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ABSTRACT

Plant clathrin and its adaptor protein complexes—adaptor protein complex-1 (AP-1) at the trans-Golgi network/early endosome (TGN/EE)
and the adaptor protein complex-2 (AP-2) at the plasma membrane (PM)—function in clathrin-mediated trafficking (CMT). This study
reports the role of CMT in regulating copper (Cu) tolerance in plants. We found that high concentrations of exogenous Cu treatment
increase the abundance of clathrin and adaptor protein complexes at the TGN/EE and/or the PM. We further found that a CMT-
deficient mutant ap2u2, clc2 clc3 exhibits hypersensitivity to Cu stress, similar to a mutant lacking the Cu transporter HEAVY METAL
ATPase 5 (HMAD). As previously reported, HMAS relocates from the endoplasmic reticulum (ER) to the PM on the soil side, where it
excretes excess Cu from the root cell, which is crucial for Cu tolerance. Our protein interaction assays showed that the AP-1 and AP-2
o subunits depend on the YXX® sorting motif of HMAS for recognition. Defective AP-1 hinders HMAS translocation to the PM after its
transfer from the ER to the TGN/EE following Cu stress, while impaired AP-2 function inhibits HMAS5 endocytosis at the PM. These
results demonstrate that CMT mediates the endocytic recycling of HMAS between the TGN/EE and the PM, thereby regulating Cu
efflux from root cells. Our findings highlight a function of CMT in maintaining Cu homeostasis.

Introduction 2022). With recent industrial development, the area of

Copper (Cu) is an essential nutrient for plant growth and develop- Cu-contaminated soil has increased globally, leading to a gradual

ment and plays a critical role in various physiological activities,
such as photosynthesis, respiration, and antiviral defenses
(Festa and Thiele 2011; Yao et al. 2022). To ensure that Cu can ef-
fectively perform its biological functions, plants must tightly reg-
ulate Cu uptake and efflux such that the Cu content in the cells is
maintained at an appropriate level (Chen et al. 2022). In flowering
plants, the maintenance of Cu homeostasis is dependent on the
synergistic cooperation of Cu transporter proteins (Burkhead
et al. 2009; Xu et al. 2024). In Arabidopsis thaliana roots, copper
transporter 1 (COPT1), a member of the COPPER TRANSPORTER
(COPT) family, mediates Cu uptake, while the P,z ATPase family
member heavy metal-transporting P-type ATPase 5 (HMAS) regu-
lates the efflux of excess Cu (Sancenén et al. 2003; Andrés-Colés
et al. 2006, 2010; Kobayashi et al. 2008).

An excess of intracellular Cu can produce a large number of
free radicals and reactive oxygen species, causing serious toxicity
to the plant, with symptoms including the inhibition of seed ger-
mination, decreased efficiency of mineral nutrient uptake, re-
duced photosynthesis, and root growth retardation (Chen et al.

rise in the frequency of excess Cu toxicity in plants (Rehman et al.
2019; Shabbir et al. 2020). Among a host of Cu transporter pro-
teins, HMAS was identified to have a unique Cu detoxification
function (Andrés-Colas et al. 2006; Kobayashi et al. 2008; Li et al.
2017). There is evidence that HMAS expression is induced when
plants are stimulated by high concentrations of external Cu
(Andrés-Colas et al. 2006). Moreover, the HMAS protein polarly
translocates from the endoplasmic reticulum (ER) to the plasma
membrane (PM) near the soil side in root epidermal cells after
Cu treatment, excreting excess Cu from the plant and thus im-
proving Cu tolerance (Li et al. 2017). However, the molecular
mechanisms adopted by plants to regulate HMAS protein relocal-
ization under excess Cu remain unclear.

Vesicular trafficking is a eukaryotic transport mechanism that
regulates intracellular material translocation, ensuring the pre-
cise and timely modulation of the subcellular localization
and abundance of numerous proteins (Stenmark 2009; Yao and
Xue 2011). Clathrin, a triskelion-shaped complex consisting of
three heavy chains (CHCs) and three light chains (CLCs), is an
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evolutionarily conserved vesicle coat protein in eukaryotes (Royle
2006; Kaksonen and Roux 2018). The plant adaptor protein heter-
otetrameric complex ADAPTOR PROTEIN 2 (AP-2, consisting of
AP2a, AP2B, AP2p, and AP2o) and the heterooctameric TPLATE com-
plex (TPC) recognize cargo and recruit clathrin to the PM, internal-
izing PM-resident proteins into the cytosol via clathrin-mediated
endocytosis (CME) (Kim et al. 2013; Yamaoka et al. 2013; Gadeyne
etal. 2014; Grones et al. 2022). In addition, plant clathrin is recruited
by heterotetrameric complex ADAPTOR PROTEIN 1 (AP-1, consist-
ing of APla, AP1B, AP1y, and AP1lo) to the trans-Golgi network/early
endosome (TGN/EE) to mediate post-Golgi trafficking (Yan et al.
2021; Liu et al. 2022; Xu et al. 2022). In plants, clathrin-mediated
trafficking (CMT) regulates the biological functions of the boron
transporter proteins BOR1 and NIP5;1 and the iron transporter pro-
tein IRT1 by modulating their endocytosis, recycling, and vesicular
degradation, thereby controlling the root uptake of these nutrients
from the soil in response to environmental changes (Takano et al.
2010; Barberon et al. 2014; Yoshinari et al. 2016; Wang et al. 2017;
Yoshinari et al. 2019).

In this study, we characterized the previously unexplored roles
of CMT in the defense response to Cu stress. We found that, upon
Cu stimulation, clathrin in root cells is recruited to the TGN/EE
and PM by AP-1 and AP-2, respectively, within a very short period,
mediating the translocation of HMAS from the TGN/EE to the PM,
and subsequently regulating the activity of HMAS through endo-
cytic recycling. This work established a functional link between
CMT and Cu homeostasis and revealed the molecular mechanism
of HMAS intracellular transport in plants.

