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In plants, endocytosis is essential for many developmental and
physiological processes, including regulation of growth and develop-
ment, hormone perception, nutrient uptake, and defense against
pathogens. Our toolbox to modulate this process is, however, rather
limited. Here, we report a conditional tool to impair endocytosis. We
generated a partially functional TPLATE allele by substituting the
most conserved domain of the TPLATE subunit of the endocytic
TPLATE complex (TPC). This substitution destabilizes TPC and damp-
ens the efficiency of endocytosis. Short-term heat treatment increases
TPC destabilization and reversibly delocalizes TPLATE from the plasma
membrane to aggregates in the cytoplasm. This blocks FM uptake and
causes accumulation of various known endocytic cargoes at the
plasma membrane. Short-term heat treatment therefore transforms
the partially functional TPLATE allele into an effective conditional tool
to impair endocytosis. Next to their role in endocytosis, several TPC
subunits are also implicated in actin-regulated autophagosomal deg-
radation. Inactivating TPC via the WDX mutation, however, does not
impair autophagy, thus enabling specific and reversiblemodulation of
endocytosis in planta.

Arabidopsis | clathrin-mediated endocytosis | TPLATE complex |
autophagy | temperature-sensitive mutant

Endocytosis is an evolutionarily conserved eukaryotic pathway
by which extracellular material and plasma membrane (PM)

components are internalized via vesicles (1, 2). Clathrin-mediated
endocytosis (CME), relying on the scaffolding protein clathrin, is
the most prominent and the most studied endocytic pathway
(3–5). As clathrin does not interact directly with the PM, nor does
it recognize cargoes, adaptor proteins are required to act as es-
sential links between the clathrin coat and the PM (6). In plant
cells, material selected for CME is recognized by two adaptor
complexes, the adaptor complex 2 (AP-2) and the TPLATE
complex (TPC) (7–9). In contrast to TPC, single subunit mutants
of AP-2 are viable (7, 8, 10–13) and AP-2 recruitment and dy-
namics appear to rely on TPC function (8, 14).
TPC represents an ancestral adaptor complex, which is however

absent in present-day metazoans and yeasts. It was experimentally
identified as an octameric complex in Arabidopsis and as a hex-
ametric complex in Dictyostelium (8, 15). Plants, however, are the
only eukaryotic supergroup identified so far where TPC is essen-
tial for life (8, 15), as knockout or severe knockdown of single
subunits of TPC in Arabidopsis leads to pollen or seedling lethality,
respectively (8, 13). Two TPC subunits, AtEH1/Pan1 and AtEH2/
Pan1, were not associated with the other TPC core components
when the complex was forced into the cytoplasm by truncating the
TML subunit and did not copurify with the other TSET compo-
nents in Dictyostelium. This indicates that they may be auxiliary
components to the core TPC (8, 15). These AtEH/Pan1 proteins
were recently identified as important players in actin-regulated
autophagy in plants. AtEH/Pan1 proteins recruit several compo-
nents of the endocytic machinery to the autophagosomes, and are
degraded together with them under stress conditions (16). How-
ever, whether this pathway serves to degrade specific cargoes or to

regulate the endocytic machinery itself (17), and whether the
whole TPC is required for this degradation pathway, remains
unclear.
Genetic and chemical tools to manipulate endocytosis have

been extensively investigated via interfering with the functions of
endocytic players, such as clathrin (18–22), adaptor proteins (7,
10–12, 14, 23–25), and dynamin-related proteins (26–30). The
chemical inhibitors originally used to affect CME in plants have
recently been described to possess undesirable side effects (31)
or to affect proteins that are not only specific for endocytosis: for
example, clathrin itself, as it is also involved in TGN trafficking
(19, 22). The same is true for several genetic tools currently
available to affect CME in plants (18, 21, 22, 30). Manipulation
of TPC, functioning exclusively at the PM, represents a very good
candidate to affect CME more specifically. So far however, there
are no chemical tools to target TPC functions or dominant-
negative mutants available. Inducible silencing works, but cau-
ses seedling lethality and takes several days to become effective
(8). The only tools to manipulate TPC function in viable plants
consist of knock-down mutants with very mild reduction of ex-
pression and consequently similar mild effects on CME (8, 14,
16, 32).
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membrane and therefore the communication between the cell
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several days to produce an effect. Here, we generated a condi-
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adaptor complex subunit, which abolishes the function of the
endocytic TPLATE complex. This causes accumulation of endo-
cytic cargoes at the plasma membrane and provides a genetic
background for future research.
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Results and Discussion
Mutations in the Evolutionarily Conserved WDX Domain of TPLATE
Destabilize TPC. In this study, we employed a targeted mutagenesis
strategy to obtain stronger partial loss-of-function alleles, which
would however still allow us to overcome the genetic barriers
caused by TPC single subunit mutations. We mutated selected
evolutionary conserved motifs in the trunk domain of TPLATE, a
fundamental subunit of TPC, and assessed the functionality of these
isoforms by their capacity to complement the tplate loss-of-function
mutant (SI Appendix, Fig. S1 A and B). We selected the motifs to
be mutated either because of an earlier indication of their func-
tionality (EF-loop) (8, 33–35), because of amino acid conservation
across plant species (Linker subdomain) or across all studied
species (WDX domain, after WenDingXing, which means “sta-
bility” in Chinese). These conserved amino acid residues were
mutated to alanine, glycine, or serine based on the original amino
acid composition (Fig. 1A and SI Appendix, Fig. S1A). Our sub-
stitutions aimed to maintain similar flexibility and hydrophobicity,
not to completely abolish TPLATE function.
The LAT52p-driven TPLATE complements the male-sterility

