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The plasma membrane (PM) serves as the interface
between the cell and its environment. Accordingly, cells
have the capacity to modulate their complement of
PM-associated receptors, transporters, channels, lipids,
and other membrane components to facilitate numer-
ous physiological functions, including synthesis of the
extracellular matrix, intercellular communication, nu-
trient uptake, environmental sensing, and directional
growth, among others. Exocytosis/secretion, which
delivers newly synthesized and recycled cargo from the
trans-Golgi network (TGN) and endosomes to the PM,
and endocytosis, wherein PM cargo is internalized and
sorted into early endosomes (EEs), are the two com-
plimentary trafficking pathways chiefly responsible for
the maintenance of PM composition. Much of our un-
derstanding of these processes derives from work in
yeast and mammalian systems; indeed, only recently
has endocytosis been conclusively demonstrated in
plants (for review, see Robinson et al., 2008). This re-
view summarizes recent progress that has enhanced
our understanding of themechanisms of internalization
of proteins and lipids from the PM; other reviews of
earlier work in the field, including the following, are
highly recommended for a thorough investigation of
the subject: Robinson et al. (2008), Chen et al. (2011),
Baisa et al. (2013), Fan et al. (2015), and Paez Valencia
et al. (2016).

Cells employ a variety of pathways for internaliza-
tion of membrane-associated and soluble cargo from
the PM and extracellular environment (Fig. 1), of which
clathrin-mediated endocytosis (CME) is the most
studied. Integral PM proteins to be internalized via
CME are marked for uptake by virtue of intrinsic sig-
naling peptide (amino acid) sequences and posttrans-
lational modifications (e.g. ubiquitin). In metazoans

and yeast, the initial stages of clathrin-coated pit (CCP)
formation involve adaptor complexes, such as the het-
erotetrameric adaptin protein-2 (AP-2) complex, that
recognize these motifs and specific membrane lipids
[e.g. phosphatidylinositol 4,5-bisphosphate, PI(4,5)P2]
and recruit clathrin triskelia composed of clathrin
heavy and light chain subunits (CHCs and CLCs).
Oligomerization of clathrin, together with the recruit-
ment of additional endocytic accessory proteins (EAPs),
promotes increasing localized membrane curvature
that resolves into a vesicle upon scission from the PM;
in mammals (metazoans), this scission of budding
clathrin-coated vesicles (CCVs) is facilitated by the
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dynamin GTPase. After uncoating via Hsc70 and
auxilin-like proteins, the vesicle delivers its contents via
fusion to the TGN/EE for subsequent sorting back to
the PM (recycling) and/or delivery to the vacuole.
Cargo that is destined to be degraded in the vacuole is
internalized into intraluminal vesicles via the Endo-
somal Sorting Complexes Required for Transport
(ESCRT) machinery to form multivesicular bodies
(MVBs), which upon maturation eventually fuse with
the vacuole to complete degradation. For recent per-
spective on endosomal trafficking, see Paez Valencia
et al. (2016).
Given the essential role of the PM in a large number

of cellular processes, exquisite control of endocytosis
must be exercised to maintain the appropriate PM
protein and lipid composition. Consistent with this, the
process of plant endocytosis seems to be cell-type de-
pendent (Baral et al., 2015; Löfke et al., 2015) and is
responsive to endogenous plant signaling molecules
(e.g. auxin, salicylic acid; Yu et al., 2016) as well as other
environmental stimuli including plant pathogens
(Smith et al., 2014b; Mbengue et al., 2016; Li and Pan,
2017), nutrients (Takano et al., 2010; Barberon et al.,

2014), and light (Wang et al., 2016; Zhang et al., 2017).
Significant progress has been made in the last 5 years
to identify and characterize the evolutionarily con-
served and plant-specific endocytic machinery and
its regulation.

EXPERIMENTAL TOOLS: CHEMICAL TREATMENTS
AFFECTING ENDOCYTOSIS

Our understanding of the molecular machinery and
dynamics of endocytosis in plants and other organisms
has been greatly facilitated by the application of phar-
macological agents and use of live cell imaging of flu-
orescent protein-tagged CMEmachinery and PM cargo
proteins. The fungal metabolite Brefeldin A (BFA), a
reversible vesicle trafficking inhibitor, has been widely
used in Arabidopsis (Arabidopsis thaliana) to block the
trafficking of material from the TGN/EE to probe the
identity of newly synthesized and endocytosed pro-
teins passing through this compartment. Specifically,
BFA inhibition of a subset of Sec7 domain-containing
ADP-ribosylation factor (ARF) guanine nucleotide ex-
change factors (ARF-GEF), including GNOM, results in