Results

Cu enhances clathrin association with
membranes

The formation of root gravitropism and hypocotyl phototropism
depends on changes in the abundance of clathrin at the PM and
TGN/EE in root epidermal cells and hypocotyl endodermal cells,
respectively (Wang et al. 2016a; Zhang et al. 2017). Clathrin re-
cruitment at the membrane is critical for CMT to regulate environ-
mental responses in plants. Studies have shown that CMT is
involved in the adaptive response of plants to differences in envi-
ronmental concentrations of boron and iron (Barberon et al. 2014;
Yoshinari et al. 2016; Wang et al. 2017; Yoshinari et al. 2019).
However, the specific regulatory mechanisms underlying how
CMT-related components and pathways maintain the homeosta-
sis of these nutrients remain unknown.

To explore the response of plant clathrin to different metal cat-
ions, we tested the effects of 10 uM CuSO., MgSO., ZnSOy4, and
FeSO, on the levels of membrane-associated CLC1 (clathrin light
chain 1)-GFP (green fluorescent protein) in the roots by confocal
laser scanning microscopy (CLSM), respectively. Surprisingly, we
found that the levels of PM- and TGN/EE-associated CLC1-GFP sig-
nificantly (Student’s t-test) increased after 5 min of Cu treatment
and remained in high abundance for the following 2 h (Fig. 1, Ato F
and M). In contrast, magnesium, zinc, and iron treatments did not
trigger any changes in CLC1-GFP (Supplementary Fig. S1). We fur-
ther examined the effect of Cu on the membrane abundance of
endogenous CLC1 using affinity-purified anti-CLC1-specific anti-
bodies. Immunofluorescence microscopy showed that Cu treat-
ment induced a significant increase in the PM and TGN/EE
abundance of the CLC1 isoform relative to that observed in the
mock controls over the same period (Fig. 1, G to L and N), consis-
tent with the live-cell imaging analysis.

To determine the source of the increase in clathrin membrane
abundance during Cu stress, we examined the effect of Cu on the ex-
pression of CLC1, CLC2, and CLC3. RT-gPCR analysis showed that the
mRNA expression levels of CLC1, CLC2, and CLC3 in CuSO,-treated
Col-0 seedlings were similar to those detected without CuSO, treat-
ment (Supplementary Fig. S2). Furthermore, immunoblot analysis
showed that the level of CLC1-GFP in total protein extracts from
wild-type seedlings treated with CuSO, was similar to those without
CuS0Oy, treatment (Supplementary Fig. S3). These results indicated
that the increase in the levels of membrane-associated CLCs was
likely due to their membrane recruitment rather than changes in
their expression levels. Thus, our results showed that excess Cuin-
duces the rapid recruitment of clathrin to the PM and TGN/EE, sug-
gesting that CMT may play an important role in Cu tolerance.

CMT defects reduce Cu resistance

To verify whether CMT is involved in regulating Cu tolerance, we
examined the effect of high Cu concentrations on the growth of
the CMT-deficient mutants ap2u2, clc2 clc3, and ap2u2 cle2 cle3.
Five-day-old Col-O and CMT-deficient mutant seedlings were
separately transferred to solid 1/2 MS medium containing
50uM CuSO, for 3 d. The results showed that the growth of
CMT-deficient mutant roots was hypersensitive to Cu, and their
elongation was inhibited more severely than that of Col-0 roots
(Fig. 2, A and B). Quantitative analysis showed that the relative
elongation of the ap2u2, clc2 clc3, and ap2u2 clc2 clc3 mutant roots
was significantly reduced compared with that of Col-0, with the
ap2u2 cle2 cle3 triple mutant exhibiting the least elongation
(Fig. 2C). This implied that CMT positively regulates Cu tolerance.
Next, we further examined the inhibitory effect of Cu on the
growth of the triple mutants using hydroponic experiments.
After 15 d of growth in liquid medium containing 2.5 or 5uM
CuSOy, relative root elongation in the ap2u?2 clc2 clc3 mutant was
reduced relative to that seen in Col-0 (Fig. 2, D and E). In addition,
the inhibition of ap2u2 clc2 clc3 mutant root growth by 5 uM CuSQO4
treatment was stronger than that by 2.5 uM (Fig. 2F). These results
suggested that CMT defects reduce Cu resistance in plants.

CMT regulates Cu resistance in a
HMAS5-dependent manner

The results presented in the previous section indicated that cla-
thrin and its adaptor protein are involved in Cu resistance, sug-
gesting that the trafficking of the Cu transporter may be
dependent on the CMT pathway. To explore CMT-related Cu
transporters, we treated mutants of Cu transporters that function
at the PM of root cells—the copper uptake transporters COPTZ,
COPT2, ZIP2, and ZIP4 and the Cu efflux transporter HMAS
(Milner et al. 2013; Sanz et al. 2019)—with high Cu concentrations.
As shown in Supplementary Fig. S4, the root growth of copt2, zip2,
and zip4 mutants after 3 d of 50 uM CuSO, treatment was similar
to that of Col-0; in contrast, coptl and hma5 mutants exhibited in-
sensitivity and hypersensitivity to Cu, respectively.

To elucidate the potential link between HMAS and CMT, we
crossed the hma5 mutant to the ap2u2 clc2 clc3 mutant and analyzed
the effect of the loss of HMAS function on the Cu-sensitive pheno-
type of the ap2u? clc2 clc3 mutant. We observed that relative root
elongation in the hma5 mutant was reduced compared to that of
the ap2u? clc2 cle3 mutant after 3 d of Cu treatment, while the Cu sen-
sitivity of the hma5 ap2u2 clc2 cle3 quadruple mutant was similar to
that of the hma5 single mutant (Fig. 3, A to C). Cu levels, as deter-
mined using inductively coupled plasma-mass spectrometry
(ICP-MS), were elevated in plant roots after CuSO, treatment and
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Figure 1. Levels of membrane-associated CLC1 increase rapidly in response to copper stimulation. A-L) Copper effect on TGN/EE- and PM-associated
CLC1-GFP (A-F) and CLC1 (G-L) in the wild-type root meristem epidermal cells. M and N) The relative intensities of TGN/EE- and PM-associated
CLC1-GFP (M) (n=72 cells from 9 roots) and CLC1 (N) (n="72 cells from 9 roots). Different time lengths (5, 30, 60, and 120 min) after the addition of CuSO,
(10 uM) or in the absence of exogenous CuSO,4 (mock controls) are indicated at the top of the figure. Arrows and arrowheads show TGN/EE- and
PM-associated CLC1-GFP or CLC1, respectively. Shown are means + SD. Triple asterisks indicate P <0.0001 (Student’s t-test). Bars =10 ym (A-L).