phenotype of the tplate T-DNA insertion line (13). We evaluated
the functionality of our TPLATE isoforms, taking advantage of
this strategy. Unlike substitutions of the sandwich and platform
subdomains located in the appendage domain, which abolish
assembly of TPC (36), our complementation assays confirmed
that mutations in these selected motifs of TPLATE did not
abolish its functionality (SI Appendix, Fig. S1C and Table S1).
The dynamic behavior of endocytic proteins is correlated with

the efficiency of endocytosis as reduced or prolonged lifetimes
correlate with aborted or deficient CME, respectively (12, 14,
18). All TPC subunits are recruited together to highly dynamic
endocytic spots at the PM (8, 35, 37). We evaluated whether our
TPLATE isoforms showed affected dynamic behavior at the PM
and, therefore, would have a potential effect on CME. Lifetime
analyses showed that all isoforms were dynamically recruited to
the PM and exhibited various resident lifetimes (SI Appendix,
Fig. S2 A and B). Of all isoforms tested, those where the most
conserved WDX domain was substituted (independently in
TPLATE-WDXM1 and in TPLATE-WDXM2) prolonged the
resident lifetime most severely and were chosen for further
analysis. TPLATE-WDXM1 and M2 showed increased densities
of endocytic dots at the PM as well as reduced FM4-64 uptake
compared to control lines (Fig. 1 A–E and SI Appendix, Fig. S2).
TPLATE-WDXM2, which is an extension of the TPLATE-
WDXM1 substitution (SI Appendix, Fig. S1A), reduced FM up-
take more severely compared to TPLATE-WDXM1 and had
protein expression levels comparable to the original com-
plemented line (SI Appendix, Fig. S1C). We therefore largely
focused on that particular isoform. Along with the reduced FM4-
64 uptake, we also observed increased PM accumulation of the
aquaporin PIP2;7 in TPLATE-WDXM2–complemented plants
compared to TPLATE-GFP–complemented plants (Fig. 1 F and
G). The above results suggest a minor impairment of endocytic
capacity in TPLATE-WDXM2–complemented plants.
To further correlate the delay in dwell-time at the PM with the

other CME machinery, we examined the dynamics of DRP1a-
mRFP in TPLATE- and TPLATE-WDXM2–complemented
lines. Consistent with the prolonged lifetimes of the mutated
TPLATE isoform, DRP1a also exhibited prolonged lifetimes in
TPLATE-WDXM2–complemented lines (Fig. 1 H and I).
Using an integrative structural approach, we recently revealed

TPC architecture and showed the central location of the TPLATE
subunit inside TPC and its crucial role for complex assembly (36).
Given the central position of the TPLATE subunit in TPC, we
therefore evaluated whether substitutions in the WDX domain
affected complex assembly and stability. Coimmunoprecipitation
(co-IP) analysis revealed an increased degradation of the bait

proteins TPLATE-WDXM1 and TPLATE-WDXM2 compared
to TPLATE-GFP (Fig. 2A and SI Appendix, Fig. S3A). Modifi-
cations in the WDX domain therefore destabilize TPLATE. The
results are consistent with the integrative TPC structure, revealing
that the WDX domain is a part of the region exhibiting a substantial
amount of intramolecular interactions (36). Affinity purification–
mass spectrometry analysis further confirmed reduced levels of the
whole TPC in the WDX domain substituted complemented lines
compared to TPLATE-GFP–complemented lines. Relative to the
bait protein, the average intensity of commonly detected peptides
for all other TPC subunits was reduced in TPLATE-WDXM–

complemented lines compared to the original TPLATE-complemented
line (Fig. 2B and SI Appendix, Fig. S3B). Together, these results
imply that substitutions in the WDX domain of TPLATE delay
endocytosis by lowering the amount of TPC.

