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Abstract

AP-1 and AP-2 adaptor protein complexes mediate clathrin-dependent trafficking at the frans-Golgi network
(TGN) and the plasma membrane, respectively. Whereas AP-1 is required for trafficking to plasma membrane
and vacuoles, AP-2 mediates endocytosis. These AP complexes consist of four subunits (adaptins): two large
subunits (1 and y for AP-1 and 32 and a for AP-2), a medium subunit y, and a small subunit 0. In general,
adaptins are unique to each AP complex, with the exception of 8 subunits that are shared by AP-1 and AP-2 in
some invertebrates. Here, we show that the two putative Arabidopsis thaliana AP1/2[3 adaptins co-assemble
with both AP-1 and AP-2 subunits and regulate exocytosis and endocytosis in root cells, consistent with their
dual localization at the TGN and plasma membrane. Deletion of both B adaptins is lethal in plants. We
identified a critical role of B adaptins in pollen wall formation and reproduction, involving the regulation of
membrane trafficking in the tapetum and pollen germination. In tapetal cells, B adaptins localize almost
exclusively to the TGN and mediate exocytosis of the plasma membrane transporters such as ABCG9 and
ABCG16. This study highlights the essential role of AP1/23 adaptins in plants and their specialized roles in
specific cell types.
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IN A NUTSHELL

Background: Adaptor protein (AP) complexes are critical for the recruitment of cargo proteins during vesicle
trafficking. AP-1 and AP-2 mediate clathrin-dependent trafficking at the trans-Golgi network (TGN) and the
plasma membrane, respectively. Whereas AP-1 regulates trafficking to the plasma membrane (exocytosis) and
vacuole, AP-2 mediates endocytosis. These AP complexes consist of four subunits (adaptins): two large
subunits (81 and y for AP-1, B2 and a for AP-2), a medium subunit p, and a small subunit 0. The general roles
of some AP-1 and AP-2 adaptins in vegetative and reproductive development have been characterized in
plants. However, the function of the large B subunits and whether they are shared by the two AP-1 and AP-2
complexes in plants is currently unknown.

Questions: Are (3 adaptins shared by AP-1 and AP-2 complexes in Arabidopsis thaliana? What function do
they play in plant development?

Findings: We found that the two putative Arabidopsis AP1/23 adaptins co-assemble with both AP-1 and AP-2
subunits and regulate exocytosis and endocytosis in root cells, consistent with their dual localization to the
TGN and plasma membrane. However, in tapetal cells of developing anthers, AP1/2[3 adaptins localize almost
exclusively to TGN. Mutations in AP1/23 adaptins result in collapsed pollen grains with abnormal walls and
reduced pollen germination due to impaired exocytosis of the tapetum-specific plasma membrane transporters
ABCG9 and ABCG16, highlighting the essential role of AP1/2[3 adaptins in plants and their specialized roles in
specific cell types.

Next steps: We will investigate the mechanism by which AP1/2[3 adaptins recognize cargo proteins and their
role in female gametophyte and embryonic development.
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INTRODUCTION

Vesicle-mediated trafficking facilitates the exchange of proteins, lipids, and other macromolecules between
donor and acceptor organelles in the endomembrane system of eukaryotic cells. Formation of vesicles at
donor membranes typically requires cargo adaptor protein complexes to recruit cargo proteins and other
factors, such as coat proteins, required for membrane deformation, into a nascent vesicle bud. Among these
cargo adaptors, there are five Adaptor Protein (AP) complexes (AP-1 to AP-5) that have similar subunit (also
called adaptins) composition: two large subunits containing long and flexible linkers attached to “ear” domains
(B1 and y for AP-1, B2 and a for AP-2), one medium subunit (4), and one small subunit (o) (Boehm and
Bonifacino, 2001). AP-1 and AP-2, the AP complexes first characterized, physically linked transmembrane
protein cargo to clathrin coats at the frans-Golgi network (TGN) and plasma membrane, respectively. AP-1 and
AP-2 are recruited to membranes by binding specific phosphoinositides and/or small GTPases, which result in
a conformational change that allows the AP complexes to bind motifs on the cytoplasmic domains of
membrane protein cargo and recruit clathrin for coat assembly and membrane deformation (Lee et al., 2008;
Kelly et al., 2014; Smith et al., 2021).

The capability of AP-1 and AP-2 to associate with multiple proteins during clathrin-mediated vesiculation
depends on the coordinated binding activities of the four constituting adaptins. Cargo recruitment is mediated
by one or more subunits. For example, the p subunit binds tyrosine motifs on the cargo proteins (Ohno et al.,
1995; Ohno et al., 1996; Ohno et al., 1998), whereas a hemicomplex of the a and ¢ subunit selects cargo by
binding their dileucine motifs (Janvier et al., 2003; Doray et al., 2007). The ears and linkers of the large
subunit bind clathrin and clathrin-accessory proteins (Shih et al., 1995; Wang et al., 1995; Mishra et al., 2004;
Kovtun et al., 2020; Paraan et al., 2020; Smith et al., 2021; Mehrani and Stagg, 2022). In addition, the
mammalian 1 subunit has been reported to bind a dileucine motif on cargo proteins as well (Rapoport et al.,
1998), making B a uniquely versatile adaptin. In general, adaptins are not shared by different AP complexes,
with the exception of some invertebrate 31/2 hydrid proteins (Boehm and Bonifacino, 2001).

Arabidopsis thaliana AP-1 localizes to a sub-domain of the TGN and regulates trafficking to the plasma
membrane (exocytosis) and to the vacuole (Park et al., 2013; Wang et al., 2013b; Wang et al., 2014; Heinze et
al., 2020; Shimizu et al., 2021), whereas AP-2 localizes to the plasma membrane and plays a role in clathrin-

mediated endocytosis (Di Rubbo et al., 2013; Yoshinari et al., 2019; Liu et al., 2020). Both AP-1 and AP-2
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complexes are important for plant development as demonstrated by the analysis of Arabidopsis mutants for
different AP-1 and AP-2 subunits. Consistent with the role of AP-1 in post-TGN trafficking to plasma membrane
and vacuole, AP1y (large subunit encoded by AP1y1 and AP1y2) is required for synergid vacuolar acidification
degeneration during fertilization and for proper vacuolar remodeling during pollen formation (Feng et al., 2017;
Wang et al., 2017); the two isoforms of AP1u (AP1p1 and AP1u2; medium subunit) act partially redundantly in
cell plate assembly during cytokinesis, vacuolar trafficking, pollen and ovule development, and seed coat
mucilage secretion (Happel et al., 2004; Park et al., 2013; Teh et al., 2013; Wang et al., 2016; Shimada et al.,
2018). The small subunit AP16 (AP101 and AP102) regulates pollen wall formation by promoting both the
secretion of sporopollenin synthase ACOS5 (Acyl-CoA SYNTHETASE 5) and LTPs (LIPID TRANSFER
PROTEINSs) from the tapetum into the anther locule and the plasma membrane localization of the sugar
transporter RPG1 (RUPTURED POLLEN GRAIN 1) in microspores (Xu et al., 2022). Supporting a conserved
role in endocytosis, Arabidopsis AP2u mediates the internalization of the auxin efflux carrier PIN2 (PIN-
FORMED 2) (Kim et al., 2013) and the plasma membrane brassinosteroid receptor BRI1
(BRASSINOSTEROID INSENTIVE 1) (Di Rubbo et al., 2013; Liu et al., 2020), and is required for proper plant
growth, stamen filament elongation, anther dehiscence, pollen formation, and pollen tube growth (Kim et al.,
2013; Yamaoka et al., 2013); the two isoforms of AP2a (AP2a1 and AP2a2; large subunit) are required for root
growth (Di Rubbo et al., 2013), whereas AP2¢ (small subunit) is important for maintaining polar localization of
PIN1 during embryogenesis and plant growth (Fan et al., 2013). However, there is very limited information
about the role of the large AP-1 and AP-2 {3 subunits in plants. Arabidopsis contains two genes encoding
putative AP1/2[3 subunits with hybrid features of both mammalian 1 and 2, but whether these adaptins are
required for the function of AP-1 and AP-2 is unclear.

