PM or intracellular
compartments, digital images were analyzed using Image] software. Briefly,
PM-associated levels of GFP- or YFP-fused or Cy3-labeled secondary antibody-
detected proteins, including CLC1/2, CHC, and the AP-2 and TPC sub-
units, were determined by regions of interest (ROIs) using the rectangle
and/or freehand line tools of Image] software. The levels of intracellular
compartment-associated CLC1/2 and CHCs were determined by measuring
multiple ROIs as their total intracellular fluorescence intensities to exclude the
nuclear signals or other nonspecific background signals. The resulting data
were normalized to the corresponding wild-type or mock control (100%), and
the relative fluorescence intensities (%) are presented. For the quantification of
AP1/2p1 intracellular signals, the total intracellular intensity using multiple
ROIs and the amounts of anti-AP1/2p1 antibody-labeled intracellular com-
partments by counting were used. For intracellular colocalization of AP1/251
with CLC1-GFP, five independent confocal images were analyzed using
Pearson and Spearman correlation coefficients in the colocalization plug-in of
Image] as described previously (French et al., 2008; https:/ /www.cpib.ac.uk/
tools-resources/software/psc-colocalization-plugin/; a default threshold of
40). To reduce any background effect, ROIs were used for the colocalization
assay. For measurements of the BFA-induced internalization of PIN2-GFP, the
levels of internalized PIN2-GFP were presented as the average number of GFP-
labeled BFA bodies per cell (Robert et al., 2010; Wang et al., 2013a). To further
explore the effects of the loss of AP2u and AP20 on PIN2-GFP internalization in
trichoblast and atrichoblast cells, amounts of GFP-labeled BFA were counted
separately in these two types of cells. All confocal experiments were indepen-
dently repeated at least three times, and quantitative data were statistically
evaluated using Student’s ¢ test (paired with two-tailed distribution). Amounts
of the examined seedlings and cells are indicated in the text.

Quantitative IF Analysis of Clathrin Membrane
Association in Gravistimulated Roots

For gravitropic stimulation, vertically grown seedlings were gravistimulated
for 2 h with 90° rotation as described previously (Pan et al., 2009). To fairly
evaluate the levels of membrane-associated CLC1 at both sides of the root,
higher magnification images were slightly focused before being captured from
the overview images of the root during confocal imaging. These higher mag-
nification images were used in quantitative analysis as described above.

qRT-PCR Assay

To evaluate the impact of CME effectors on the gene expression of clathrin
and the AP-2 subunits, 5-d-old vertically grown whole seedlings (Col-0) were
used upon treatment with DMSO (mock), TyrA23 (30 um), SA (25 um), and/or
2,4-D (10 um) in 0.5X MS liquid medium for 30 and 120 min. For analysis of the
effect of SA on clathrin gene expression in the roots, 10-mm root tips were in-
cised from the seedlings treated with 25 um SA for 30 min. For gene expression
of CLC1-3, TPLATE, and TML, ESTR treatment conditions were described
above. The resulting materials were used to isolate total RNA with the RNeasy
Plant Mini Kit (Qiagen).

For qRT-PCR assay, the first-strand synthesis of complementary DNA was
performed with the SuperScript III First-Strand Synthesis System (Invitrogen).
The qRT-PCR assay was performed with Thunderbird SYBR qPCR mix
(Toyobo) and the StepOnePlus Real-Time PCR System (Applied Biosystems).
Reactions were performed in a 20-uL volume that contained 10 uL of 2X SYBR
qPCR mix (Toyobo), 10 ng of complementary DNA, and 1 uM of each gene-
specific primer (Supplemental Table S3; Wang et al., 2013a). PCR cycles were
performed as follows: 95°C for 5 min, and then 40 cycles of 95°C for 5s and 60°C
for 50 s. The resulting data were collected and analyzed using StepOne Software
version 2.1. The housekeeping genes UBIQUITIN7 and ACTIN2 served as
normalization references for clathrin/AP-2 subunits and TPLATE/TML, re-
spectively (Supplemental Table S3). For statistical analysis (Student’s ¢ test,
paired with two-tailed distribution), the transcription levels were compared
with the corresponding mock or wild-type control.

Sequence data from this article can be found in the Arabidopsis Genome
Initiative under the following accession numbers: CLC1 (At2g20760), CLC2
(At2g40060), CLC3 (At3g51890), CHC1 (At3g11130), CHC2 (At3g08530), AP2a1
(At5g22770), AP1/2B1 (At4G11380), AP2u (At5g46630), AP20 (Atlg47830),
TPLATE (At3g01780), TML (At5g57460), TASH3 (At2g07360), AtEHI
(At1g20760), AtEH2 (At1g21630), PIN2 (AT5g57090), UBIQUITIN7 (AT2g35635),
and ACTIN? (At3g18780).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Elevation of endogenous auxin levels affects
clathrin membrane association.

Supplemental Figure S2. Time-course analyses of the SA effect on CLC1-
GFP membrane association.

Supplemental Figure S3. Kinetic effects of auxin on the membrane asso-
ciation of clathrin.

Supplemental Figure S4. Immunoblot and live-cell imaging analyses of
clathrin membrane association.

Supplemental Figure S5. qRT-PCR analysis of transcriptional levels of
clathrin and the AP-2/TPC subunits.

Supplemental Figure S6. Effects of low concentrations of SA on the inter-
nalization of PM proteins.

Supplemental Figure S7. Immunoblot and IF analyses of the AP-2 anti-
bodies.

Supplemental Figure S8. Effects of high concentrations of TyrA23 and SA
on the PM association of AP-2 subunits.

Supplemental Figure S9. Quantification analysis of AP1/281 intracellular
signals in Figures 4 and 5.

Supplemental Figure S10. Impacts of CME effectors/inhibitor on the PM
association of AP-2 subunits in extended treatment.

Supplemental Figure S11. Exogenous IAA effect on the PM association of
the AP-2 and TPC subunits.

Supplemental Figure S12. Membrane association of clathrin and AP-2
subunits in ap20 and ap2u.

Supplemental Figure S13. Quantification analysis of PIN2 endocytosis in
trichoblast and atrichoblast cells in Figure 6.

Supplemental Figure S14. Effects of high concentrations of TyrA23 and SA
on the PM association of the TPC subunits.

Supplemental Table S1. Frequency distribution for the ratios of
membrane-associated CLC1 at both sides of roots.

Supplemental Table S2. Summary of the effects of loss of AP2u or AP2c
on the PM association of other AP-2 subunits.

Supplemental Table S3. PCR primer sequences for qRT-PCR and genotyp-
ing.

Supplemental Table S4. Information for the AP-2 antibodies.
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