Conditional Destabilization of WDX Does Not Impair Autophagy.
These partially functional WDXM-complemented lines provide
us with an opportunity to study the involvement of TPC in en-
docytosis, as well as to evaluate whether the whole TPC is re-
quired for actin cytoskeleton-regulated autophagy from the
endoplasmic reticulum–PM contact sites. Autophagy-defective
mutants are typically characterized by their hypersensitivity to
nutrient deprivation (38–47). Down-regulation of AtEH/Pan1
leads to susceptibility to nutrient deficiency, especially fixed
carbon depletion stress, and the seedlings phenocopy atg5 mu-
tants (16). To evaluate whether destabilizing TPC results in
susceptibility to nutrient deficiency, we compared TPLATE-,
TPLATE-WDXM2–complemented lines, and atg mutants under
fixed carbon starvation conditions. Long-term constant dark
exposure leads to significant reduction of root growth as well as
yellowing of the cotyledons in atg5 and atg7mutants. This was not
the case for the TPLATE- and TPLATE-WDXM2–complemented
lines (SI Appendix, Fig. S3 C–E). This indicates that the
AtEH/Pan1-dependent autophagy pathway is not impaired in
TPLATE-WDXM–complemented lines under fixed carbon starvation.
In vivo, functional protein yields, solubility, and proper cellular

or extracellular localization are often correlated with protein sta-
bility (48). Protein misfolding and aggregation can be accelerated
under stress conditions, like high temperature, denaturing condi-
tions, or altered pH (48). To enhance the destabilization of
WDXM-containing TPC, we used a short-term heat treatment.
Time-course monitoring of TPLATE-GFP localization in com-
plemented lines revealed that, in contrast to TPLATE, short-term
heat treatment (35 °C, up to 6 h) incrementally abolished its PM
localization and caused a complete loss of the PM signal after 6 h
(SI Appendix, Fig. S4). The loss of PM signal correlated with in-
duced aggregation of TPLATE-WDXM2 in the cytoplasm
(Fig. 3A and SI Appendix, Fig. S4). FM4-64, fluorescein diacetate
(FDA), as well as Mitotracker red staining confirmed the cell vi-
ability following the treatment (49, 50). After 35 °C treatment
for 6 h, both TPLATE- and TPLATE-WDXM2–complemented
plants were able to convert FDA to its fluorescent form, main-
tained PM integrity, and showed similar mitochondria staining,
confirming that cell viability and mitochondrial function was not
affected by the treatment (Fig. 3B). Moreover, the heat-treated
plants recovered at room temperature, whereby the aggregates
disappeared and PM recruitment of TPLATE-WDXM2 returned
(Fig. 3 C and D). The recovery was delayed when translation was
inhibited using cycloheximide (Fig. 3 C and D), suggesting a
substantial contribution of the de novo protein synthesis in the
recovery process.
Short-term heat shock was recently employed as a strategy to

study autophagy in plants (51–53). In our hands, time-course
experiments monitoring autophagic body formation visually in-
dicated autophagosome formation in roots expressing the auto-
phagic vesicle marker YFP-ATG8a within 1 h of heat treatment
(SI Appendix, Fig. S5A). Moreover, Concanamycin A (ConcA)
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treatment, which suppresses autophagic body breakdown and
stabilizes their content in vacuoles (16, 51, 54), confirmed that
autophagic flux was maintained under our conditions (SI Ap-
pendix, Fig. S5B).
To test if destabilizing TPC would impair autophagy, we

phenotypically compared TPLATE- and TPLATE-WDXM–

complemented lines with atg mutant lines under long-term heat
stress. TPLATE-WDXM inactivation under these stress condi-
tions affected Arabidopsis seedling development more severely
than the atg mutations did. Root growth was reduced and the
cotyledons showed extensive whitening, which was not observed
in any of the other lines tested (SI Appendix, Fig. S6). The effects
of blocking endocytosis therefore outweigh those of blocking
autophagy under the applied stress conditions. The question
whether autophagy was affected upon TPLATE-WDXM inac-
tivation thus remained unanswered.