Here, we show that the two Arabidopsis AP1/2[3 adaptins interact with both AP-1 and AP-2 subunits,
consistent with the localization at the TGN and plasma membrane in root cells. The deletion of both 8 adaptins
is lethal in plants. By analyzing mutants with at least one wild type copy for either B adaptin gene, we identified
a critical role of AP1/2[3 adaptins in tapetal function and pollen development by regulating exocytosis of plasma
membrane transporters required for pollen wall assembly. Thus, this study shows the essential role of AP1/2[3

adaptins in plants and the versatility of their specialized roles in specific cell types.
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RESULTS

Arabidopsis AP1/231 and AP1/232 are shared by AP-1 and AP-2.

The Arabidopsis thaliana genome encodes two putative AP1/2f3 adaptins, AP1/231 and AP1/232 (hereafter
referred to as 1 and 32, respectively). The amino acid sequences of Arabidopsis 31 and B2 are 93% identical
(Supplemental Figure S1A and B; Supplemental Data Set S1) and have predicted alpha_adaptinC2 and B2-
adapt-app_C domains, similar to their animal counterparts (Supplemental Figure S1A).

Whereas mammals typically employ two different  adaptins for the assembly of AP-1 and AP-2, Drosophila
melanogaster and Caenorhabditis elegans have only one shared 31/2 adaptin for both AP complexes. Based
on their high amino acid sequence similarity, Arabidopsis 31 and B2 have been suggested to associate with
both AP-1 and AP-2 (Boehm and Bonifacino, 2001; Bassham et al., 2008; Yamaoka et al., 2013; Heinze et al.,
2020). To determine the molecular interactions of 1 and B2 with other AP and trafficking components, we
expressed both adaptins fused to the yellow fluorescent protein (YFP) under the control of their endogenous
promoters (ProB1:81-YFP and Prof32:62-YFP), and performed immunoprecipitation (IP) from 10-day-old
seedling protein extracts using anti-GFP antibodies followed by tandem mass spectrometry (MS). As control,
we performed an IP under similar conditions but using transgenic plants expressing GFP under a constitutive
promoter (Pro35S:GFP). Input protein extracts and co-IPs from three biological replicates were then
trypsinized and analyzed using spectral area-based label-free quantification (LFQ) to measure protein
abundance. We calculated the ratio of protein abundance between co-IPs and inputs for each sample to
identify significantly enriched proteins (P-value < 0.05) in co-IPs and used the GFP co-IP control to discard
unspecific interactions (Figure 1A, see Materials and Methods). We identified 83 and 41 proteins in the B1-YFP
and B2-YFP co-IPs, respectively (Supplemental Table S1 and S2). Gene ontology (GO) analysis revealed a
>100 fold-enrichment in “receptor-mediated endocytosis” for both co-IPs (Figure 1B; Supplemental Table S3
and S4). We identified all the subunits of Arabidopsis AP-1 (AP1y1, AP1y2, AP1u1, AP1u2, AP101, AP102)
and AP-2 (AP2a1, AP2a2, AP2u and AP20) in the B1-YFP and 32-YFP co-immunoprecipitates (Supplemental
Table S1 and S2), suggesting that the two 3 adaptins are able to co-assemble with subunits of both
complexes. To confirm these results, we tested the ability of 1 and 2 to associate with the other AP-1 and
AP-2 adaptins by a split YFP-based bimolecular fluorescence complementation (BiFC) assay. Here, we

detected robust YFP reconstitution when either 31 or B2 fused to the N-terminal domain of YFP (YN) were co-
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expressed with AP1y1, AP1u1, AP102 (AP-1 complex), AP2a1, AP2u and AP2c (AP-2 complex) fused to the
YFP C-terminal fragment (YC; Figure 1D and E). To test whether 31 and B2 are able to assemble into other AP
complexes, we performed additional BiFC assays with the large (6 for AP-3 and ¢ for AP-4), medium (u), and
small (o) subunits of AP-3 and AP-4 (Supplemental Figure S2). The B1 and B2 adaptins interacted strongly
with AP3u and AP4p, but not with the other AP-3 and AP-4 subunits, suggesting that 1 and 32 do not form
stable complexes with AP-3 and AP-4 subunits. Together with the fact that AP-3 and AP-4 subunits were not
detected among the proteins specifically enriched in the B1 and 32 co-IPs (Supplemental Tables S1 and S2),
we concluded that f1 and B2 only form stable complexes with AP-1 and AP-2 subunits.

Interestingly, although we detected all the AP-1 and AP-2 subunits present in the co-IPs of both $1-YFP
and B2-YFP, there was a relatively large proportion of unique proteins in each co-IP (58/83 for 1-YFP and
16/41 for B2-YFP; Figure 1A; Supplemental Tables S1 and S2), suggesting that the two proteins may not be

completely redundant in function.

B1 and B2 adaptins are broadly expressed and encode plasma membrane/TGN-localized proteins.
Based on RT-qPCR transcript quantification, 87 and 82 are broadly expressed in both vegetative and
reproductive tissues; however, whereas 871 is most highly expressed in floral buds and flowers, 82 transcripts
are most abundant in siliques (Figure 2A). To further analyze the expression patterns of 871 and 82, we
expressed the beta-glucuronidase (GUS) coding sequence under the control of either the 87 or 82 promoter
regions. The strongest GUS staining signal was detected in anthers, pollen grains and pollen tubes of plants
expressing ProB1:GUS and in developing embryos (late globular to torpedo stages) of Pro82:GUS transgenic
lines (Figure 2B; Supplemental Figure S3).

To better understand the expression patterns of both genes in anthers and pollen, we analyzed cross-
sections of GUS-stained anthers at developmental stages 7 to 12 as defined by Sanders et al. (1999). We
found that whereas 82 was weakly expressed in developing anthers, 871 expression was strong in the tapetum
and microspores from stage 9 up to completion of pollen development (stage 12) (Figure 2C), suggesting that
B1 may have a predominant role in pollen development.

To analyze the subcellular localization of 1 and p2, we imaged ProS1:81-YFP and Prof32:82-YFP plants by

confocal microscopy. In meristematic root cells and developing pollen grains, both 1-YFP and B2-YFP
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localized to cytoplasmic foci and to the plasma membrane; however, in tapetal cells, both adaptins were almost
exclusively detected in cytoplasmic foci (Figure 3A-D).

Next, to determine the nature of the cytoplasmic foci, we co-expressed 31-YFP and $2-YFP with several
subcellular markers, including VHAa1-RFP and VTI12-mCherry for TGN, CLC2-mKO for clathrin, and SYP22-
RFP for vacuole. Both B1-YFP and B2-YFP showed high colocalization (Pearson’s correlation coefficients =
0.71-0.94) with VHAa1-RFP, VTI12-mCherry, and CLC2-mKO on the cytoplasmic foci of tapetal cells and

pollen grains (Figure 3E-F; Supplemental Figure S4), indicating that these organelles are TGNs.