Figure 1. Plant cells maintain several pathways for the distribution of membrane-bound material in both anterograde and ret-
rograde fashions. Newly synthesized proteins traveling through the endoplasmic reticulum (ER) andGolgi apparatus are delivered
via membrane transport from the TGN/EE, an organelle acting as a hub in secretory and endocytic trafficking pathways, on to the
PM via exocyst-dependent docking and fusion. PM and extracellular material are internalized by multiple means, including CIE
and CME. Initiation of CCPs (inset) employs various adaptor complexes, including AP-2 and TPC, which associate with the PM,
recognize membrane-associated cargoes (including, for example, the flagellin-sensing FLS2 receptor and the CESA), and recruit
the clathrin coat. Following release from the PM, endocytic CCVs undergo uncoating before fusingwith the TGN/EE. Endocytosed
proteins may undergo recycling to the PM via vesicular trafficking and/or sorting into the late endosome IMVB interior via ESCRT
for subsequent vacuolar degradation.
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the formation of characteristic intracellular endosomal
and trans-Golgi compartment aggregates (BFA bodies)
that contain newly synthesized and endocytosed pro-
teins (Robinson et al., 2008; Paez Valencia et al., 2016).
The appearance of fluorescently tagged PM proteins in
BFA bodies in the presence of the protein synthesis in-
hibitor cycloheximide has been utilized to monitor en-
docytosis in wild-type and CME machinery defective
mutants (Dhonukshe et al., 2007; Tanaka et al., 2009;
Gadeyne et al., 2014), and to assess how CME is regu-
lated in plants in response to environmental conditions
(Geldner et al., 2001; Kleine-Vehn et al., 2010; Gadeyne
et al., 2014; Wang et al., 2016; Yu et al., 2016). A major
finding has been that the phytohormones auxin and
salicylic acid rapidly inhibit the internalization of PM
marker proteins into BFA bodies (Paciorek et al., 2005;
Pan et al., 2009; Robert et al., 2010; Du et al., 2013; Wang
et al., 2013, 2016). However, a recent study using pho-
toconvertiblefluorescent protein-tagged PIN-FORMED2
(PIN2; Jásik et al., 2016) concluded that auxins do not
inhibit endocytosis, but rather affect BFA body forma-
tion and thereby inhibit delivery of newly synthesized
PIN2 to the BFA bodies, raising questions regarding the
validity of the use of the BFA body assay for assessing
PM protein internalization. It will be important to rec-
oncile these findings in light of previous studies showing
that exogenous auxin treatment does not affect forma-
tion of BFA bodies (Paciorek et al., 2005) and disrupts
clathrin association with the PM, thereby affecting the
endocytosis of PIN auxin efflux transporters and other
PM proteins (Robert et al., 2010; Wang et al., 2013, 2016).

In addition to BFA and other previously described
trafficking inhibitors, hundreds of small molecules af-
fecting endomembrane trafficking in plants have been
discovered through recent chemical genetic screens
(Robert et al., 2008; Drakakaki et al., 2011; Chuprov-
Netochin et al., 2016). These compounds offer unique
benefits, including transient and tunable phenotypes,
the potential to overcome potential genetic redundancy
of essential membrane trafficking factors, and utility as
a means of biochemically identifying their targets
(Norambuena and Tejos, 2017). Several members of one
group of compounds, known as endosidins, based on
their identification as compounds that affect endocy-
tosis and endosomal function, have been characterized
recently. A subset of endosidin compounds including
Endosidin1 (ES1), ES2, and ES16 has been shown to
affect post-Golgi trafficking, including exocytosis and
endosome function (Robert et al., 2008; Tóth et al., 2012;
Zhang et al., 2016; Li et al., 2017). ES9 was shown to
inhibit endocytosis of the known CME cargo, transfer-
rin receptor, in animal cells (Dejonghe et al., 2016) and
of the amphiphilic styryl dye N-(3-triethylammonium-
propyl)-4-(6-(4-(diethylamino) phenyl) hexatrienyl)
pyridinium dibromide (FM4-64) in plants. As an inte-
gral PM dye, FM4-64 is likely taken up by multiple
endocytic pathways, though the observation that FM4-
64 internalization is highly sensitive to clathrin HUB
overexpression indicates the majority of the dye is
taken up via CME (Dhonukshe et al., 2007). Consistent