were significantly higher in the ap2u2 clc2 clc3 mutant than in Col-0.
Moreover, Cu levels were similar between the hma5 and hma5 ap2u2
cle2 cle3 mutants, with values exceeding those of the ap2u?2 clc2 clc3
mutant (Fig. 3D). In contrast, the knockout of COPT1 function en-
hanced Cu tolerance in ap2u2 clc2 clc3 mutants (Supplementary
Fig. S5, A to C). ICP-MS analysis showed that Cu levels in the roots
of the CuSO4-treated coptl ap2u? clc2 clc3 quadruple mutant were re-
stored to approximately those of the Col-O and coptl mutants
(Supplementary Fig. S5D). Furthermore, no significant differences
in Cu contents were observed in hma5, coptl, ap2u2 clc2 clc3, hma5
ap2u2 clc2 cle3, and coptl ap2u? cle2 cle3 mutant shoots, with or with-
out CuSO, treatment, compared with those of Col-0 (Supplementary
Fig. S6). Taken together, these results suggested that CMT deficiency
triggers reduced Cu tolerance in Arabidopsis via the root
HMAS-mediated Cu efflux pathway, but not the Cu uptake pathway.

HMAS transport from the TGN/EE to the PM is
disrupted in CMT-deficient mutants

Studies have shown that under Cu stimulation, HMAS expression
isinduced to promote the excretion of intracellular excess Cuions

from plants (Andrés-Colas et al. 2006). To address whether CMT
defects affect the response of HMAS to Cu at the transcriptional
level, we examined the expression of HMAS in the ap2u2 clc2 clc3
mutant. RT-gPCR analysis showed that the levels of HMAS
mRNA expression in the ap2u?2 clc2 clc3 mutant seedlings were sim-
ilar to those of Col-0 with or without the application of exogenous
copper, suggesting that the reduction in Cu resistance was not due
to changes in HMAS transcript levels in the ap2u2 clc2 clc3 mutant
(Supplementary Fig. S7).

During Cu stress in plants, HMAS in root cells relocalizes
from the ER to the soil side of the PM, where it acts as a Cu ef-
flux transporter for detoxification (Li et al. 2017). To determine
whether CMT defects impact the intracellular transport of
HMAS, we used live-cell imaging to analyze the subcellular lo-
calization of YFP-HMAS in Col-0 and the ap2u2 clc2 cle3 mutant
at different time points after Cu treatment. After 10 min of
CuSO, treatment, YFP-HMAS in Col-0 and ap2u2 clc2 clc3 mu-
tants relocalized from the ER to unknown punctate organelles
(Fig. 4, A, B, F, and G). Colocalization analysis showed that the
YFP-HMAS-labeled organelles colocalized almost completely
with CLC2-mKO and partially with VHAa1-RFP and SNX1-RFP,
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Figure 2. Defects in CMT decreased tolerance to copper. A and B) Five-day-old vertically grown seedlings in Col-0, ap2y, clc2 clc3, and ap2u clc2 clc3
mutants were transferred to 0.5x MS solid medium plates containing 0 (A) or 50 uM CuSQO, (B) for 3 d. C) Relative root elongation under excess Cu
compared with the mock controls (n=15 roots from Col-0, 15 roots from ap2u, 15 roots from clc2 clc3, and 15 roots from ap2u clc2 clc3). D and E) Col-0 and
ap2u? cle2 cle3 seedlings were grown in normal hydroponic solution (D) and hydroponic solution containing 2.5 uM and 5 M Cu (E) for 15 d, respectively.
F) Relative root length under excess Cu compared with the mock controls (n=12 roots from Col-0 and 12 roots from ap2u clc2 clc3 at 2.5 uM Cu; n=12
roots from Col-0 and 12 roots from ap2uclc2 clc3 at 5 uM Cu). Shown are means + SD. Single, double, and triple asterisks indicate P < 0.05, 0.01, and 0.0001,

respectively (Student’s t-test). Bars=1cm (A, B, D, and E).

indicating that the organelles were the TGN/EE (Supplementary
Fig. S8). Interestingly, after 20 min of copper treatment, a por-
tion of YFP-HMAS had translocated to the PM in Col-0, whereas
in the ap2u?2 clc2 clc3 mutant YFP-HMAS remained in the TGN/
EE, and fluorescent signals were not detected at the PM until
after 30 min (Fig. 4, C, H, and I). Subsequently, the TGN/
EE-associated YFP-HMAS in the Col-0 and ap2u?2 clc2 clc3 mu-
tants continued to transfer to the PM with increasing CuSO,
treatment duration (Fig. 4, D, E, and J). Quantitative fluores-
cence analysis showed that the rate of YFP-HMAS relocalization
to the PM was significantly reduced in the ap2u2 clc2 clc3 mutant
relative to that in Col-0 (Fig. 4K).

To further validate that CMT regulates HMAS translocation
from the TGN/EE to the PM, Col-0 seedlings were treated with en-
dosidin9 (ES9), an inhibitor of clathrin heavy chain (CHC)
(Dejonghe et al. 2019). CLSM revealed that co-treatment with
CuSO, and ES9 enabled the transfer of YFP-HMA from the ER to
the TGN/EE, but the next step of translocation to the PM
(Supplementary Fig. S9). In addition, we detected no difference
in the polarity index of YFP-HMAS at the PM in ap2u2 clc2 clc3 mu-
tants compared to that in Col-0 (Fig. 4, L to R). Together, these

results suggested that the translocation of HMAS from the TGN/
EE to the PM during Cu exposure is dependent on CMT.