B1 and B2 adaptins are required for endocytosis and exocytosis in root cells.

To characterize the function of the two 3 adaptins in Arabidopsis, we identified two mutants for 87, 87-7 and
B1-2, and one for B2, B2-1 (Supplemental Figure S5A). Based on the lack of amplification of full-length 7 or
B2 transcripts, we concluded that the three lines were transcript-null mutants, although, based on our RT-PCR
results, B7-1 produces a truncated transcript containing the region upstream of the T-DNA insertion
(Supplemental Figure S5B). These three single mutant lines showed no detectable phenotypic defects during
either vegetative or reproductive development (Supplemental Figures S5C-E and S6A-C). Therefore, we
generated double mutants by crossing 87-1 and B7-2 with §2-1 plants. Plants that were homozygous mutants
for either 3 adaptin gene and heterozygous for the other one (87-1 82-1/+, 1-1/+ B2-1, B1-2 2-1/+, and B1-
2/+ 32-1) produced smaller rosettes and shorter inflorescence stems compared to wild type and single mutants
(Supplemental Figure S5C-E), suggesting functional redundancy between the two genes. However, we were
unable to obtain double homozygous mutant plants among the progeny of these four self-pollinated lines
(Supplemental Table S5), suggesting that loss of function of both 87 and B2 leads to gametophytic or embryo
lethality.

To better understand the function of 1 and B2 in vegetative tissues, we analyzed endocytic and exocytic
trafficking in root cells of 5-day-old 87-1 82-1/+ seedlings. We incubated seedlings in 2 uM of the endocytic dye
FM4-64 for 10 min and measured the amount internalized after a 15 min chase by calculating the ratio
between the intracellular and plasma membrane-localized FM4-64 signals. The 871-1 32-1/+ root cells
internalized significantly less FM6-64 than the wild type control (Figure 4A and B). We then expressed the

auxin efflux carrier PIN2 fused to GFP (ProPIN2:PIN2-GFP) in the 81-1 82-1/+ mutant seedlings and treated
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them with 50 uM of cycloheximide (CHX) for 30 min to block protein synthesis, followed by a 30 min treatment
with CHX plus 50 uM brefeldin A (BFA), a drug that inhibits post-Golgi trafficking (Rosa et al., 1992) and leads
to the aggregation of TGN clusters also called BFA bodies (Tse et al., 2006). Under these conditions,
exocytosis of newly synthesized proteins is highly reduced due to the presence of CHX whereas endosomal
recycling is impaired by BFA. Therefore, the resulting BFA bodies contained mostly the PIN2-GFP pool
internalized from the plasma membrane via endocytosis. We detected a significant reduction in the PIN2-GFP
signal at BFA bodies in the 87-1 82-1/+ mutant root cells compared to controls (Figure 4C and D), consistent
with impaired endocytosis (Figure 4A and B). To assess exocytosis/endosomal recycling traffic to the plasma
membrane, after a 60 min incubation with both CHX and BFA, we washed out both chemicals and chased the
redistribution of PIN2-GFP by calculating the ratio intracellular to plasma membrane PIN2-GFP fluorescence
signal over time (20, 40, and 60 minutes after CHX and BFA washout). We found that the re-localization of
PIN2-GFP from the BFA bodies to the plasma membrane was significantly delayed in the 87-1 82-1/+ mutant
root cells compared to wild type (Figure 4 E and F). These results suggest that 1 and 32 are required for both
efficient exocytosis and endocytosis, consistent with their participation in the AP-1 and AP-2 complexes,

respectively.

B1 and B2 adaptins are important for plant fertility, pollen morphology, and pollen tube growth.

As we failed to obtain a double homozygous mutant, we analyzed the function of 1 and B2 in plant fertility by
measuring ovule/seed abortion in developing siliques of single and double mutants. Whereas wild type and
single mutant plants showed on average less than 3% ovule/seed abortion rates, between 22% and 55% of the
ovules/seeds aborted in the siliques produced by the four double mutant lines (871-1 B2-1/+, B1-1/+ 2-1, 1-2
B2-1/+, B1-2/+ B2-1) (Figure 5A).

Reciprocal crosses between wild type and the four double mutants, as either male (pollen) or female
(embryo sac) donors, indicated that there was no male and only partial female transmission of the 87 32
double mutations (Supplemental Table S5). This suggests that, although 1 and B2 are needed for both female
and male gametophytic development, they are essential only for pollen function.

To understand what aspects of pollen function are controlled by 1 and B2, we first examined the viability of

mature pollen grains by fluorescein diacetate (FDA) staining, which results in a strong fluorescence signal only
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in living pollen (Heslop-Harrison and Heslop-Harrison, 1970). We found that 89.6% (+ 2 %; n= 1,095 pollen
grains in 24 anthers) and 68.7% (x 8 %; n= 913 pollen grains in 38 anthers) of the pollen grains in B7-1 f2-1/+
and B171-2 B2-1/+ anthers, respectively, were alive, whereas 98.5% (+ 2 %; n= 1,110 pollen grains in 22 anthers)
of the wild type pollen were viable (Figure 5B). Similar results were obtained using the Alexander’s pollen
vitality stain (Alexander, 1969) (Supplemental Figure S7A and B).

The mutant pollen grains that failed to stain with FDA were shrunken with collapsed walls (Figure 5B).
Arabidopsis pollen grains develop three main cell wall layers: the innermost intine made of cellulose, pectin
and other polysaccharides; the exine containing sporopollenin; and the tryphine or pollen coat, containing
waxes and filling the exine crevices (Blackmore et al., 2007; Ariizumi and Toriyama, 2011). Using scanning
electron microscopy imaging, we observed that the shrunken pollen grains formed by double mutant plants
tend to cluster together and showed sectors with abnormal exine morphology, consisting of irregular bacula
instead of the typical reticulate pattern of the wild type pollen grains (Figure 5C; Supplemental Figure S7C).
We then quantified the proportion of morphologically abnormal pollen grains. In the wild type and single 87 and
B2 mutants, we found that 1-4% of pollen grains were collapsed, whereas approximately 40% and 70% of the
pollen grains from B71-1 2-1/+ and 81-2 82-1/+ anthers, respectively, were shrunken or deformed (Figure 5D).
Considering that in the mutants, we detected a lower proportion of inviable pollen using both the FDA and
Alexander’s stains (averages of 10-23% and 32-33% in B71-1 82-1/+ and B1-2 B2-1/+, respectively; Figure 5B;
Supplemental Fig S7A and B), we hypothesized that some of the shrunken mutant pollen grains while alive,
and may not be fully capable of fertilizing embryo sacs.