with its inhibition of CME, ES9 caused a dramatic in-
crease in the lifetime of CCPs in root epidermal cells as
observed with fluorescent protein-tagged CLC, CHC,
TPLATE complex (TPC), and AP-2 complex subunits.
PI(4,5)P2 but not phosphatidylinositol 4-phosphate
levels at the PM were also affected in root cells treated
with ES9. However, it appears these effects are not due
to specific targeting of CME machinery, but instead
manifest primarily through the mitochondrial uncou-
pling and protonophoric activity of ES9, thereby
causing cellular depletion of ATP and cytoplasmic
acidification, respectively (Dejonghe et al., 2016). This
mode of action appears to be shared with the phos-
photyrosine analog tyrphostin A23 (TyrA23), which
has been utilized as a pharmacological tool to interfere
with CME in animal and plant cells. In animal cells, the
effects of TyrA23 on endocytosis were postulated to
occur by virtue of disrupting the interaction of the AP-2
complex with YXXF (F represents any bulky hydro-
phobic residue) motifs found in many CME cargoes
(Banbury et al., 2003). In plants, TyrA23 disrupts the
PM association of AP2a1, AP2m, AP2s, and the TPC
complex subunit TPLATE (Van Damme et al., 2011; Di
Rubbo et al., 2013; Fan et al., 2013; Kim et al., 2013;
Yamaoka et al., 2013;Wang et al., 2016), and inhibits 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). Intriguingly,
at environmental pHs greater than 6.5, the inhibition of
FM4-64 uptake when exposed to TyrA23 and the pro-
tonophore chlorophenyl hydrazine is diminished,
whereas the inhibitory effect of ES9 application is pre-
served, suggesting ES9 may yet have CME inhibiting
effects beyond those resulting from cytoplasmic acidi-
fication (Dejonghe et al., 2016). Moreover, elevating
TyrA23 concentration beyond those typically used to
inhibit endocytosis (30–50mM;Dejonghe et al., 2016) has
demonstrated additional effects, including dissociation
of the TPC from the PM (75mM; VanDamme et al., 2011)
and inhibition of flg22-elicted reactive oxygen species
formation (100 mM; Smith et al., 2014a, 2014b). The
careful characterization of the effects of ES9 and TyrA23
serves as a reminder that it is critical that the mecha-
nism of action of other compounds used for the char-
acterization of membrane trafficking be well defined,
and the impact of potential off-target effects must be
considered. In light of their varied effects on endocy-
tosis apparently separate to those resulting from cyto-
plasmic acidification, ES9 and TyrA23 may yet serve as
powerful tools for the dissection of endocytic pathways
when accompanied by critical examination of off-target
effects.

EXPERIMENTAL TOOLS: QUANTITATIVE IMAGING
OF PLANT ENDOCYTOSIS

Live cell imaging of fluorescent protein-tagged cargo
and vesicle trafficking proteins has proven invaluable
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for understanding the CME and clathrin-independent
endocytosis (CIE) molecular machinery and cargo. In an
effort study the dynamics of receptor-mediated endo-
cytosis, several bioactive fluorescent cargo analogs have
beendeveloped recently. Thefluorescent brassinosteroid
ligand analog Alexa fluor 674 castasterone enables
quantitative measurement of brassinosteroid receptor
(BRI1) endocytosis (Irani et al., 2012, 2014), and has been
utilized to characterize the ES9mode of action (Dejonghe
et al., 2016) and the function of the AP2a subunit in CME
(Di Rubbo et al., 2013). Additionally, the fluorescently
labeled endogenous elicitor peptide TAMRA-pep1 has
been used to examine trafficking of its cognate receptor,
PEP RECEPTOR1 (PEPR1; Ortiz-Morea et al., 2016).
The advent of live cell imaging techniques applicable

to plant cells has greatly expanded our ability to probe
dynamic events at the cell cortex. Expanding on the
powerful signal-to-noise ratios offered by traditional la-
ser scanning confocal microscopy, the improved scan-
ning rates of spinning disk confocal microscopy and
subsequently increased temporal resolution have en-
abled in-depth study of dynamic events in vivo. At the
leading edge of efforts to improve spatial resolution,
several techniques have been developed recently that,
while lacking high temporal resolution, may have utility
in probing the spatial distribution of CME and CIE
components, including coat proteins and EAPs (Komis
et al., 2015). Adaptation of total internal reflection mi-
croscopy (TIRFM) and variable angle epifluorescence
microscopy (VAEM) for use in plant systems combines
extremely high spatiotemporal resolution with novel il-
lumination techniques to capture dynamic events at
the cell surface. The unique physics of TIRFM/VAEM
allow for the selective excitation of a limited portion
of the sample adjacent to the glass slide, ideal for
imaging events at the PM without background flu-
orescence from the sample interior (Kaksonen et al.,
2005; Schneckenburger, 2005; Konopka and Bednarek,
2008b;Wan et al., 2011). Imaging of fluorescently tagged
clathrin and/or EAPs at the PM using spinning disk
confocal microscopy or TIRFM/VAEM reveals dynamic
foci of rising and falling intensity reflecting the formation
of CCPs and the internalization of budding CCVs away
from the plane of focus, respectively. Measurements of
subdiffraction size CCP lifetimes is an important
metric of endocytic efficiency under varying condi-
tions (Dejonghe et al., 2016), though quantitative analysis
of these data manually is labor intensive and is suscep-
tible to human subjectivity. To address these issues,
commercial and open source automated particle tracking
software tools have been developed (Debeir et al., 2005;
Murray et al., 2006; Jaqaman et al., 2008; Tinevez et al.,
2017). Recently, the use of Trackmate, a plug-in for the
open source ImageJ/FIJI software platform (Schneider
et al., 2012) that offers automated and manually seg-
mentation and tracking (Tinevez et al., 2017), and the
cmeAnalysis package (Aguet et al., 2013) for the propri-
etary/commercial MATLAB computing platform were
validated for tracking and lifetime analysis of CME dy-
namics in plant cells. In agreement with the values

obtained through manual annotation (Konopka et al.,
2008; Bashline et al., 2013; Gadeyne et al., 2014), auto-
mated tracking of VAEM/TIRFM data of fluorescent
protein-tagged clathrin and CME accessory proteins in
root cells using Trackmate revealed CCP lifetimes of
24.2 6 11.6 s (Tinevez et al., 2017). Similarly, using
TIRFM imaging and cmeAnalysis software, others have
determined the lifetimes of several fluorescent protein-
tagged, PM CCP-resident proteins, including CLC
(10.4–11.7 s), AP2a (12.5 s), AP2m (15.9 s), and the plant
dynamin homolog dynamin related protein 1C (DRP1C;
16.0-20.4 s; Johnson and Vert, 2017).