AP-1 mediates HMAS sorting at the TGN/EE

To reveal the mechanism underlying the regulation of HMAS
transport by CMT at the TGN/EE, it was essential to first address
how clathrin recognizes HMAS as a cargo protein. We previously
demonstrated that the plant AP-1 p and/or ¢ subunit recognizes
cargo at the TGN/EE by binding to the sorting motif of the protein
and subsequently recruits clathrin to the TGN/EE (Yan et al. 2021;
Xu et al. 2022). Therefore, we examined whether AP-1 responded
to strong Cu stimulation in root cells. CLSM analysis revealed
that CuSO, treatment for 5 min resulted in a significant increase
in the fluorescence signals of the AP-1 complex subunit, AP1u2,
tagged with a red fluorescent protein (AP1u2-RFP), and the
APle2 subunit, tagged with a green fluorescent protein
(AP102-GFP) at the TGN/EE, which were then maintained at a
high abundance for the following 2 h (Fig. 5, A to N). To confirm
the role of the AP-1 complex in HMAS protein transport, we ob-
served the localization of YFP-HMAS after Cu stress in the
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Figure 3. Clathrin regulates the copper tolerance dependent on HMAS. A and B) Five-day-old vertically grown seedlings in Col-0, hma5, ap2u clc2 clc3,
and hma5 ap2u clc2 cle3 mutants were transferred to 0.5x MS solid medium plates containing O (A) or 30 xM CuSOy, (B) for 3 d. C) Relative root elongation
under excess Cu compared with the mock controls (n =25 roots from Col-0, 25 roots from hmas5, 25 roots from ap2u clc2 clc3, and 25 roots from hma5 ap2u
cle2 cle3). D) ICP-MS analysis of copper content in roots (n= 180 roots per experiment from four independent experiments). Shown are means + SD.
Significant differences (P <0.01) are indicated by different lowercase letters above the columns (Student’s t-test). Bars=1 cm (A and B).

previously characterized loss-of-function aplp? mutant (Park
etal. 2013; Wang et al. 2013a, 2016b). We observed that the trans-
fer of YFP-HMAS from the TGN/EE to the PM after copper treat-
ment was significantly attenuated in the aplu2 mutant relative
to thatin the Col-0 (Fig. 5, O to Y), indicating that AP-1is essential
for the relocalization of HMAS from the TGN/EE to the PM.

AP-1 complexes sort cargo proteins via recognition by the p/c
subunit of tyrosine-based sorting (YXX®) or dileucine-based sort-
ing (|[DEJXXXL[LI]) motifs (Janvier et al. 2003; Carvajal-Gonzalez
et al. 2012; Xu et al. 2022). Here, we found a potential tyrosine-
based sorting signal, ***YVIW*®?, in the second cytoplasmic loop
(Fig. 6A). To address the molecular basis for the AP-1 sorting of
HMAS at the TGN/EE, we performed yeast two-hybrid (Y2H) as-
says to determine the potential interaction between AP-1 and
HMAS. The Y2H assay results indicated that there was interaction
between APlo2 and HMAS, but not AP1p2 and HMAS (Fig. 6B).
To determine whether *®¢YVIW*® is a canonical YXX® sorting
motif, we generated a variant of the HMAS s cytoplasmic loop
(HL) carrying a Y486A/W489A double mutation (mHL). We ob-
served a significant reduction in AP1e2 interactions with mHL
compared to HL (Fig. 6B). Bimolecular fluorescence complementa-
tion (BiFC) assays showed a significant reduction in the fluores-
cence signal reflecting AP1o2 interactions with mHL compared
to HL, which further demonstrated that **¢YVIWw*®°is a key sorting
motif for AP1c2 binding (Fig. 6C). We performed an in vitro pull-
down experiment between AP1c2 and HL to further test whether

AP1c?2 directly interacts with HMAS. We observed that glutathione
S-transferase (GST)-tagged HL, but not GST or GST-mHL, pulled
down Flag-tagged AP1c2 (Fig. 6D). Collectively, these data demon-
strated that AP-1 sorts HMAS to the PM transport pathway by rec-
ognizing the YXX® motif of HMAS at the TGN/EE under Cu stress.

CMT regulates the endocytic recycling of HMAS

In plants and mammals, PM proteins are internalized and trans-
ported to the vacuole/lysosome for degradation or recycled back
to the PM. This endocytic recycling mechanism determines their
abundance and localization (Kleine-Vehn and Friml 2008; Hsu
et al. 2012; Cullen and Steinberg 2018). Thus, we predicted that
HMAS is internalized from the PM via endocytosis after transloca-
tion from the TGN/EE, and then recycled back to the PM. We
treated YFP-HMADS transgenic seedlings in a wild-type background
with the vesicle trafficking inhibitor brefeldin A (BFA), which
induces the clustering of late secretory pathway compartments
into BFA bodies (Geldner et al. 2003; Lam et al. 2009), in
the presence of the protein synthesis inhibitor cycloheximide
(CHX), which blocks de novo protein synthesis. As expected,
YFP-HMAS-labeled BFA bodies were observed following 60 min
of BFA treatment after 60 min of pretreatment with CuSO, and
CHX (Fig. 7, A and B). In addition, YFP-HMAS was recycled from
the BFA vesicles back to the PM following BFA removal (Fig. 7C).
Nevertheless, the accumulation of YFP-HMAS in intracellular
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BFAbodies was significantly reduced in the ap2u2 clc2 clc3 mutants
relative to that in Col-0 (Fig. 7, B and D). Moreover, the PM recy-
cling of internalized YFP-HMAS from BFA bodies following BFA re-
moval was slower in the ap2u2 clc2 cle3 mutants than in Col-0
(Fig. 7, C and D). These results suggested that CMT mediates the
constitutive endocytic recycling of HMAS.