Therefore, we analyzed pollen germination and pollen tube growth using both in vitro and in vivo (pollen tube
growth in intact carpels) assays (Figure 5E-I). After 3 h in vitro culture, over 70% of the wild type pollen had
germinated whereas less than 50% and 25% of the pollen grains from g7-1 82-1/+ and §1-2 32-1/+ plants,
respectively, had formed pollen tubes (Figure 5E and F). In addition, the mutant pollen grains that did
germinate, produced pollen tubes significantly shorter compared to those of wild type pollen grains (Figure
5G). When allowed to germinate on the surface of wild type stigmas, pollen grains from both 87-1 g2-1/+ and
B1-2 B2-1/+ plants showed a statistically significant decrease in pollen tube length compared to wild type pollen
(Figure 5H and 1), further confirming the notion that, although viable, pollen grains from double mutant plants

show defective pollen tube growth. Interestingly, in similar assays, when wild type pollen grains were applied to
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stigmas of either 871-1 B2-1/+ or 1-2 B2-1/+ plants, we also observed a significant decrease in pollen tube
growth compared to controls (Figure 5H and |). Taken together, these results indicate that mutant pollen grains
are compromised in both germination and pollen tube growth and that the mutant carpel is less proficient in
supporting pollen tube growth compared to the wild type.

The expression of either ProB1:81-GFP or ProB2:82-GFP in the 81-1 32-1/+ and 81-2 B82-1/+ mutant lines
largely restored normal pollen grain morphology and viability and seed development (Figure 5D; Supplemental
Figure S6D and E, S7A-C), indicating that GFP-tagging of 8 adaptins does not affect their function and that the

fertility defects seen in the double mutant lines are indeed linked to mutations in the 31 and 2 adaptins.

B1 and B2 adaptins are required for exine formation.
To investigate defects in pollen formation in the double mutant lines, we performed a histological analysis of
anthers at different developmental stages. In wild type, 87-1 82-1/+, and B1-2 32-1/+ anthers, morphologically
normal tetrads formed at the end of meiosis (stage 7) and developed into free microspores with noticeable
pollen walls by stage 9 (Figure 6A). However, at stage 10, some microspores of 81-1 2-1/+ and 81-2 B2-1/+
plants showed abnormally enlarged vacuoles compared to those in wild type (Figure 6A, arrowheads). By
stage 11, some microspores in mutant anthers had aborted, while others seemed to develop normally (Figure
6A). In terms of the anther wall (sporophytic tissue), all layers, including epidermis, endothecium, middle layer,
and tapetum seemed to differentiate normally in the 87-1 82-1/+ and §71-2 82-1/+ mutant plants (Figure 6A).
To better understand the structural defects associated with abnormal pollen development in mutant anthers,
we performed imaging by transmission electron microscopy of anthers at stage 10 when microspore abortion
becomes noticeable. Whereas at this developmental stage, wild type microspores have developed well defined
bacula and tectum as part of their exine, the abnormally vacuolated microspores in the mutant anthers showed
shorter and wider bacula and no noticeable tectum (Figure 6B). Together, our results show that f1 and p2

adaptins are required for proper exine assembly and normal progression of microspore development.

B1 and B2 adaptins play a critical role in the trafficking of ABCG9 (ATP-Binding Cassette G9) and

ABCG16 in tapetal cells.
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The microspore defects seen in the double mutant plants could be due to functions of 1 and B2 in
gametophytic (i.e. microspores) and/or sporophytic tissues (i.e. anther wall layers). Because exine formation
depends on the activity of the sporophytic tapetal cells, which secrete sporopollenin precursors into the locule
through the action of plasma membrane transporters, we hypothesized that 1 and 32 adaptins regulate pollen
wall development through their vesicle trafficking function in the tapetum. To test this hypothesis, we
expressed B1-YFP in B7-1 82-1/+ mutant plants under the control of promoters that are active specifically in
either the tapetum (ProA9) (Paul et al., 1992) or microsporocytes and microspores (ProARF17) (Yang et al.,
2013) (Figure 7A and B). We found that the expression of B1-YFP in the tapetum but not in microsporocytes
and microspores was able to fully restore normal pollen morphology and pollen viability compared to wild type
(Figure 7A-C). To determine whether the tapetum-specific expression of 1/2 adaptins was also able to restore
normal pollen function, we analyze pollen germination rates in vitro. We found that the morphologically normal
pollen grains from §7-1 32-1/+ mutant anthers expressing ProA9: B1-YFP showed drastically reduced
germination rate, similar to those of pollen from the 87-1 82-1/+ mutant and the 7-1 52-1/+ mutant expressing
ProARF17: B1-YFP (Figure 7D and E). Taken together, our results suggest that the expression of 31/2
adaptins in tapetal cells is important for normal pollen formation but not enough to restore normal pollen
performance during germination in 87 82 mutants.

Next, we analyzed the potential roles of $1/2 adaptins in tapetal cells during the formation of pollen grains.
The export of pollen wall precursors from the tapetal cells into the anther locule is a rather complex process
that depends on several trafficking pathways and plasma membrane transporters, including ABCG9 and
ABCG16 (Choi et al., 2014; Yim et al., 2016; Goodman et al., 2021). Since the AP-2 complex has been shown
to participate in clathrin-mediated endocytosis and recycling of another ABCG transporter, ABCG25, in
Arabidopsis seedlings (Park et al., 2016), we hypothesized that 31 and 2 may be required for proper
localization and/or trafficking of ABCG9 and ABCG16 in tapetal cells. Therefore, we expressed ABCG9-YFP
and ABCG16-YFP in mutant and control lines and analyzed their subcellular localization in tapetal cells of
developing anthers by confocal microscopy (Figure 8A-D). In wild type and the single 87-1 and 82-1 mutant
anthers between stages 6 and 8, ABCG9-YFP and ABCG16-YFP were detected at the plasma membrane, as

previously reported (Choi et al., 2014; Yim et al., 2016; Goodman et al., 2021). However, in the 871-1 82-1/+
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double mutant, there was an overall decrease in the plasma membrane signal and an increased accumulation
in intracellular puncta (Figure 8A-D).

We reasoned that, since B1 and 2 localize almost exclusively to the TGN in tapetal cells (Figure 3B and
E; Supplemental Figure S4A), the cytoplasmic signal of ABCG9-YFP and ABCG16-YFP in the double mutant
tapetum could result from defects in TGN trafficking. Therefore, we co-expressed both tagged ABCG
transporters with the TGN marker VHAa1-RFP and found that, whereas there was almost no signal of the
ABCG transporters at the TGN of wild type tapetal cells, the cytoplasmic puncta enriched in ABCG9-YFP and
ABCG16-YFP in the double mutant largely coincide with the TGN marker (Figure 9A-D).

Although B1 and B2 adaptins are able to assemble into either the AP-1 complex involved in exocytosis
from the TGN or the AP-2 complex involved in endocytosis from the plasma membrane (Figure 1D-E;
Supplemental Tables S1 and S2), in at least tapetal cells, their localization at the TGN suggests a predominant
role in TGN-dependent trafficking. To further explore this possibility, we performed pharmacological treatments
in wild type control and B71-1 82-1/+ double mutant anthers expressing ABCG16-YFP. We first treated anthers
with 100 uM BFA. After 2 h in BFA, control and mutant tapetal cells show similar number of ABCG16-YFP-
positive BFA bodies (Figure 9E and F), although, as noticed before (Figure 8B), the ABCG16-YFP plasma
membrane signal was diminished in the mutant tapetal cells. The ABCG16-YFP fluorescence signal from the
BFA bodies could derive from transporter molecules on their way to the plasma membrane (exocytic cargo)
and/or recently internalized from the plasma membrane by endocytosis (endocytic cargo). To test these two
possible scenarios, we pre-treated anthers for 30 min with 100 uM CHX to block protein synthesis before
incubation with both BFA and CHX for 2 h. Under these conditions, the synthesis of new ABCG16-YFP
molecules is blocked and most of the fluorescent signal in BFA bodies should come from endocytosed
molecules. In control anthers, we did not notice any reduction in the number of BFA bodies with CHX pre-
treatment (Figure 9E and F). However, in the 871-1 82-1/+ double mutant tapetal cells, there was a sharp
decrease in the number of ABCG16-YFP-positive BFA bodies (Figure 9E and F), suggesting a limited
endocytic contribution to BFA bodies. Taken together, these results suggest that in the 87-1 82-1/+ mutant
tapetum, only a fraction of the newly synthesized ABCG9/16-YFP molecules reached the plasma membrane

whereas the rest are trapped at the TGN; as protein synthesis is inhibited in the presence of CHX, the
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ABCG16-YFP signal from BFA bodies in CHX+BFA-treated anthers fades more quickly in mutant than in
control tapetal cells.