AP-2

As the canonical CME adaptor complex, the evolu-
tionarily conserved heterotetrameric AP-2 complex,
comprised of a/A, b/B, m/M, and s/S subunits, has
been well characterized in many systems, including
plants (Fig. 1; Bashline et al., 2013; Di Rubbo et al., 2013;
Fan et al., 2013; Kim et al., 2013; Yamaoka et al., 2013;
Wang et al., 2016; Johnson and Vert, 2017). Imaging of
early events in metazoan CME has indicated that the
AP-2 complex nucleates CCPs by virtue of interactions
with PM signaling phospholipids such as PI(4,5)P2 and
phosphatidylinositol 3-phosphate as well as various
EAPs, including the AP180 N-terminal homology,
epsin N-terminal homology, and FCHo (F-BAR) pro-
teins, which together serve to generate membrane cur-
vature (Cocucci et al., 2012; Mayers et al., 2013).
Consistent with its function as an interaction hub in
other systems, plant AP-2 interacts with clathrin and
CME cargoes, and functions in plant CME (Fan et al.,
2013). PI(4,5)P2 is involved in plant endocytosis, as
demonstrated by the sensitivity of CHC PM association
to PI(4,5)P2 production (Zhao et al., 2010) and the re-
duction in PIN internalization and perturbed CCP
abundance and dynamics observed in PI(4)P 5-kinase
pip5k1 pip5k2 double mutants (Yamaoka et al., 2013).
However, a place for PI(4,5)P2 in the AP-2 interaction
network in plants, either via other EAPs or through
AP-2 subunits directly, remains to be determined.

In line with its nature as a major interaction hub in
CME, the AP-2 complex is essential for embryonic de-
velopment and morphogenesis in mammals (Mitsunari
et al., 2005). However, HeLa cell lines remain viable
despite loss of the AP2m subunit and the concomitant
inhibition of CME of some cargoes (Motley et al., 2003;
Aguet et al., 2013). Similarly, Arabidopsis mutants de-
fective for individual AP-2 subunits remain viable
(Bashline et al., 2013; Fan et al., 2013; Kim et al., 2013).
An advantage of the viability of AP-2 subunit knockout
alleles is the ability to examine the impact of such mu-
tations on CME dynamics and cargo selection in vivo;
analysis of individual AP-2 subunit knockout mutants
has revealed an AP-2 interaction with the cellulose
synthase complex (Bashline et al., 2013), floral and
pollen tube defects consistent with aberrant PIN polarity
(Kim et al., 2013), and reduced BRI1 internalization
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(Di Rubbo et al., 2013), suggestingAP-2 has a central role
in CME. The diverse functions of AP-2 may be partly
facilitated by the independent function(s) of its con-
stituent subunits as demonstrated by subunit-specific
phenotypes and high temporal resolution TIRFM
imaging with single particle tracking revealing that
the arrival of AP2m precedes the concomitant re-
cruitment of AP2a1 and clathrin at CCPs (Johnson
and Vert, 2017). Moreover, in Arabidopsis individuals
deficient in a given AP-2 subunit, the remaining
subunits can assemble into “subcomplexes” that as-
sociate with the PM (Wang et al., 2016). Loss of AP2m
strongly impairs the recruitment of the remaining
subunits to the PM relative to ap2s mutants (Wang
et al., 2016), reflecting the former’s earlier arrival
at the PM (Johnson and Vert, 2017). Together, these
findings suggest that the relatively mild develop-
mental phenotypes observed in Arabidopsis 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) may be due to formation of partially active
AP-2 complexes that functionally overlap with other
adaptor complexes.