We therefore compared autophagosome formation directly in
TPLATE, TPLATE-WDXM2–complemented lines, and atg
mutants expressing the autophagic marker mCherry-ATG8e.
Although the TPLATE protein was removed from the PM and
aggregated in the cytoplasm, TPLATE-WDXM2–complemented
plants exhibited comparable amounts of mCherry-ATG8e–
labeled autophagosomes. Conversely, mCherry-ATG8e–labeled
autophagosomes were not observed in both atg mutants (SI
Appendix, Fig. S5 C and D). The detection of autophagosomes in
TPLATE-WDXM2–complemented lines suggested that destabi-
lizing TPC does not affect autophagy under heat stress. Besides, in
TPLATE-WDXM2 plants, partial colocalization between mCherry-
ATG8e–labeled autophagosomes and the aggregated TPLATE
spots indicated that autophagy likely plays a role in clearing the
aggregated TPLATE proteins destabilized by heat stress (SI Ap-
pendix, Fig. S5C).
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Fig. 1. Substituting the WDX domain of TPLATE delays endocytosis. (A) Schematic representation of TPLATE domain organization and sequence conser-
vation. Arabidopsis TPLATE was aligned against various eukaryotic species and the schematic view of the amino acid alignment data normalized on the
Arabidopsis TPLATE sequence shows highly conserved amino acids as vertical blue lines. The conserved sequence of the WDX motif is shown in green and the
corresponding substituted amino acids in WDXM2 are below in red. Numbers represent the amino acid positions of the WDX motif within Arabidopsis
TPLATE. (B) Representative spinning disk images and related kymographs showing endocytic foci and lifetimes of TPLATE and TPLATE-WDXM2 in etiolated
Arabidopsis epidermal hypocotyl cells. (Scale bars, 7 μm for spinning disk images and 25 μm for kymographs.) (C) Lifetime quantification of TPLATE- and
TPLATE-WDXM2–marked foci in etiolated epidermal hypocotyl cells. The number of events analyzed is indicated. At least 12 movies from 4 seedlings for each
transgenic line were analyzed. (D and E) Representative confocal images and quantification of FM4-64 uptake in TPLATE and TPLATE-WDXM2 in root
epidermal cells. Numbers represent the amount of cells analyzed. At least eight individual seedlings for each transgenic line were imaged. (Scale bars, 10 μm.)
(F and G) Representative immunolocalization images and quantification of fluorescence intensity at the PM of endogenous PIP2;7 in roots from TPLATE- and
TPLATE-WDXM2–complemented lines. (Scale bars, 10 μm.) Numbers of measured cells are indicated at the bottom. At least nine independent roots for each
genotype were imaged and measured. (H and I) Kymograph analysis and lifetime quantification of DRP1a in TPLATE and TPLATE-WDXM2 epidermal hy-
pocotyl cells. (Scale bars, 25 μm.) The number of events analyzed is indicated. At least 10 movies from 3 seedlings for each transgenic line were analyzed. Red
circles represent the mean in C, E, G, and I. The P values were calculated by the Mann–Whitney U test.

Wang et al. PNAS | 3 of 8
Conditional destabilization of the TPLATE complex impairs endocytic internalization https://doi.org/10.1073/pnas.2023456118

PL
A
N
T
BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2023456118/-/DCSupplemental
https://doi.org/10.1073/pnas.2023456118


AtEH/Pan1 proteins are important for autophagosome for-
mation as overexpression of AtEH/Pan1 boosts autophagosome
formation while down-regulation impairs this (16). AtEH/Pan1
proteins recruit other endocytic proteins, including several TPC
subunits, AP-2 subunits, and clathrin to AtEH/Pan1-labeled
autophagosomes (16). The observation that TPLATE-WDXM2
aggregation by heat did not impair autophagosome formation would
imply that AtEH/Pan1 function is not affected under these condi-
tions. We therefore examined whether AtEH/Pan1 proteins would
be coaggregated along with TPLATE-WDXM2. We monitored
AtEH2/Pan1 localization in the TPLATE-WDXM2–complemented
lines under the short heat treatment. Aggregated TPLATE-

WDXM2 failed to recruit AtEH2/Pan1, which remained at the PM
(SI Appendix, Fig. S5E). The observations that AtEH/Pan1 proteins
were not aggregated together with TPLATE-WDXM2, their role in
autophagy, and the fact that autophagy was not inhibited upon
functional inactivation of TPLATE favors the hypothesis that AtEH/
Pan1 proteins might drive autophagosome formation independently
of the other TPLATE complex subunits.