The overall weak signal of ABCG9/16-YFP at the plasma membrane and its accumulation in the TGNs of
the B1-1 B2-1/+ mutant tapetum together with the pharmacological treatments suggest that, although 1 and
B2 adaptins are components of both AP-1 and AP-2 complexes in plants, their main role, at least in tapetal
cells, is connected to AP1-mediated post-TGN trafficking/secretion. To further verify this hypothesis, we
introduced into the single and double mutant plants the sec-GFP reporter that contains a signal peptide and is
secreted outside cells, where its fluorescence is quenched due to the acidic apoplastic pH (Zheng et al., 2004).
In control and single mutant anthers, sec-GFP was normally exported from the tapetal cells into the locule.
However, in the 871-1 82-1/+ mutant, the same reporter accumulated inside tapetal cells (Figure 9G),
confirming that 31 and B2 adaptins are required for exocytosis in tapetal cells.

To test whether B1 and 32 adaptins associate with ABCG9 and ABCG16, we tested their ability to interact
with each other in both a yeast two-hybrid (Y2H) assay using a mating-based split ubiquitin system (mbSUS)
and in a BiFC system. We found that in both assays, 31 and 32 associate with ABCG9 and ABCG16 (Figure
10A-C), further supporting the notion that these adaptins are required for the proper trafficking of both ABCG

transporters and suggesting that  adaptins mediate the binding of these cargo proteins to AP-1.

DISCUSSION

We have identified 81 and p2 as two shared, large adaptins of the AP-1 and AP-2 complexes in Arabidopsis.
The two B adaptins are, at least partially, functionally redundant and essential for male gametophytic
development. We also uncovered a critical role of 1 and B2 in exocytic trafficking in tapetal cells during the
late stages of pollen formation as they interact with and regulate the plasma membrane localization of the

transporters ABCG9 and ABCG16, which are required for pollen wall assembly (Figure 11).

The B1 and B2 adaptins are shared by AP-1 and AP-2 in Arabidopsis.
Within AP-1 and AP-2, 3 adaptins participate in the recruitment of clathrin and clathrin-accessory proteins.
Clathrin itself does not interact with membranes and cargo proteins, and therefore its regulated recruitment to

donor compartments is critical for vesicle trafficking. Although how exactly f adaptins engage clathrin heavy
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and light chains to form a clathrin coat has been a matter of recent debate (Chen and Schmid, 2020; Kovtun et
al., 2020; Paraan et al., 2020; Smith et al., 2021), it is clear that the process is mediated by multiple binding
sites in the hinge and ear domains of 3 adaptins and is essential for clathrin coat assembly. Some organisms,
including non-mammalian animals, have only one 3 adaptin for both AP-1 and AP-2. Mammalian cells use
specific B subunits for the AP-1 and AP-2 complexes; however, they have been shown to act at least partially
redundantly. For example, elimination of the AP2 subunits causes only a mild reduction in the endocytic
internalization of the transferrin receptor, due to the substitution of AP2B with AP13 (Keyel et al., 2008). Only
fungi seems to have non-interchangeable B subunits for AP-1 and AP-2 (Dacks et al., 2008); however, the
fungal B subunits of both AP-1 and AP-2 lack the canonical clathrin-binding domains and AP-2 has a clathrin-
independent role in endocytosis in filamentous fungi (Martzoukou et al., 2017), suggesting the fungal AP-1 and
AP-2 complexes may have evolved divergent functions. We have found that the two putative AP1/2f3 subunits
in Arabidopsis (31 and 32) are able to co-assemble with subunits of both AP-1 and AP-2 (Figure 1), and
consistently, localize to both TGN and plasma membrane (Figure 3A and C), the cognhate membranes for each
complex.

Typically, AP-1 and AP-2 select cargo by binding two types of motifs in the cytoplasmic domains of plasma
membrane proteins. The y subunit binds tyrosine motifs (Yxx®; where Y is a tyrosine, x is any amino acid and
@ is a bulky, hydrophobic amino acid) whereas the a and o subunit hemicomplex binds dileucine motifs
(D/ExxxLL/l; where D is aspartate, E is glutamate, L is leucine and | is isoleucine) (Doray et al., 2007). Very
few examples are known where the B adaptins bind cargo proteins directly. For example, the mammalian 31
binds CD3y, the subunit of the T-cell receptor, CD4, the T-cell co-receptor, Glut4, a glucose transporter, and
M6PR (mannose-6-phosphate receptor), through dileucine motifs at the TGN (Rapoport et al., 1998).
Interestingly, the binding of B1 to dileucine motifs does not interfere with the binding of the p subunit to tyrosine
motifs in the same cargo proteins. In addition, both binding activities are differentially affected by
phosphoinositides, indicating that the two sorting signals are recognized independently, and that their
recognition is regulated separately (Rapoport et al., 1998). Our Y2H results suggest that Arabidopsis 1 and
B2 can bind ABCG9 and ABCG16 (Figure 10), and consistently, both adaptins are required for the trafficking of
the two transporters to the plasma membrane (Figure 8). Future studies will determine the motifs in ABCG9

and ABCG16 responsible for binding to  adaptins.
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Mutants for individual adaptins of AP-1 or AP-2 consistently show growth defects and abnormal
gametophytic development (Park et al., 2013; Teh et al., 2013; Wang et al., 2016; Feng et al., 2017; Wang et
al., 2017; Shimada et al., 2018; Xu et al., 2022). Although the activities of AP-1 and AP-2 are interconnected,
and therefore, disrupting the function of one of the AP complexes affects the dynamics of the other (Yan et al.,
2021), loss of function of both B1 and 32 adaptins results in plant lethality and some common phenotypic
defects with mutations in either AP-1 or AP-2 adaptins. For example, our pharmacological experiments showed
that disruption of 1 and B2 adaptins caused impaired endocytosis and exocytosis in root cells (Figure 4),

which is consistent with the disruption of both AP-1 and AP-2 complexes.

The unique features of tapetal cells as secretory cells.