TPC

In addition to the AP-2 complex, the recently dis-
covered heterooctameric TPC functions as an important
CME adaptor in plants (Van Damme et al., 2011;
Gadeyne et al., 2014). Indicative of the critical function
of the TPC, Arabidopsis TPC subunit loss-of-function
mutants exhibit pollen lethality (Van Damme et al.,
2011; Gadeyne et al., 2014). Although yeast and meta-
zoans lack clearly definable TPC subunit homologs,
a complex composed of six TPC subunit homologs,
named TSET, was identified in Dictyostelium (Hirst
et al., 2014; Zhang et al., 2015). Phylogenetic analysis of
TPC/TSET subunits suggests that these complexes are
evolutionarily ancient, arising between the advent of
COPI and the adaptins, two of the primary coat/
adapting complexes in eukaryotes (Zhang et al., 2015).
Over such an extended evolutionary period, it follows
that extant organisms may have adapted the subunits
of the ancient TPC complex to fit unique requirements.
Indeed, TPC subunits TML, AtEH1, and AtEH2 are
structurally similar to metazoan FCHo, Eps15, and
Intersectin, components of a complex that stabilizes
AP-2 at the PM (McMahon and Boucrot, 2011; Mayers
et al., 2013). TPC subunits biochemically interact with
clathrin, AP-2, and DRPs, and are required for AP2a
subunit and clathrin recruitment to the PM (Gadeyne
et al., 2014; Wang et al., 2016). Moreover, TPC subunits
appear at CCPs prior to AP2a (Gadeyne et al., 2014) but
concomitantly with AP2m (Bashline et al., 2015), sug-
gesting that the TPC participates in concert with the
AP-2 complex in the initiation of endocytic events (Fig.
1). Consistent with a putative role in CME, analysis of
inducible knockdown mutants or nonlethal alleles
that affect TPC subunit expression reveals defective
internalization of FM4-64 and various PM proteins,

including cellulose synthase complexes (CESA), BRI1,
PIN1, and PIN2 (Van Damme et al., 2011; Gadeyne et
al., 2014; Bashline et al. 2015), a phenotype reminiscent
of AP-2 subunit knockouts. However, genetic and
pharmacological studies indicate that TPC and AP-2
likely have independent roles in CME as well (Gadeyne
et al., 2014; Bashline et al., 2015; Wang et al., 2016).
Moreover, salicylic acid application reduces the mem-
brane association of clathrin and AP-2, but not that of
the TPC (Wang et al., 2016). Further investigation thus
is required to tease apart the individual and concerted
functions of the plant-specific TPC and the evolution-
arily conserved AP-2 in plant CME.

CARGO SELECTION

Fine control of PM protein abundance is predicated
on the ability of CME machinery to recognize relevant
cargo via intrinsic signals (i.e. peptide sequences) and
posttranslational modifications. In metazoans, AP-2 a
and m subunits recognize various sorting motifs, in-
cluding the di-Leu [DE]xxxL[LI] and Tyr-based
YXXF peptide sequences, respectively (Kelly and
Owen, 2011). A role in CME for the Tyr-based motif
may be conserved in plants given that mutation of a
YXXF Tyr in the cytoplasmic region of the Arabi-
dopsis fungal pathogen sensor LeEix2 abrogates its
function and prevents internalization from the PM
(Bar and Avni, 2009). Moreover, YXXF-associated
CME has been coopted by the bacterial pathogen
Agrobacterium tumefaciens to internalize the motif-
containing virulence factor VirE2. Mutation of both
YXXFmotifs in the VirE2 C-terminal domain abolished
interaction with AP2m and, similar to the effects of
overexpression of the dominant-negative CME inhibi-
tor clathrin HUB (Dhonukshe et al., 2007), reduced
uptake of the protein from the PM (Li and Pan, 2017).
Additionally, the Tyr residues in three YXXF motifs in
the cytoplasmic region of PIN1 have been demon-
strated to interact with AP2m, though single YXXF
mutation did not alter PIN1 localization (Sancho-
Andrés et al., 2016). However, other studies have
shown disruption of multiple YXXF motifs may be
necessary to overcome functional redundancy (Li and
Pan, 2017). Conversely, mutational analysis of three
YXXF motifs in the cytoplasmic region of the Arabi-
dopsis boron transporter BOR1 revealed that they are
not required for CME but instead for endosomal recy-
cling to maintain the proper polar distribution of the
protein in the inner PM domain of root cells (Takano
et al., 2010), suggesting the motif may be involved in
several post-Golgi pathways.

In addition to intrinsic peptide signals in cargo
proteins, post-translational protein modifications,
including phosphorylation and ubiquitylation of cy-
toplasmic domains of transmembrane proteins, are
critical for endocytic cargo trafficking and proper
PM proteomic distribution. The phosphorylation
states of auxin efflux carriers (PINs) govern the polar
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distribution of these proteins to apical and basal PM
domains (Luschnig and Vert, 2014); however, it is un-
clear whether the endocytosis of PINs is modulated
directly by phosphorylation. In contrast, phosphoryla-
tion of Thr residues in the NODULIN 26-LIKE IN-
TRINSIC PROTEIN5;1 PM boric acid importer
N-terminal Thr-Pro-Gly repeat motif enhances AP-2-
dependent CME and is critical to the maintenance of
channel polarity and endocytosis (Wang et al., 2017).
Both mono- and polyubiquitylation serve as molec-

ular recognition signals for the internalization of PM
proteins. In mammalian and yeast species, the major
endocytosis determinant is Lys-63 (K-63)-linked poly-
ubiquitylation (Haglund and Dikic, 2012), and this
modification also is used as an endocytic signal in
plants. After sensing the flg22 peptide, the plant im-
mune receptor kinase FLAGELLIN-SENSING2 (FLS2)
binds its coreceptor, the kinase BAK1, which phos-
phorylates the PUB12/13 E3 ubiquitin ligases that
subsequently K-63 polyubiquitylate FLS2 prior to in-
ternalization and degradation (Fig. 1; Lu et al., 2011).
K-63 polyubiquitylation also is critical for polar locali-
zation of the PM proteins BRI1 (Martins et al., 2015) and
PIN2 (Leitner et al., 2012).
Endocytic signaling via monoubiquitylation has