Studies have demonstrated that the plant adaptor protein com-
plex AP-2 recognizes the YXX® or [DE]XXXL[LI] sorting motif of
cargo proteins and recruits clathrin to the PM to mediate endocy-
tosis (Kelly et al. 2008; Liu et al. 2020). Therefore, we next exam-
ined whether the abundance of AP-2 at the PM is altered in
response to Cu stress. Consistent with the observed increase in
CLC1 abundance at the PM following Cu treatment (Fig. 1), the lev-
els of PM-associated AP2u-YFP increased after CuSO,4 treatments
for 5, 60, and 120 min relative to those of mock controls
(Supplementary Fig. 510, A to G). Similarly, the PM-associated lev-
els of AP26-GFP also increased after Cu exposure (Supplementary
Fig. S10, H to N). To explore the mechanism underlying the regu-
lation of HMAS internalization by CME, we performed Y2H and
BIiFC assays to determine the potential for interaction between
AP-2 subunits and HMAS. Similar to the AP-1 recognition of
HMAS, the results of the Y2H and BiFC analysis showed that
AP-2 recognizes the *8YVIW*? sorting motif on the cytoplasmic

domain of HAMS via the ¢ subunit (Fig. 7, E and F). In addition,
pull-down analysis further confirmed that the key to AP2¢ recog-
nition of HMAS lies in the binding to the *®¢YVIW*# motif (Fig. 7G).

The tyrosine-based motif is necessary for the
function of HMAS in Cu detoxification

Our data indicated that the recognition of the HMAS 8¢y vIw*&
tyrosine-based motif by adapter proteins AP-1 and AP-2 is essen-
tial for the CMT-mediated sorting and transport of HMAS. To ver-
ify the function of **¢YVIW*® sorting motifs in the transporter of
HMAS in response to Cu stress, we generated a variant of HMAS
carrying a Y486A/W489A double mutation (mHMAS) and con-
structed the UBQ10pro:YFP-mHMAS vector. This vector was sub-
sequently transfected into Col-0 for expression. In the presence
of exogenous Cu, YFP-mHMAS and YFP-HMAS translocated from
the ER to the TGN/EE within 10 min (Fig. 8, A, B, F, and G).
However, unlike YFP-HMAS, which displayed PM localization after
20 min of copper treatment (Fig. 8C), the YFP-mHMAS fluores-
cence signal was not detected at the PM (Fig. 8H). Continued expo-
sure to Cu for 30 min was required to shift YFP-mHMAS toward
the PM (Fig. 8, D and I), and its PM abundance remained signifi-
cantly lower than that of YFP-HMAS after 60 min of copper
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treatment (Fig. 8, E, J, and K). In addition, we tested the effect of
185y VIW* sorting motif disruption on HMAS endocytosis.
Furthermore, there were significantly fewer YFP-mHMAS-labeled
BFA bodies than YFP-HMAS-labeled BFA bodies following
BFA treatment in the presence of CuSO, and CHX (Fig. 8,
L, M, and O). Moreover, the rate of disappearance of
YFP-mHMAS-labeled BFA bodies after BFA removal was signifi-
cantly slower than that of YFP-HMAS5-labeled BFA bodies (Fig. 8,
N and O). These results revealed that the tyrosine-based motif is
critical for HMAS relocalization to the PM and its subsequent recy-
cling between the TGN/EE and PM.

We next analyzed the effect of sorting motif defects on the
physiological function of HMAS as a Cu efflux transporter.
Expressing YFP-HMAS (driven by the UBQ10 promoter) in hma5
mutants resulted in stronger resistance to copper compared
with that in Col-0, while the rescue of copper sensitivity due to
hma5 loss of function was significantly weaker with YFP-mHMAS
than with YFP-HMAS (Fig. 9, A, B, and D). Immunoblot analysis

demonstrated that the protein levels of YFP-HMAS and
YFP-mHMAS were similar in the hma5 mutant (Fig. 9C).
Furthermore, ICP-MS analysis showed that although the Cu con-
tent in YFP-mHMAS5/hma5 roots after Cu treatment was lower
than that in hma5 roots, it was significantly higher than that in
Col-0 and YFP-HMAS5/hma5 roots (Fig. 9E). These results demon-
strated that the HMAS tyrosine-based sorting signal is required
for Cu tolerance.

Discussion

The role of CMT in the response of HMAS

to copper stress

CME controls the uptake of ions from the soil by regulating the PM
abundance of IRT1, BOR1, and NIP5;1 in plant root cells (Barberon
et al. 2011; Wang et al. 2017; Yoshinari et al. 2019). In addition to
its role in CME, clathrin is also associated with the TGN/EE, while
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clathrin-dependent post-Golgi trafficking has been indicated to
play an important role in cargo protein transport (Wang et al.
2013b; Yan et al. 2021).

Our results showed that once adaptor protein complex AP-1 or
clathrin function is disrupted, HMAS translocation from the TGN/
EE to the PM is inhibited (Fig. 4, A to K, Fig. 5, O to Y, and
Supplementary Fig. S9). This demonstrates that HMAS is recog-
nized as cargo by AP-1 at the TGN/EE and is subsequently translo-
cated to the PM via the clathrin-mediated vesicular pathway.
Following this, HMAS is internalized to the cytoplasm via the
CME pathway in the presence of the PM-localized adaptor protein
complex AP-2 and is then either sorted at the TGN/EE for recycling
to the PM or transported to the vacuole for degradation (Fig. 7, A to
D and Supplementary Fig. S10; Li et al. 2017). This endocytic traf-
ficking between the TGN/EE and the PM is likely necessary to
maintain HMAS activity. However, additional experimental evi-
dence is required to confirm this. Notably, there is a coupling reg-
ulation between CME and clathrin-dependent post-Golgi
trafficking (Yan et al. 2021). As previously reported, once AP-2/
clathrin-mediated endocytosis is impaired either genetically or
pharmacologically, AP-1/clathrin recruitment at the TGN/EE is re-
duced, thereby interfering with protein secretion (Yan et al. 2021).
Thus, the slowed transport of HMAS to the PM in the ap2u2 clc2 clc3
mutant (Fig. 4, A to K) was likely to have resulted from the dimin-
ished abundance of AP-1/clathrin at the TGN/EE affecting the

secretory pathway, which delivers proteins to the PM. These re-
sults suggest that CMT pathways do not function in isolation
but synergistically regulate protein transport in plant cells.