Conditional Destabilization of WDX Impairs Endocytosis. TPC is hy-
pothesized to function as an early adaptor protein complex that
internalizes PM cargoes during CME in plants (8, 32). Our data
already showed that destabilizing TPC partially affected the ef-
ficiency of endocytosis under normal conditions (Fig. 1 D and E).
Given that the destabilized TPLATE protein was removed from
the PM and aggregated in the cytoplasm, we further addressed
the endocytic capacity of WDXM2-complemented lines under
short-term heat stress. As an initial control, we evaluated
whether short-term heat treatment would affect endocytosis. We
compared FM4-64 uptake in Col-0 seedlings before and after
heat treatment. Quantification of internalization showed that
CME was not significantly affected by increasing the tempera-
ture (Fig. 4 A and B). In contrast and in line with the aggregation
of TPLATE-WDXM2 in the cytoplasm, FM4-64 uptake after
short-term heat stress was strongly impaired (Fig. 4 C and D).
The cytoplasm appeared devoid of FM4-64–labeled endosomes,
similarly to what was observed upon strong down-regulation of
TPC single subunits (8).
To further evaluate the specific internalization of PM cargoes,

we examined the PM levels of several reported cargoes that
undergo CME via immunolocalization (8, 20, 55). Consistently
with the reduction of the FM4-64 internalization, we observed
increased PM accumulation of the auxin efflux carriers PIN1 and
PIN2 (56, 57) and the aquaporin PIP2;7 (58) in the TPLATE-
WDXM2–complemented plants compared to control lines
(Fig. 4 E and F). Loss-of-function of TPLATE correlates with
ectopic callose deposition in mature pollen as well as in Arabi-
dopsis roots (13). Aniline blue staining confirmed an ectopic
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callose deposition in TPLATE-WDXM2– compared with TPLATE-
complemented lines after short-term heat treatment (Fig. 4G). To
evaluate the reversibility of endocytic capacity of TPLATE-WDXM2
plants upon short-term heat treatment, we compared FM4-64 up-
take as well as aquaporin PIP2;7 PM accumulation after a short
recovery at 20 °C. In line with the reversibility of the TPLATE-
WDXM2 localization, we observed a partial recovery of FM4-64
uptake as well a partial recovery of the internalization of PIP2;7
(Fig. 4 H–K). Together, these results support that the heat-inducible
cytoplasmic aggregation of TPLATE in our TPLATE-WDXM2–
complemented line inactivates TPC, and represents a tool to selec-
tively and reversibly impair endocytosis in Arabidopsis.
In conclusion, we generated a partially functional TPLATE allele

via substituting the WDX domain of TPLATE, which allows
to conditionally destabilize TPC. By generating the TPLATE-
WDXM2–complemented tplate(−/−) line, we developed a highly
specific and reversible tool to inhibit plant CME. Our tool works
directly on the protein level and therefore is faster than the previ-
ously reported artificial microRNA approaches (8). We demonstrate
that this tool is efficient in disrupting CME without impairing
autophagosome formation under short-term heat treatment.

Methods
Construction of Multiple Sequence Alignment. To identify TPLATE homologs,
the predicted proteins of each genome were searched using BLASTP (59) with
Arabidopsis TPLATE as an input sequence. Used databases were GenBank
(https://www.ncbi.nlm.nih.gov/genbank/) and the Joint Genome Institute
(https://genome.jgi.doe.gov/portal/). Multiple sequence alignment (Dataset S1)
was constructed with the MAFFT algorithm in einsi mode (60) and visualized
by the Jalview program (61)

Molecular Cloning. Primers used to generate TPLATE domain substitution
fragments are listed in SI Appendix, Table S2. Constructs carrying various
mutations in conserved regions of TPLATE were generated by mutagenesis
PCR. Two-step PCR reactions were performed to introduce the mutations.
The entry clone pDONR207-TPLATE without stop codon (62) was used as a
template with the combinations of sewing primers and mutation primers to
obtain the mutated fragments, respectively. Then sewing PCR reactions
were performed with the mixture of mutation fragments as template and
combinations of sewing primers. To generate the TPLATE-EFM2 construct,
two-step PCR reactions were performed with a TPLATE–EF1 construct as a
template. To generate domain substituted TPLATE entry clones, all sewing
PCR products were introduced into pDONR221 via Gateway BP reactions
(Invitrogen) and confirmed by sequencing. To yield the expression con-
structs, the TPLATE domains substituted entry clones were combined with
pB7m34GW (63), pDONRP4-P1r-Lat52 (13), and pDONRP2R-P3-EGFP (13) in
triple gateway LR reactions (Invitrogen).

Plant Materials and Growth Conditions. All the plant materials used in this
research are in the Columbia-0 (Col-0) ecotype and listed in SI Appendix, Table
S3. To generate transgenic lines expressing isoforms of TPLATE, tplate het-
erozygous mutant plants that were confirmed by genotyping PCR were
transformed by floral dip with various expression constructs of TPLATE sub-
stitution motifs fused to GFP under the control of the pLAT52 promoter, similar
to the original complementation approach (13). To identify transgenic plants
possessing the tplate T-DNA insertion, the primary transformants (T1 plants)
expressing TPLATE isoforms were selected with 10 mg/L Basta and further
identified by genotyping PCR. The T2 plants expressing TPLATE isoforms were
genotyped again to identify homozygous tplatemutants. Genotyping PCR was
performed with genomic DNA extracted from rosette leaves. Genotyping LP
and RP primers for tplate have been described previously (13), and the
T-DNA–specific primer (LBb 1.3) is described on the SIGnAL website (http://
signal.salk.edu/tdnaprimers.2.html).