also been implicated in the regulation of nutrient
uptake by marking the iron transport protein
IRON-REGULATED TRANSPORTER1 for constitutive
endocytosis and turnover (Barberon et al., 2011). Con-
versely, mono- and diubiquitylation is not required for
constitutive CME of the BOR1 transporter, but is nec-
essary for targeting to the MVB for degradation in re-
sponse to high environmental boron (Kasai et al., 2011).
Ubiquitylated CME cargo proteins are recognized in
metazoans via the EAPs Eps15 and intersectin, which
collaborate with the ESCRT to sort such cargoes at the
PM (Mayers et al., 2013; Schuh and Audhya, 2014). It
remains to be determined whether plant EAPs, in-
cluding homologs of Eps15, intersectin, and epsin,
function in recognition of mono- and/or poly-
ubiquitylated CME cargo. Other ubiquitin-binding
families in Arabidopsis, including the TARGET OF
MYB1-LIKE proteins, have been shown to localize to
the PM, bind ubiquitin, and are required for degrada-
tion of ubiquitylated PIN2 (Korbei et al., 2013). While a
significant number of ubiquitylated PM proteins and
the enzymes that attach and recognize these tags have
been discovered, the extent to which these systems
mediate PM cargo endocytosis, recycling, and/or deg-
radation remains unknown (Isono and Kalinowska,
2017).

DRPS

As CCPs mature, increasing curvature of the mem-
brane results in the emerging vesicle being connected to
the donor membrane by a comparatively narrow neck
(Fig. 1). Overcoming the thermodynamic energy barrier
necessary for scission of the vesicle from the PM

requires the coordinated activity of a number of EAPs,
including dynamin, amphiphysin, and endophilins
(Antonny et al., 2016). In plants, CME is dependent on
the function of two DRP families: the DRP2 family that
is the most similar to metazoan dynamin as well as the
plant-specific DRP1 family (Bednarek and Backues,
2010; Fujimoto and Tsutsumi, 2014).

DRP2B has been implicated in pathogen response sig-
naling. In Arabidopsis, DRP2B is phosphorylated in re-
sponse to elicitation with the flg22 peptide (Benschop
et al., 2007), and drp2b mutants display higher suscepti-
bility to Pseudomonas syringae (Smith et al., 2014a; Leslie
et al., 2016). Furthermore, flg22 ligand-induced endocy-
tosis of FLS2 was found to be dependent on DRP2B but
not DRP2A (Smith et al., 2014a). Similar results demon-
strating reduced FLS2 internalization resulting from
DRP2 silencing and impaired flg22-induced reactive
oxygen species response upon overexpression of the
DRP2B homolog NtDRP2-1 in Nicotiana benthamiana
(Chaparro-Garcia et al., 2015) indicate a conserved
DRP2 function in plant immunity across plant species.
Moreover, DRP2A and DRP2B interact with each other
(Huang et al., 2015), and localize in PM CCPs, at the
TGN/EE, and at the leading edge of the cell plate
(Fujimoto et al., 2008, 2010). Indicative of their essential
function, drp2a/drp2b double mutants arrest prior to the
first mitotic division inmale and female gametogenesis,
whereas single mutant plants do not display obvious
morphological phenotypes, suggesting that DRP2A
and DRP2B have overlapping and/or functionally re-
dundant roles in development (Backues et al., 2010).

Like the DRP2s, the DRP1s are essential; in Arabi-
dopsis, DRP1A, DRP1C, and DRP1E are required for
various stages of plant development, including pollen
maturation, embryogenesis, seedling growth, and fer-
tilization, and mutants display cell plate and PM
biogenesis defects (Kang et al., 2003; Konopka and
Bednarek, 2008a; Fujimoto and Tsutsumi, 2014). Con-
sistent with their function in endocytosis, DRP1s coloc-
alize with clathrin in dynamic PMCCPs (Konopka et al.,
2008; Fujimoto et al., 2010), and drp1 mutants display
abnormal CME (Collings et al., 2008). BOR1-GFP, which
is polarly localized on the inner/stele-side PM of root
cells, colocalizes with DRP1A, and inducible expression
of the dominant negative DRP1A K47A mutant inhibits
BOR1-GFP endocytosis, boron-induced degradation,
and polar localization (Yoshinari et al., 2016).