In addition to abundance, polarity also affects the biological
function of PM proteins, while IRT1, BOR1, and NIP5;1 polarity for-
mation is dependent on CMT (Barberon et al. 2014; Wang et al.
2017;Yoshinarietal. 2019). The disruption of the clathrin/adaptor
protein or sorting motifs delayed the translocation of HMAS from
the TGN/EE to the PM, but did not affect its polar localization
(Fig. 4, L to R and Fig. 8, A to K). This implies that the formation
of HMAS polarity is not dependent on CMT. However, the molec-
ular mechanism underlying the regulation of HMAS pm polarity re-
mains to be elucidated.

The mechanisms involved in the CMT-mediated
regulation of HMAS localization

Cutreatment induced a rapid increase in TGN/EE-associated AP-1
and clathrin abundance within 5 min, which facilitated the trans-
port of HMAS to the PM for the excretion of Cu ions (Fig. 1 and
Fig. 5, A to N). Moreover, there was a simultaneous increase in
PM-associated AP-2 and clathrin levels to maintain the balance
of HMAS recycling between the TGN/EE and the PM through the
promotion of HMAS internalization (Fig. 1 and Supplementary
Fig. S10). The relocalization of HMAS to the PM in response to Cu
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stress in the ap2u2 clc2 clc3 mutant was significantly slower than
that of the wild type (Fig. 4, A to K), which may explain its deeper
Cu toxicity (Fig. 2). Similarly, we observed that a mutation in the
HMAS sorting motif suppressed PM transfer and enhanced the
sensitivity of plants to copper (Fig. 8, A to K and Fig. 9). These
data suggest that the rate of translocation of HMAS to the PM in
response to external Cu concentrations is positively associated
with Cu resistance in plants. Accordingly, exploring the rapid re-
sponse mechanism involved in CMT-mediated regulation of
HMAGS localization is key to understanding Cu tolerance in plants.

Protein phosphorylation plays a key role in many biological
processes as well as in responses to environmental cues (Zhang
et al. 2023). Moreover, tyrosine phosphorylation has recently
been shown to be involved in plant responses to environmental
changes via the regulation of signal transduction (Song et al.
2022). Our results revealed the critical role of the HMAS tyrosine-
based sorting motif in the CMT-mediated transport of HMAS
under Cu stress. The absence of sorting signals affects the relocal-
ization of HMAS in response to Cu stress and prevents HMAS from
contributing to increased Cu tolerance in plants (Fig. 8, L to O and
Fig. 9). To determine whether Y486 in the sorting motif affects
HMAS phosphorylation, we evaluated the phosphorylation levels

of YFP-HMA and YFP-mHMAS. As shown in Supplementary Fig.
S11, no significant difference in phosphorylation levels was de-
tected between YFP-HMA and YFP-mHMAS, indicating that Y486
phosphorylation is not required for the regulation of HMAS trans-
port. However, whether plants regulate CMT in response to Cu
stress to mediate HMAS translocation through protein phosphor-
ylation requires further investigation.

Materials and methods

Plant materials and growth conditions

All Arabidopsis thaliana materials used in this study were author-
ized and were of the Columbia-0 (Col-0) background. The follow-
ing transgenic lines and mutants were used in this study:
transgenic lines 35Spro:CLC1-GFP (Wang et al. 2013b); AP1u2pro:
AP1p2-RFP  (Wang et al. 2013a); 35Spro:AP1c2-GFP (Yan
et al. 2021); AP2upro:AP2u-YFP (Bashline et al. 2013); AP2cpro:
AP26-GFP (Fan et al. 2013); CLC2pro:CLC2-mKO (Ito et al. 2012);
VHAalpro:VHAal-RFP (Dettmer et al. 2006); SNX1Pro:SNX1-RFP
(Ambrose et al. 2013); UBQ10pro:YFP-HMAS (this study); clc2
(SALK_016049; Wang et al. 2013b); clc3 (CS100219; Wang et al.
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2013a); aplu2 (CS16318; Yan et al. 2021); ap2u (SALK_083693C;
Wang et al. 2016a); hma5 (SALK_040252 from ABRC; Li et al.
2017); coptl (SALK_017507C from ABRC); copt2 (SALK_147451C
from ABRC); zip2 (SALK_094937C from ABRC); and zip4
(SALK_145371C from ABRC).

UBQ10pro:YFP-HMAS was constructed using PCR, restric-
tion enzyme digestion, and ligation into transformation
vectors. Sequences of primers used for cloning are listed in
Supplementary Table S1. The HMAS coding sequence harboring
two point mutations (HMASY*864/W489%) was generated using
UBQ10pro:YFP-HMAS as a template for site-directed mutagenesis
with the primers listed in Supplementary Table S1. As AtHMAS
is toxic to Escherichia coli, the recombination products were trans-
formed into the Agrobacterium tumefaciens strain GV3101 by
electroporation. The transformation of A. thaliana plants was con-
ducted by floral dip (Clough and Bent 1998). Homozygous mutant
lines, including clc (Wang et al. 2013b), ap-1 (Yan et al. 2021), and
ap-2 (Fan et al. 2013; Wang et al. 2016b), were isolated
and identified by PCR-based assays. The clc2 clc3, ap2u cle2 cle3,
hmaS ap2u cle2 cle3, and coptl ap2u clc2 cle3 multiple mutants
were generated by crossing, and verified by genotyping
PCR. Fluorescently tagged marker lines (CLC2pro:CLC2-mKO,
VHAalpro:VHAal-RFP, and SNX1Pro:SNX1-RFP) were crossed
into UBQ10pro:YFP-HMAS; UBQ10pro:YFP-HMAS was crossed
into aplp2, ap2u clc2 cle3, and hma5. Homozygous lines were

confirmed based on their mutant phenotypes, genotyping PCR
(Supplementary Table S2), and fluorescence.