The UBQ10p::YFP-ATG8a and UBQ10p::mCherry-ATG8e reporter lines,
atg5-1 and atg7-3 mutants have been described previously (16). The same
male parent expressing mCherry-ATG8e was used to pollinate atg5-, atg7-,
TPLATE-, and TPLATE-WDXM2–complemented lines. F2 plants were identi-
fied by genotyping PCR to obtain homozygous mutant background (atg5-1,
atg7-3, tplate for TPLATE and TPLATE-WDXM2). The progeny expressing
mCherry-ATG8e were selected based on fluorescence. The dual-color line
expressing LAT52p::TPLATE-GFP and H3.3p::AtEH2-mRuby3 in the double-
complemented mutant (tplate/tplate ateh2/ateh2) was described in Wang

et al. (16). Similarly, the pLAT52p::TPLATE-WDXM2-GFP–complemented line
was crossed with the H3.3p::AtEH2/Pan1-mRuby3–complemented line (16).
F2 plants were identified by genotyping PCR to obtain double homozygous
mutant (tplate/tplate ateh2/ateh2) backgrounds.

Seeds were sterilized by chlorine gas sterilization and sown on 1/2 MS
medium plates. After a 3-d vernalization period, seedlings were grown 1/2MS
media (without sucrose) under continuous light conditions (68 μE m−2 s−1

photosynthetically active radiation) at 21 °C in a growth chamber. When
required, seedlings grown under continuous light conditions were kept in
constant darkness or moved to Lovibond incubators with continuous light
(75 μE m−2 s−1 photosynthetically active radiation) at 35 °C for specific
time periods.

Staining for Live-Cell Imaging. The 5-d-old seedlings treated without or with
short-term heat treatment (35 °C for 6 h) or following with recovery in 1/2
MS liquid medium or on 1/2 MS medium plates at 20 °C were processed with
specific staining and imaged with a Leica SP8X or Zeiss 710 confocal micro-
scope. During the staining, the staining solution was protected from light.

For FM4-64 uptake, seedlings were incubated with 1/2 MS liquid medium
containing 2 μM FM4-64 (Invitrogen) at 20 °C for 15 min prior to confocal
imaging. For FM4-64 and FDA costaining, whole Arabidopsis seedlings were
incubated with 1/2 MS liquid medium supplemented with 5 μg/mL FDA
(ThermoFisher) and 2 μM FM4-64 at room temperature for 15 min prior to
confocal imaging. For the heat-recovery experiment, seedlings after short-
term heat treatment were recovered in 1/2 MS with 0.1% DMSO or 50 μM
cycloheximide (Sigma-Aldrich) at 20 °C for certain hours and counterstained
with 10 μg/mL propidium iodide (Invitrogen) for 2 min. The MitoTracker red
CMXRos (ThermoFisher) was used to stain the mitochondria. Whole Arabi-
dopsis seedlings were incubated with 1/2 MS liquid medium supplemented
with 100 nM MitoTracker red at room temperature for 15 min. Callose
staining was performed as described previously (64). After fixation, seedlings
were washed thoroughly with KH2PO4 (pH = 9.5) solution and incubated
with the same solution supplemented with 0.01% (wt/vol) Aniline blue for
2 h under vacuum.

Immunofluorescence. The Arabidopsis roots of short-term heat-treated
seedlings were analyzed by immunofluorescence as described previously
(65). The anti-PIN1 antibody, anti-PIN2 antibody, anti-PIP2 antibody, as well
as the fluorochrome-conjugated secondary anti-sheep antibodies Alexa488
for PIN1 and the anti-rabbit Alexa555 for PIN2, and PIP2 were used in this
study and listed in SI Appendix, Table S4. All presented immunofluorescence
experiments were performed at least two times with a similar outcome.