Plants with single mutations in either 1 or 2 are phenotypically normal but the plants with only one wild type
allele of either B adaptin produce a large proportion of abnormal pollen grains with defective walls, compromised
viability, and reduced proficiency to generate pollen tubes (Figure 5). Morphological defects in developing
microspores become evident at the anther developmental stage 10 (Figure 6), when 31 is strongly expressed in
tapetal cells (Figure 2C). Tapetal cells express plasma membrane transporters, including some of the ABCG
subfamily, that mediate the secretion of pollen wall components into the anther locule (Quilichini et al., 2010;
Choi et al., 2011; Dou et al., 2011; Kuromori et al., 2011; Choi et al., 2014; Quilichini et al., 2014). Thus,
microspore development and the assembly of their complex walls depend on the membrane trafficking activity
of both the microspore itself and the surrounding tapetal cells. When we tested in which cell type 1 was most
critical for pollen development by driving its expression with specific promoters (Figure 7), we found that although
expression of 31 in microspores partially alleviates the pollen viability defects, its expression in tapetal cells fully
restores pollen morphology and viability. This is consistent with the finding that two plasma membrane
transporters, ABCG9 and ABCG16, expressed in tapetal cells and required for proper microspore development
and pollen wall assembly, are mis-localized in the 7-1 2-1/+ mutant anther (Figure 8). However, pollen grains
from B1-1 B2-1/+ anthers expressing 31-YFP in tapetal cells showed impaired germination (Figure 7D and E),
suggesting that male gametophytic expression of B1/2 adaptins is also required for normal pollen germination

and pollen tube growth.
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Consistent with their shared role in assembly of AP-1, which acts in post-TGN trafficking, and AP-2, which
participates in clathrin mediated endocytosis, Arabidopsis 31 and B2 adaptins, localize to both the TGN and
plasma membrane in root cells and developing pollen. However, at the tapetal cells, both adaptins localize almost
exclusively to the TGN, raising the question of whether they play any relevant role in endocytosis at the plasma
membrane. Consistent with this observation, the mis-localization of ABCG9 and ABCG16 from the plasma
membrane to the TGN in 871-1 B2-1/+ tapetal cells (Figure 8) and the quick loss of ABCG16-YFP signal from
BFA bodies when mutant anthers were also treated with the protein synthesis-inhibitor CHX (Figure 9E), further
supports a preferential role of 1 and B2 in anterograde, post-TGN ftrafficking in tapetal cells.

Why would 8 adaptins have a more important role in exocytosis (AP-1 function) than in endocytosis (AP-2
function) in the tapetum? Tapetal cells are emerging as a model for highly secretory plant cells with their own
regulatory mechanisms. In Arabidopsis, the tapetum remains functional for only 4 days and then undergoes
programmed cell death at late stages of pollen development. During its short life, the tapetum actively secretes
enzymes and metabolites, which are essential for microspore development and pollen wall assembly (Smyth et
al., 1990; Sanders et al., 1999). This highly coordinated exocytic activity seems to require a differential regulation
of trafficking pathways. For example, tapetal cells seem to be hypersensitive to mutations in trafficking factors,
including COPII (Coat Protein Complex Il) subunits required for vesicle-mediated trafficking between the
endoplasmic reticulum (ER) and Golgi. Mutations in COPII components, such as SEC31, SEC23, and SAR1,
have dramatic effects in tapetal cell function and pollen wall assembly (Fan et al., 2014; Zhao et al., 2016;
Aboulela et al., 2018; Liang et al., 2020). The high demand for supporting exocytic activity in the tapetum is also
evidenced by the strong tapetal expression of ECHIDNA, a TGN-localized protein that controls the secretion of
a subset of plasma membrane proteins and is required for pollen formation (Boutté et al., 2013). In addition, the
ESCRT (ENDOSOMAL SORTING COMPLEX REQUIRED FOR TRANSPORT) components LIP5 (LYST-
INTERACTING PROTEIN 5) and ISTL1 (INCREASED SALT TOLERANCE 1-LIKE1), which are involved in
endosomal sorting of endocytosed plasma membrane proteins in vegetative cells (Buono et al., 2016; Buono et
al., 2017), are required for exocytic trafficking of ABCG9, ABCG16, and other important factors required for
proper pollen wall assembly (Goodman et al., 2021). The mechanisms by which both B adaptins and ESCRT
proteins are redirected to the exocytic pathway in tapetal cells are currently unknown but seem to occur at

intermediate stages of pollen development, after microspores are released from tetrads. In addition to
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investigating this switch in the regulation of trafficking pathways in tapetal cells, it will be interesting to determine
whether a role of the B subunits in selecting cargo, such as ABCG9 and ABCG16, is restricted to specialized
cells, such as tapetal cells, or a more general function in vegetative tissues.

In addition to the male infertility of 87-1 82-1/+ and B1-2 32-1/+ mutant plants, we also noticed partially
abnormal female gametophytic transmission of the mutant alleles. We did not investigate the endomembrane
trafficking defects related to ovule or embryo sac development, but the fact that AP-1 has been previously
implicated in ovule development and synergid function during pollen tube reception (Wang et al., 2016; Wang et

al., 2017) is consistent with a similar requirement of B subunits as part of the AP-1 complex for female fertility.

MATERIALS AND METHODS

Bioinformatic analyses

Alignment of amino acid sequences of 3 adaptins was performed using DNAMAN (http://www.lynnon.com/)
and protein domains were predicted by SMART (Schultz et al., 2000). A phylogenetic tree was generated using

the MEGA 6.06 software (Tamura et al., 2013).

Plant materials and growth conditions

The following transgenic lines and mutants were used in this study: ProVHAa1:VHAa1-RFP (Dettmer et al.,
2006), ProUBQ10:VTI12-mCherry (provided by Dr Yiqun Bao), ProCLC2:CLC2-mKO (lto et al., 2012),
ProSYP22:SYP22-RFP (Robert et al., 2008), Pro35S:sec-GFP (Zheng et al., 2004), PIN2pro:PIN2-GFP (Xu
and Scheres, 2005) transgenic lines as well as ap1/2B81-1 (SALK_128472), ap1/231-2 (SALK_002775) and
ap1/2632-1 (SALK_150980) from the Arabidopsis Biological Resource Center (ABRC) mutants. Seeds from
Arabidopsis thaliana (Columbia-0) wild-type, single and double mutants, and transgenic plants were surface-
sterilized and vernalized for 3 d at 4°C in the dark and then sown onto 1.5% (w/v) agar plates containing 1%
sucrose and 0.5x Murashige and Skoog (MS) salts. Seedlings were vertically grown on plates in a climate-
controlled growth room (22°C, 16 h light/8 h dark photoperiod, and 80 yEs'mlight intensity provided by a
mixture of cool [3,000K] and warm [6,500K] white LED lamps), and then transplanted to soil and grown under

the same light and temperature conditions.
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http://www.lynnon.com/

RT-PCR and RT-qPCR

Total RNA was extracted with the RNeasy Plant Mini Kit (TIANGEN Biotech). cDNAs were synthesized using
reverse transcriptase according to the manufacturer’s instructions (TOYOBO) using oligo(dT) primers
(TSINGKE). Transcript accumulation in mutant lines was analyzed by RT-PCR. RT-gPCRs were performed
using SYBR and ROS master mixes (TOYOBO). Reactions were performed in a 20 uL volume with 10 pL of

SYBR, 2 uL of ROX, 10 ng of cDNA, and 1.5 uM of specific primers with 40 cycles of 95°C for 2 min, 95°C for
3 s and 60°C for 45s. The resulting data were analyzed with 2*-22CT. ACTINZ2 transcripts were used for

normalization. Primer sequences are shown in Supplemental Table S6.