Seeds were surface-sterilized and stratified for 3d at 4 °Cin the
dark and sown onto 1/2 MS medium with 1.5% (w/v) agar unless
otherwise specified. Seedlings were grown vertically on plates in
a climate-controlled growth room (22 °C/20 °C day/night temper-
ature, 16-h/8-h light/dark photoperiod, and 80 uE s™* m~2 light in-
tensity). For the CuSO, treatment assay, 5-day-old seedlings were
transferred to 1/2 MS medium with or without 30/50 uM CuSOq4
5H,0 (Sinopharm, Catalog N0.20210408) for 3 d before being
scored and photographed.

Hydroponic conditions and Cu elemental analysis
After opening the pores, the brown centrifuge tube cover was cut
and germination medium containing 0.8% agar was injected in-
side. The brown centrifuge tube cover was then placed on a
500-mL centrifugal tube box. Following this, 1/8 MS liquid medium
containing 2.5 or 5 uM CuSO, SH,0 was added to several boxes.
The Col-0 and ap2u clc2 clc3 seeds that underwent vernalization
were placed on germination medium and left to cultivate in a
greenhouse for 15 d to observe the growth status of the main roots
of Arabidopsis seedlings.

Cu content was determined in 8-day-old wild-type and mutant
seedlings previously washed once with 10 mm EDTA and three
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times with deionized water. The samples were completely dried in
an oven at 65 °C for 1 d to calculate the dried weight. Following
this, the plant samples were digested in pure nitric acid solution
at 120 °C for 3 h and 150 °C for 1 h. The samples were dissolved
in deionized water and analyzed via ICP-MS (iCAP RQ, Thermo
Fisher Scientific, USA).

Chemical solutions and treatments

All reagents were obtained from Sigma-Aldrich (USA) unless oth-
erwise specified. Dimethyl sulfoxide (DMSO, Sinopharm, China,
Catalog No. 20231012) was used to dissolve BFA (50 mm stock),
ES9 (10 mwm stock), and CHX (50 mwm stock). Unless otherwise indi-
cated, the final working concentrations were 1M for ES9 and
50 uM for CHX and BFA. CuSO, 5H,0O was prepared as a 20-mM
stock solution in H,O and used at the indicated concentrations
for the different experiments. All pre- and post-treatment dura-
tions are indicated in the text. Unless otherwise specified, pre-
treatments and treatments for subcellular localization analysis
of membrane-associated proteins were performed in liquid
medium (1/2 mS basal salts, 1% Suc, 0.05% MES [w/v], and pH 5.6
t0 5.8).

Immunofluorescence analysis and live-cell CLSM
Immunolocalization analysis was performed as previously de-
scribed (Wang et al. 2013b, 2016a). All primary antibodies used
for immunolocalization were detected using Cy3-labeled
anti-rabbit secondary antibodies (1:100 dilution; Sigma-Aldrich,

USA, Catalog No. C2306). Images were captured using a confo-
cal laser scanning microscope (Leica Stellaris 5). For the imag-
ing of Cy3, the 560 nm line of a helium/neon laser was used
for excitation, and emission was detected from 570 to 590 nm.
For the live-cell imaging of GFP and YFP, the 488- and 514-nm
lines of an argon laser were used for excitation, and emissions
were detected in the ranges of 496 to 532 and 520 to 560 nm, re-
spectively. For the imaging of mKO and RFP, the 543- and
594-nm lines of the helium/neon laser were used for excitation,
and emissions were detected in the ranges of 560 to 600 and 612
to 666 nm, respectively.

For quantitative fluorescence measurements, the confocal mi-
croscope parameters (laser power, 2% to 4%,; pinhole, 1.0; gain val-
ue, 40) were kept identical among treatments and genotypes. To
quantify the intensity of fluorescence signals at the PM or intracel-
lular compartments, digital images of root epidermal cells within
the division/transition zone were analyzed using ImageJ (http:/
rsb.info.nih.gov/ij/). Further details of the quantification methods
are described in previous studies (Wang et al. 2013b, 2016a; Yan
etal. 2021). To quantify the polarity index of YFP-HMAS, the apical
and basal domains of the PM in epidermal cells in the meriste-
matic and transition zones were selected using the segmented
line tool and quantified using ImageJ. The fluorescent signal of
the soil side was divided based on the stele side (Fig. 4). To meas-
ure the BFA-induced internalization of PM-localized proteins, the
levels of internalized GFP-fused PM proteins were calculated as
the average number of fluorescence-labeled BFA bodies per cell
(Wang et al. 2013D).


http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/

12 | Plant Physiology, 2025, Vol. 198, No. 1

Reverse transcription-quantitative PCR assays

Total RNA was isolated using a FastPure Universal Plant Total
RNA Isolation Kit (Vazyme, China, Catalog No. RC411-01).
Reverse transcription was performed using the HiScript III 1st
Strand cDNA Synthesis Kit (+Gdna wiper) (Vazyme, Catalog No.
R312-02). The resulting cDNA was used as a template for
the PCR amplification for CLC1, CLC2, CLC3, and HMAS using
gene-specific primers. qUBI7 served as the internal control. The
CFX 96 C1000 Thermal Cycler (Bio-Rad, USA) was used for gPCR,
and Bio-Rad CFX Manager v.3.1 was used for the analysis of ex-
pression levels using the 27*4“d method. The qPCR assay was per-
formed as described previously (Wang et al. 2016a). Primer
sequences are shown in Supplementary Table S3.