Live-Cell Imaging and Analysis. Dynamic imaging of TPLATE and TPLATE do-
main substitution isoforms at the PM was performed on 4-d-old etiolated
hypocotyl epidermal cells using a Nikon Ti microscope equipped with an
Ultraview spinning-disk system and the Volocity software package (Perki-
nElmer), as described previously (8, 16, 37). Images were acquired with a 100×
oil-immersion objective (Plan Apo, NA = 1.45). Seedlings expressing GFP-fused
proteins were imaged with 488-nm excitation light and an emission window
between 500 nm and 530 nm in single camera mode, or 500 to 550 nm in dual
camera mode. Seedlings expressing mRFP- and tagRFP-labeled proteins were
imaged with 561-nm excitation light and an emission window between
570 nm and 625 nm in single camera mode or 580 to 630 nm in dual camera
mode. Single-marker line movies were acquired with an exposure time of
500 ms per frame for 2 min. Dual-color lines were acquired simultaneously
(dual camera mode) with an exposure time of 500 ms per frame for 2 min. The
CherryTemp system (Cherry Biotech) was used to maintain the temperature of
samples constant at 20 °C during imaging, as performed previously (37).

Arabidopsis seedlings were imaged between slide and cover glass. The FM4-
64 uptake of TPLATE-, TPLATE-WDXM1–, and TPLATE-WDXM2–complemented
lines at normal condition were imaged with a Zeiss 710 inverted confocal mi-
croscope equipped with the ZEN 2009 software package and using a
C-Apochromat 40× water Korr M27 objective (NA 1.2). FM4-64 was visualized
using 561-nm laser excitation and a 650- to 750-nm detection window. The
stained seedlings after short-term heat treatment were imaged using a Leica
SP8X microscope equipped with a WhiteLight laser. Images were taken using a
40× water-corrected objective (40× HC APO CS2, NA = 1.10). Fluorescence for
FM4-64 (excitation 561 nm, emission 650 to 750 nm), FDA (excitation 488 nm,
emission 500 to 550 nm), MitoTracker red (excitation 579 nm, emission 600 to
650 nm), aniline blue (excitation 405 nm, emission 490 to 510 nm) were col-
lected with Hybrid detectors (HyDTM) with or without (Aniline blue) time
gating between 0.3 and 6 ns. Fluorescence for GFP (excitation 488 nm, emission
500 to 540 nm), YFP (excitation 514 nm, emission 520 to 550 nm), mCherry/
mRuby3 (excitation 561 nm, emission 590 to 650 nm) were imaged with the
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WhiteLight laser and collected with hybrid detector (HyDTM) using a time-
gating window between 0.3 and 6.0 ns. Images of the dual-color lines were
acquired in line sequential mode. For the immunofluorescence imaging, seed-
lings were imaged with a 20× objective (HC PL APO CS2 20×/0.75 DRY). Fluo-
rophores were excited using a WhiteLight laser with 488-nm (Alexa488) or
555-nm (Alexa555) excitation wavelength detected with a Hybrid detector
with a gain of 100, (HyD 495 nm to 549 nm or HyD 561 nm to 621 nm) and time
gating between 1 and 8 ns.

To measure the lifetimes or TPLATE isoforms at the PM, kymographs were
generated using the Volocity software package and the lifetimes of indi-
vidual endocytosis events were measured manually from the generated
kymographs. Only endocytic events with a clear start or end present during
the duration of the time lapse were retained for the measurements. Density
measurements of endocytic dots were performed with movies exported from
the Volocity software package using the ImageJ software package. Movies
were processed with the “Walking Average” tool (number of frames to
average, 4), followed by a t-projection of the first 10 frames (with Max In-
tensity). The number of endocytic foci in a certain region were counted
using the “Find Maxima” tool. To determine the threshold of “Prominence”
when do the “Find maxima”, the t-projected images were processed with
the “MorphoLibJ” plugin (Plugins >>> MorphoLibJ >>> Morphological fil-
ters >>> Operation “White TOP Hat”; Element “disk”; Radius “2”) to get rid
of background. Then the images were processed with “Gaussian Blur” filter
(σ = 10) and ran “Histogram” to get the “max value” for the “Prominence”
threshold. After being processed with the “MorphoLibJ” plugin, the images
were used to quantify the density of the endocytic foci.

To measure the number of autophagosomes, single confocal slices of short-
term heat-treated roots expressing mCherry-ATG8e were analyzed with ImageJ
using the “Find Maxima” tool. The number of ATG8e-labeled autophagosomes
in the regions of interest were selected and counted using the “Find Maxima”
tool. Prior to counting, images were processed with a “smooth” and subtract
background function (rolling ball radius with 1.0 pixels).