In recent years, an increasing amount of evidence has
accumulated suggesting clathrin-mediated trafficking
is important in membrane recycling from the growing
cell plate and in mediating cell plate protein and lipid
distribution (McMichael and Bednarek, 2013). Indeed,
key players in CME have been localized to various re-
gions of the cell plate, including clathrin (Konopka
et al., 2008; Miart et al., 2014) and the TPC (Van Damme
et al., 2011). During cytokinesis, DRP1s colocalize with
DRP2s at the leading edge of the cell plate (Kang et al.,
2003; Collings et al., 2008; Konopka et al., 2008; Mravec
et al., 2011; Ito et al., 2012; Song et al., 2012; Frescatada-
Rosa et al., 2014). Clathrin is predominantly associated
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with the maturing central regions of the cell plate, sug-
gesting that DRP1s and DRP2s function in a clathrin-
independent manner at the periphery of the cell plate.
However, reminiscent of the dynamin-recruiting activity
of the SRC homology 3 (SH3) domain- and BAR (Bin/
Amphiphysin/Rvs) domain-containing mammalian
EAPs amphiphysin and endophilin (Antonny et al., 2016),
the SH3 domain-containing protein 2 (SH3P2) was re-
cently shown to interact and facilitate the association of
DRP1 with the cell plate (Ahn et al., 2017). Similar to
amphiphysin and endophilin, the SH3P2 protein con-
tains a membrane curvature-inducing BAR domain,
suggesting that the association of SH3P2 and DRP1 in
the absence of clathrin promotes tubulation of cell plate
membrane (Ahn et al., 2017). In addition to its function
at the cell plate, SH3P2 localizes to the PM and cofrac-
tionates with isolated CCVs (Nagel et al., 2017), po-
tentially indicating the SH3P2/DRP1 interaction extends
to CME.

Given the concomitant arrival and departure of
DRP2s andDRP1s to/fromCCPs (Fujimoto et al., 2010),
it is likely that these distinct DRP families function co-
ordinately in CME through their ability to self-associate
and thus potentially copolymerize (Fig. 1; Fujimoto et al.,
2008), as well as through indirect association with EAPs,
including the SH3 domain-containing TASH3 subunit of
the TPC (Gadeyne et al., 2014) and lipids. Their coordi-
nate functionmay extend to the cell plate,whereDRP1A,
DRP2B, and CLC2 have been shown to colocalize and
interact with sterols in a regulatory cross talk mecha-
nism governing lipid composition in the organelle
(Frescatada-Rosa et al., 2014). However, CCP-associated
DRP1A dynamics are disrupted by TyrA23 application
(Konopka et al., 2008), whereas DRP2B were not
(Fujimoto et al., 2010), indicating that despite their co-
ordinated function in CME and clathrin-independent
roles in cell plate biogenesis, DRP1 and DRP2 proteins
may be regulated in distinct ways. Further study is
needed to understand the functions of DRP1/2 in CME
and cytokinesis, and whether the various DRPs serve
different roles between these processes, how they are
regulated, and whether they function in an analogous
manner as mammalian dynamin in the process of CCV
budding and scission in plants. Understanding all as-
pects of DRP function throughout the cell will be es-
sential for our understanding of how plants utilize
DRPs in CME, specifically.

VESICLE UNCOATING

Following scission from the PM, clathrin triskelia are
liberated and EAPs are shed to expose the regulatory
proteins critical for vesicle transport, targeting, tether-
ing, and eventually fusion. In animal systems, this
process is facilitated through the action of auxilin
and the heat shock cognate 70 (HSC70) ATPase
(Ungewickell et al., 1995; Kampinga and Craig, 2010).
In Arabidopsis, the auxilin-related protein-1 (AUXI1)
interacts with clathrin and SH3P1, and stimulates

vesicle uncoating in vitro in the presence of HSC70 (Fig.
1; Lam et al., 2001). Similarly, the rice (Oryza sativa)
ortholog of AUXI1, XB21, similarly increases clathrin
dissociation in the presence of animal HSC70 in vitro
(Park et al., 2017), suggesting the auxilin/HSC70 un-
coating mechanism is conserved in plants. In vivo,
overexpression of another auxilin-related protein,
auxilin-like protein 2 (AX2), abrogates internalization
of FM4-64 and the fluorescently labeled endogenous
danger-associated peptide (TAMRA-pep1) and its re-
ceptor PEPR1 (Ortiz-Morea et al., 2016), suggesting that
high levels of AX2 interfere with clathrin membrane
recruitment and CCP formation. Further investigation
is needed to determine if AUXI1, AX2, or other proteins
accomplish vesicle uncoating in vivo.