Generation of plasmid constructs and plant transformation

The ProB1/2:61/2-GFP and ProB1/2:61/2-YFP constructs were generated in PKGW-GWR-GFP and pBIB-
GWR-YFP vectors using Gateway technology (Invitrogen). The 2007-bp and 2002-bp regions upstream of the
B1 (ProB1) and B2 (Prof32) coding sequences, respectively, were used to drive expression. For the GUS
reporter lines, promoter regions of 871 and 82 were cloned into pBI121-GUS using the Scal and Xbal, Scal and
BamHlI restriction sites. The A9 and ARF17 promoters were inserted into pBIB-GWR-YFP with a Hindlll
restriction site to make the destination vectors ProA9:871-YFP, ProA9:ABCG9-YFP, ProA9:ABCG16-YFP and
ProARF17:81-YFP. All constructs were transformed into Arabidopsis plants by Agrobacterium-mediated
transformation (Clough and Bent, 1998). Sequences of primers used for cloning are listed in Supplemental

Table S6.

GUS staining

Tissue staining of ProB1:GUS and Pro2:GUS plants was conducted as previously described (Wang et al.,
2013a). Briefly, tissues of transgenic plants were incubated overnight at 37°C in a solution of 1 mg/mL X-Gluc,
10 mM EDTA (pH 8.0), 2 mM Fe?*CN, 2 mM Fe3*CN, 0.1% (v/v) triton X-100 and 50 mM phosphate buffer (pH
7.0), and then washed several times in 70% ethanol until complete discoloration. Cleared tissues were
mounted on microscope slides in 50% glycerol and observed using a Zeiss stereomicroscope. Floral buds
were embedded in Technovit 7100 resin, sectioned into 2.5 ym slices using a Leica RM2265 microtome, and

observed using a fluorescence microscope (Zeiss Axio Imager.Z2).
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Self- and reciprocal crosses

The genotypes of the progeny produced by hand-pollination were analyzed by PCR to establish transmission
of mutant alleles. A chi-squared test was used to establish significance of differences between the observed
and expected segregation ratios. Sequences of primers used for PCR-based genotyping are listed in

Supplemental Table S6.

Pollen germination and viability assays

For in vivo pollen tube growth, pistils from emasculated flowers were hand-pollinated. Four hours after
pollination, pistils were collected and fixed for 2 h in ethanol/acetic acid (3:1), washed in double distilled water
three times, and incubated in 8 M NaOH solution overnight at room temperature for softening. Pistils were then
washed three times with double-distilled water and stained with 0.1% (w/v) aniline blue staining solution
(aniline blue in 0.1 M phosphate buffer, pH 11.0) for 3 h in the dark. Images were obtained using an upright
fluorescence microscope (Zeiss Axio Scope A1) with UV light excitation. For the in vitro pollen germination
assays, freshly collected pollen was smeared onto solid pollen germination medium as described previously
(Zhu et al., 2017). Pollen tube length was measured using Imaged (Schindelin et al., 2012).

Pollen viability was assessed using the Alexander’s staining method (Alexander, 1969) and FDA staining
(Heslop-Harrison and Heslop-Harrison, 1970). Briefly, anthers collected from stage 12-13 flowers were
mounted on microscope slides in a drop of Alexander’s staining solution and staining solution was rinsed off
with distilled water several times after 1 h incubation in a wet box at 56°C. Images were taken using a Zeiss
stereomicroscope. FDA staining was performed by immersing pollen in an FDA solution (2 mg/mL FDA, 17%
(w/v) sucrose, 2 mM CaClz, 1.625 mM boric acid) for 10 min. Fluorescence from living pollen grains was
detected with a Zeiss Axio Scope A1 using UV excitation. At least three biological replicates were analyzed for

each assay.

Histological analysis and electron microscopy imaging
Floral buds at different developmental stages were fixed in acetic acid/formaldehyde (1:3), dehydrated in a

graded ethanol series, embedded in Technovit 7100 resin, and sectioned (3 uym thick sections) using a Leica
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RM2265 microtome. Sections were stained with a 0.01% (w/v) toluidine blue solution before being imaged with
a Zeiss Axio Imager.Z2.

For scanning electron microscopy analysis, dehiscent anthers were mounted on stubs over carbon double-
sided tape and coated with gold using a sputter coater. Samples were observed in a Hitachi 4700 scanning
electron microscope.

For transmission electron microscopy analysis, floral buds were fixed with 2.5% glutaraldehyde on ice,
rinsed in 0.1 M sodium phosphate buffer (PBS, pH 7.0), postfixed in 2% osmium tetroxide (dissolved in 0.1 M
PBS), and embedded in EPON 812 resin. Ultra-thin sections (50 nm) were double stained with 0.5% uranyl
acetate and lead citrate (2.6% lead nitrate and 3.5% sodium citrate, pH 12) and observed with a transmission

electron microscope (Tecnai G2 Spirit Bio-TWIN).

BiFC assays

The full-length coding sequences of AP1y1, AP1u1, AP102, AP2a1, AP2u, AP20, AP35, AP3u, AP30, AP4s,
AP4u, AP40, ABCG9, and ABCG16 were cloned into the vector pEarleygate202-YC containing the C-terminal
half of YFP, whereas 31 and 2 were cloned into the vector pEarleygate201-YN containing the N-terminal half
of YFP. Pair combinations of constructs, including negative controls, were transformed into Agrobacterium
tumefaciens strain GV3101 and cultured overnight in 5 mL of LB medium containing 50 yg/mL kanamycin and
rifampin at 28°C. The bacteria were pelleted, mixed together, and infilirated into young leaves of Nicotiana
benthamiana plants. Randomly chosen regions of interest of infiltrated leaves were visualized by a Nikon
confocal laser scanning microscope (A1R+Ti2-E) at 24 to 48 h after infiltration. Cells with and without YFP
signal were quantified using ImageJ (Schindelin et al., 2012). Sequences of primers used for cloning are listed

in Supplemental Table S6.

Co-immunoprecipitation and MS analysis

Liquid (0.5x MS)-cultured 10-day-old transgenic seedlings (Pro35S:GFP, ProB1:81-YFP and ProB2:62-YFP)
were ground in liquid nitrogen, incubated in extraction buffer (50 mM phosphate buffer [pH 7.5], 200 mM NaCl,
10 mM MgCl2, 1 mM PMSF, 10% glycerol) containing a complete protease inhibitor cocktail (1 tablet/40 mL

extraction buffer), and vortexed for several minutes. Extracts were centrifuged at 12,000 g for 30 min at 4°C,
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and the supernatant was then incubated with 25 pL anti-GFP agarose beads (ChromoTek; 25-30 ug of
recombinant GFP per 25 pL bead slurry) for 6 h at 4°C with gentle agitation. The beads were then collected
and washed five times with extraction buffer. Protein complexes adsorbed to the beads were boiled with 2x
SDS loading buffer for 10 min. Proteins were separated on SDS-PAGE gels, stained with a 0.1% (w/v)
Coomassie brilliant blue solution for 30 min, and de-stained in 40% methanol and 10% acetic acid until protein
bands were observed. Gel strips were cut into small pieces, collected into microcentrifuge tubes, dehydrated
with acetonitrile (ACN), and then incubated in 100 pL Tris (2-carboxyethyl) phosphine (TCEP; 10 mM, diluted
with 25 mM NH4HCO:3) for reduction at 56°C for 1 h. Centrifuge tubes were cooled-down to room temperature,
and 100 pL 2-Chloroacetamide (CAA; 40 mM, diluted with 25 mM NH4sHCO3) was added for alkylation in the
dark for 45 min. The gel pieces were completely dehydrated by washing in 100 yL NHsHCO3, 50% ACN and
100% ACN three times, followed by drying under vacuum for 10 min.