Phenotypic Analysis. For fixed-carbon starvation phenotypical analysis, seedlings
were grown on 1/2 MS medium vertically or horizontally in the growth chamber
under continuous light conditions at 20 °C for 5 d. After that, root growth was
marked, and the plates were covered by aluminum foil and kept in constant
darkness for an extra 1 wk (root growth) or 9 d (cotyledons observations). Root
growth of seedlings was measured with ImageJ equipped with the NeuronJ
plugin. The percentage of yellowing seedlings was visually determined. For heat
treatment phenotypical analysis, 5-d-old seedlings were grown vertically on 1/2
MS medium under continuous light conditions at 20 °C were moved to Lovibond
incubators with continuous light (75 μE m−2 s−1 photosynthetically active radia-
tion) at 35 °C for 3 or 4 additional days. Prior to moving plants to the incubator,
root growth was marked. Root growth of seedlings was measured with ImageJ
equipped with the NeuronJ plugin. After 4-d heat treatment, seedlings exhibited
whitening cotyledons were visually counted.

SDS/PAGE and Western Blot. Samples were analyzed by loading on 4 to 20%
gradient gels (Bio-Rad), after addition of 4× Laemmli sample buffer (Bio-Rad)
and 10× NuPage sample reducing agent (Invitrogen). Gels were transferred
to PVDF or Nitrocellulose membranes using the Trans-Blot Turbo system
(Bio-Rad). Blots were imaged on a ChemiDoc Imaging System (Bio-Rad) and
the ImageJ program was used for a quantitative analysis.

Arabidopsis Seedling Protein Extraction. Arabidopsis seedlings were grown for
7 d on 1/2 MS medium under constant light. Seedlings were harvested, flash-
frozen, and ground in liquid nitrogen. Proteins were extracted in a 1:1 ratio,

buffer (mL): seedlings (g), in HB+ buffer, as described in Van Leene et al. (66).
Protein extracts were incubated for 30 min at 4 °C on a rotating wheel before
spinning down twice at 20,000 × g for 20 min. The protein content of the
supernatant was measured using Qubit (ThermoFisher) and equal amounts of
proteins were loaded for analysis.

Coimmunoprecipitation. Arabidopsis seedlings were grown for 7 d on 1/2 MS
medium at 20 °C under constant light. Seedlings were harvested, flash-
frozen, and ground in liquid nitrogen. Proteins were extracted in a 1:1 ra-
tio, buffer (mL): seedlings (g), in 50 mM Tris·HCl, 150 mM NaCl, 5mM DTT
supplemented with 1× cOmplete ULTRA Tablets, Mini, EDTA-free, EASYpack
Protease Inhibitor Mixture (Roche). Protein extracts were incubated for
30 min at 4 °C on a rotating wheel and cleared by subsequent centrifugation
at 20,000 × g for 20 min. The protein content of the supernatant was
measured using Qubit (ThermoFisher) and an equal amount of total proteins
were incubated with 20 μL GFP-Trap, magnetic agarose beads (Chromotek,
gtma-20, lot 90122001MA). Beads were washed three times with the lysis
buffer and eluted by boiling at 70 °C for 10 min. Protein degradation was
analyzed by ImageJ by comparing pixel intensities (gray values) of full-
length protein versus all smaller molecular weight products.

Identification of Interacting Proteins Using IP/MS-MS. IP experiments were
performed for three biological replicates as described previously (67), using 3 g
of 4-d-old seedlings. Interacting proteins were isolated by applying total
protein extracts to αGFP-coupled magnetic beads (Milteny Biotech). Three
replicates of TPLATE motif substitution mutants (WDXM1 and WDXM2) were
compared to three replicates of Col-0 and TPLATE-GFP [in tplate(−/−)] as con-
trols. Tandem mass spectrometry (MS-MS) and statistical analysis using Max-
Quant and the Perseus software was performed as described previously (68).

Relative amounts of TPC subunits detected compared to the bait protein
(TPLATE-GFP,WDXM1-GFP, or WDXM2-GFP) were calculated based on peptide
intensity levels. Peptides of the three bait proteins (TPLATE, WDXM1, and
WDXM2) as well as of each specific TPC subunit that were identified in all
experiments (i.e., in all three biological repeats by MS-MS or by matching) and
for which an intensity value was assigned were selected for the quantification.
Those peptides are highlighted in color in Dataset S2. The total number of
common peptides that were taken into account for the measurement are as
follows: TPLATE, 29; TML, 4; TASH3, 11; LOLITA, 1; TWD40-1, 13; TWD40-2, 20;
AtEH1, 2; and AtEH2, 2. Peptides used for the calculations of the respective
proteins are color coded in Dataset S2. The intensities of the common peptides
for each subunit were normalized to the averaged intensity of the bait pro-
teins. The normalized intensity values of each prey peptide were then aver-
aged for each prey protein, the SD was calculated, and the values are plotted
in Fig. 2B and SI Appendix, Fig. S3.

Data Availability.All other study data are included in the article and supporting
information.
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