Yeast two-hybrid assay

A mating-based split ubiquitin Y2H system (mbSUS) (Obrdlik et al.
2004) was used to test interactions of AP2s, AP2u2, AP162, and
AP1p2 with HMAS. The full-length coding sequences of AP2g,
AP2p2, AP162, and AP1pu2 were PCR-amplified and mixed with lin-
earized pX-NubWTgate vectors to transform yeast strain THY.AP5
through in vivo DNA recombination. Full-length coding sequences
of HMAS, the second cytoplasmic loops of HMAS (HL), and
HIY#86A/WA89A (Y1) were PCR-amplified and mixed with linear-
ized pMetYCgate vectors to transform yeast strain THY.AP4
through in vivo DNA recombination. Diploid cells were selected
on synthetic complete medium containing adenine and histidine
(SC+ Ade + His), and interactions were tested by spotting colonies
onto synthetic defined minimal medium (SD) plates containing 0,
75, 150, or 400 uM methionine. pMetYC and pX-NubWT were used
as negative controls and KAT1 (as N-KAT1 and KAT-Cub) was
used as a positive control. Sequences of primers used for cloning
are listed in Supplementary Table S1.

Bimolecular fluorescence complementation
assays

For the BiFC assays, the full-length coding sequences of AP162 and
AP2c were individually cloned in-frame with the N-terminal half
of the YFP sequence in the vector pEarleygate201-YN. The second
cytoplasmic loops of HMAS (HL) and HLY*86A/W489A (mp])
were cloned in-frame with the C-terminal half of YFP in
pEarOleygate202-YC. These constructs were introduced into the
Agrobacterium tumefaciens strain GV3101 and co-infiltrated into
young leaves of Nicotiana benthamiana plants grown for approxi-
mately 3 wks. YFP fluorescence was measured using CLSM
(Stellaris 5, Leica, Germany) after 48 h. Arabidopsis CHC2-YN
and CLC1-YC were used as the positive control. Constructs ex-
pressing YFP-N (YN) and YFP-C (YC) were used as the negative
control. Sequences of primers used for cloning are listed in
Supplementary Table S1.

Pull-down assay

The in vitro pull-down assay was performed as previously de-
scribed (Zhang et al. 2021). To detect the interaction of APl and
AP2¢ with HL1, the coding sequences of APls, AP2c, HL1, and
mHL1 were cloned into pCDF-duet-1 (Flag-tagged) and
pGEX-4T-1 (GST-tagged). The recombinant vectors were sepa-
rately transferred into the BL21 strain. Extracts from bacteria
expressing GST or GST-HL1/mHL1 were incubated with gluta-
thione Sepharose (GE Healthcare, USA) for 60 min at room tem-
perature in a binding buffer (50 mwm Tris of pH 7.4, 120 mm NaCl,
5% glycerol, 0.5% NonidetP-40, 1 mm phenylmethanesulfonyl flu-
oride, and 1mwm B-mercaptoethanol). The resins were then

collected for further incubation with extracts from bacteria ex-
pressing AP1lo-FLAG or AP2¢-FLAG at room temperature for
60 min. After rinsing five times with washing buffer (50 mwm Tris,
PH 7.4, 120 mm NaCl, 5% glycerol, and 0.5% Nonidet P-40), the
Sepharose was mixed with SDS sample buffer and boiled for
SDS/PAGE and immunoblotting. Sequences of primers used for
cloning are listed in Supplementary Table S1.

Immunoblot analysis

Total protein fractions were prepared as previously described
(Wang et al. 2016a). For immunoblot analysis, an anti-GFP anti-
body (1:5000 dilution; TransGen Biotech, China, Catalog No.
HT801) was used. Coomassie brilliant blue (CBB) staining served
as a loading control. The primary antibody was detected using
an anti-mouse secondary antibody (1:50,000 dilution; HUABIO,
China, Catalog No. HA1009) conjugated to horseradish peroxidase
and detected using an enhanced chemiluminescence substrate
(Thermo Scientific).

Phosphorylation assay

To analyze the phosphorylation of the YFP-tagged HMAS and
mHMAS proteins, 6-day-old transgenic plants expressing the cor-
responding YFP fusions were freeze-dried, ground to a powder,
and homogenized in 1 mL of IP buffer (10 mwm Tris-HCI of pH 7.4,
100 mm NaCl, 10% glycerol, 0.5% NP-40, and 1x protease inhibitor
and PhosSTOP Phosphatase Inhibitor cocktail). Lysates were clari-
fied by centrifugation at 12,000 rpm for 30 min at 4 °C and were
immunoprecipitated with GFP-Trap (ChromoTek, USA). After in-
cubation, the beads were washed three times with ice-cold washing
buffer (10 mm Tris-HCI of pH 7.4, 100 mm NaCl, 10% glycerol) and
then eluted by boiling in reducing SDS sample buffer. Samples
were subjected to SDS/PAGE and immunoblotting using an anti-
phosphoserine antibody (1:500 dilution; HUABIO, China, Catalog
No. ET1704-20). In addition, to observe the total quantities of immu-
noprecipitated GFP-fused proteins used for Phos-tag detection, the
same quantities of immunoprecipitated proteins from each sample
were also separated by SDS/PAGE followed by western blotting
analysis with an anti-GFP antibody (1:5000 dilution; TransGen
Biotech, China, Catalog No. HT801). Chemiluminescence was im-
aged using a ChemiDoc imaging system (Bio-Rad).

Statistical analysis

All experiments were independently performed at least three times
and statistical significance was evaluated using Student’s t-tests
(paired with two-tailed distribution) or one-way analysis of variance
(ANOVA). Statistical analyses were performed using GraphPad
Prism for Windows (64-bit, v.8.4.0) and Microsoft Excel 2019.

Accession numbers

Sequence data from this manuscript can be found in the
Arabidopsis Genome Initiative under the following accession
numbers: CLC1 (At2g20760), CLC2 (At2g40060), CLC3 (At3g51890),
CHC2 (At3g08530), AP1s2 (At2g17380), AP1u2 (At1g60780), AP2s
(At1g47830), AP2u (At5g46630), VHAal (At2g28520), SNX1I
(AT5G06140), HMAS (AT1G63440), COPT1 (AT5G59030), COPT2
(AT3G46900), ZIP2 (AT5G59520), ZIP4 (AT1G10970), and
UBIQUITIN 7 (At2g35635).
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