CIE

In addition to the significant amount of research that
has focused on the process of CME, there also has
been increasing recognition of the importance of a
nonclathrin-dependent mechanism(s) for the internali-
zation of PM and extracellular material in plants. In
metazoans, several CIE pathways exist that can be
largely divided into dynamin-dependent (including
caveolin and RhoA-mediated pathways) and dynamin-
independent (possibly mediated by ARF6, CDC42, and
flotillins) groups (Mayor and Pagano, 2007). The latter
pathway has been implicated with membrane micro-
domains insofar as flotillin is associatedwith detergent-
resistant membrane fractions enriched for sterols,
sphingolipids, and some specific proteins, putatively
derived from PM microdomains (Borner et al., 2005;
Raffaele et al., 2009). Homologs of the flotillin family
(e.g. flotillin 1 [flot1] in Arabidopsis) have been identi-
fied in many plant species (Haney and Long, 2010; Li
et al., 2012) and are similarly associated with detergent-
resistant membrane fractions (Borner et al., 2005).
While the mechanics of flotillin endocytosis have yet to
be clearly elucidated, the dynamics of fluorescently
tagged flot1 foci at the PM are distinct from those of
CCPs (Li et al., 2012). Flotillin-associated CIE partly
mediates the internalization of membrane-anchored
protein cargo, including GPI-anchored proteins in
metazoans (Sabharanjak et al., 2002); likewise, GPI-
anchored cargo internalization in Arabidopsis is par-
tially insensitive to CME inhibition (Baral et al., 2015).
However, this sensitivity appears to be cell type spe-
cific, implying cargo distribution among CME and CIE
pathways is tissue dependent (Baral et al., 2015).
Moreover, environmental conditions such as salt stress
appear to influence cargo distribution between CME
and CIE pathways (Baral et al., 2015). In addition to CIE
of PM-associated proteins, extracellular solutes may be
internalized by means of fluid-phase endocytic path-
ways, a phenomenon that permits cells to take up crit-
ical solutes within membrane-enclosed vesicles, thus
avoiding disruption of cytoplasmic concentrations
(Baroja-Fernandez et al., 2006). Studies of fluid-phase
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endocytosis in plants have primarily relied on the use of
ikarugamycin (IKA) to distinguish between CME and
CIE uptake of extracellular markers. IKA is a natural
product that has been utilized as a CME inhibitor in
plants and animals, although itsmode of action remains
to be determined (Elkin et al., 2016). Accumulation of
fluorescent glucose in the endomembrane system of
BY-2 protoplasts (Bandmann and Homann, 2012), as
well as the internalization of charged nanogold parti-
cles targeted to the degradative vacuole into tobacco
pollen tubes, is insensitive to IKA (Moscatelli et al.,
2007), suggesting that the uptake of these reporters is
mediated through the CIE mechanism(s). Similarly,
IKA application impedes internalization of FM4-64
and, to a lesser extent, fluorescent nanobeads of ap-
proximately 20 nm, suggesting the latter might be in-
ternalized by CME and CIE (Bandmann et al., 2012).

HORMONAL REGULATION OF ENDOCYTOSIS

Polarized auxin transport,which facilitates asymmetric
distribution of auxin, is critical for organ patterning and
differential growth during tropic responses (Abbas et al.,
2013; Rakusová et al., 2015). Several recent studies in
Arabidopsis have demonstrated that gravity- and light-
induced changes in directional auxin flow are partially
mediated through membrane trafficking-dependent
intracellular relocalization and/or degradation of the

PM-resident PIN auxin efflux transporters (Abas et al.,
2006; Kleine-Vehn et al., 2010; Ding et al., 2011; Zhang
et al., 2017). PIN2 and PIN3 are essential for root gravi-
tropism and hypocotyl phototropism, respectively, and
genetic interference with clathrin function abrogates the
polarity of PIN2 and PIN3, resulting in uniform PM dis-
tribution (Kitakura et al., 2011; Wang et al., 2013; Zhang
et al., 2017). Consistent with this, loss-of-function chc2
and clc2/clc3 mutants and lines expressing clathrin HUB
display altered auxin transport and distribution, as well
as various auxin-dependent developmental phenotypes,
including agravitropism, indicating that CME is impor-
tant for proper spatial distribution of auxin necessary for
plant growth andmorphogenesis (Yu et al., 2016). Recent
studies have found that gravity or blue light differentially
regulate clathrin recruitment to the PM in root epidermal
cells or hypocotyl endodermal cells at both sides of the
gravity-stimulated root or light-illuminated hypocotyl
(Wang et al., 2016; Yu et al., 2016; Zhang et al., 2017).

Not only is auxin distribution dependent on CME,
but CME itself appears to be modulated by auxin, al-
though as discussed above this has been questioned
recently by the findings of Jasik and colleagues (Jásik
et al., 2016). Indeed, the application of another hor-
mone, salicylic acid, has been shown to inhibit CME
cargo uptake and disrupt clathrin and AP-2 association
with the PM (Du et al., 2013; Wang et al., 2016). Inhi-
bition of CME by treatment with natural or synthetic
auxin as well as modulation of auxin levels in vivo re-
sults in inhibition of bona fide CME cargo uptake and
the rapid disappearance of CLCs, but not CHCs, from
the PM. Moreover, CLCs are essential for auxin inhi-
bition of CME (Robert et al., 2010; Wang et al., 2013).
The mechanism(s) by which auxin differentially affects
CLC and CHC membrane association has yet to be
determined. However, not all components of the CME
machinery are affected; recruitment of the adaptor
complexes TPC and AP-2, which are required for
clathrin membrane association, to the PM is not sensi-
tive to auxin application (Wang et al., 2016). In light of
the critical contribution of CLCs to clathrin triskelia
assembly and stability, it may be that auxin inhibits
CME by affecting the stability and/or structure of the
clathrin coat. However, the biochemical mechanism by
which auxin might affect CLCs remains to be discov-
ered, and the disparity between these data and those of
Jasik and colleagues has yet to be reconciled.
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