We then added enough trypsin solution (0.01 mg/mL trypsin, diluted in 25 mM NH4HCO:3) to cover the dry
gel pieces and placed them at 4°C for 10 min for complete saturation. The tubes were then incubated in a
thermostat overnight at 37°C for protein digestion. Using a microcentrifuge, we pelleted down the gel pieces,
collected the supernatants in new tubes, added 100 pL extraction buffer (1:1 vol/vol, 5% trifluoroacetic
acid/50% ACN), and incubated the samples for 15 min to extract the digested peptides. Peptide solutions were
desalted using C1s columns, collected into tubes, and dried in a vacuum centrifuge. Finally, the tryptic peptides
were redissolved in 15 pL of 0.1% formic acid (FA) for liquid chromatography (LC)-tandem mass spectrometry
(MS/MS) analysis.

Approximately 4 uL of peptide samples was injected into an Orbitrap Fusion Lumos MS (Thermo Fisher
Scientific) equipped with an EASY-nLC 1200 system in a data-dependent mode. Briefly, samples were injected
into a capillary analytic column (75 pym inner diameter) packed with C1g particles (2 ym diameter). The mobile
phases for the LC include buffer A1 (0.1% FA) and buffer B1 (80% ACN and 0.1% FA). The peptides were
separated using a 90 min non-linear gradient consisting of buffer B1 (5—35%) for 60 min, buffer B1 (35-80%)
for 20 min, and buffer B1 (100%) for 10 min at a constant flow rate of 300 nL/min. The electrospray voltage and
current were set as 2.2 kV and 100 A, respectively. The full scan range was 100—-2,000 m/z.

Raw MS/MS data were used to search against the Arabidopsis thaliana Uniprot (taxonomy 3702)

database (52,619 total entries). Protein annotations, identification, and spectral area-based label-free
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quantification (LFQ) were done with Proteomics Discovery 2.2 software (Thermo Fisher Scientific). Peptide
mass tolerance was set at 15 ppm. The output data contain input group samples and co-IP samples
immunoprecipitated by GFP beads from three biological replicates. All data (including LFQ data) were filtered
by 1% false discovery rate (FDR) to identify high confidence proteins with at least one unique peptide. Specific
proteins for the B1-YFP and 2-YFP co-IPs were determined in three steps: 1) Proteins with co-IP/input ratio
significantly enriched (P-value < 0.05). 2) Union of three biological replicates from step 1 for 35S-GFP; and
intersection of three biological replicates from step 1 for $1/2-YFP. 3) Union of pairwise intersection of three
biological replicates in co-IP groups by identifying significantly enriched proteins based on $1/2-YFP/35S-GFP

ratio (P-value < 0.05).

Y2H assays

Interactions between $1/2 and ABCG9/16 were analyzed using a mating-based split ubiquitin system (mbSUS)
(Obrdlik et al., 2004). Full-length coding regions of ABCG9, ABCG16, 31, and 2 were amplified by PCR,
cloned into pMetYCgate or pX-NubWTgate vectors, and transformed into yeast strains THY.AP4 or THY .APS5.
Transformants were selected on a synthetic complete medium containing adenine and histidine. Interactions
were detected by growing yeast cells on a synthetic minimal medium supplied with different concentrations of
methionine. Empty pMetYC and pX-NubWT vectors were used as negative controls. The sequences of primers

used for cloning are listed in Supplemental Table S6.

Confocal laser scanning microscopy

All confocal images were captured using a Nikon laser scanning confocal microscope (A1R+Ti2-E) with a 40x
water-immersion objective (NA=1.25). GFP and YFP were excited with a 488 nm argon laser line and the
emission was collected between 500 and 550 nm. RFP, mKO, mCherry, and FM4-64 were excited with a 561
nm argon laser line and the emission was collected between 570 and 620 nm. Chlorophyll was excited with a
640 nm argon laser line and its emission was collected between 663 and 738 nm. Pollen wall autofluorescence
was visualized by excitation at 405 nm and emission was collection between 425 and 475 nm. Images were
quantified with ImagedJ (Schindelin et al., 2012). The Colocalization Finder plugin of ImageJ was used to

calculate the Pearson correlation coefficients and Spearman rank correlation coefficients.
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Pharmacological treatments

Dimethyl sulfoxide (DMSO) was used to prepare stock solutions of CHX (100 mM), BFA (100 mM), and FM4-
64 (2 mM). Final working concentrations were diluted in 0.5x MS liquid. Five-day-old seedlings were used for
analysis of root cell trafficking defects using 50 uM CHX, 50 uM BFA and 2 yM FM4-64. Incubation times are

indicated in the text and figures. Developing anthers were dissected from floral buds and incubated in BFA for

2 h or pretreated with 100 yM CHX for 30 min, and then incubated with 100 uM BFA plus 100 uM CHX for 2 h.

Statistical analysis
Statistical analyses were performed in Microsoft Excel unless otherwise stated. One-way analysis of variance
(ANOVA) used for multiple comparisons with a post-hoc Tukey test was conducted using the online calculator

astatsa.com. ANOVA and T-test tables are included in Supplemental File 1.

Accession numbers

The sequences data mentioned in this article can be found in the Arabidopsis Information Resource
(https://www.arabidopsis.org/) using the following accession numbers: AP1/231 (At4g11380), AP1/232
(At4g23460), AP1y1 (At1g60070), AP1u1 (At1g10730), AP102 (AT2g17380), AP2a1 (At5g22770), AP2u
(At5g46630), AP20 (At1g47830), AP36 (AT1g48760), AP3u (At1g56590), AP30 (At3g50860), AP4¢
(At1g931730), AP4u (AT4924550), AP40 (At2g19790), ABCG9 (At4g27420), ABCG16 (At3g55090), A9
(At5g07230), ARF17 (At1g77850), and ACTINZ2 (At3g18780). The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE partner repository

(https://lwww.ebi.ac.uk/pride/) with the dataset identifier PXD031514.

Supplemental Data
Supplemental Figure S1. Analysis of AP1/23 amino acid sequences in different species.
Supplemental Figure S2. BiFC interaction assay.

Supplemental Figure S3. Expression patterns of Arabidopsis 1 and (32 adaptins.

Supplemental Figure S4. Colocalization analysis of 2 with TGN and vacuolar markers in tapetum and pollen

grains.

Supplemental Figure $5. Phenotypic characterization of 1 and 32 loss-of-function mutants.
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Supplemental Figure S6. Phenotypic characterization of single and double 87 and 82 mutants.
Supplemental Figure S7. Rescue of mutant phenotypic defects by expression of B1-GFP and p2-GFP.
Supplemental Table S1: Proteins co-immunoprecipitated with 31-YFP.

Supplemental Table S2: Proteins co-immunoprecipitated with 32-YFP.

Supplemental Table S3: GO term (biological processes) enrichment analysis for proteins co-
immunoprecipitated with $1-YFP.

Supplemental Table S4: GO term (biological processes) enrichment analysis for proteins co-
immunoprecipitated with f2-YFP.

Supplemental Table S5: Statistical analysis of offspring genotype segregation ratio from self and reciprocal
crosses of 81 82 double mutants.

Supplemental Table S6. Primer sequences used in this study.

Supplemental Data Set S1. Alignments used to generate the phylogeny presented in Supplemental Figure
S1B.

Supplemental File 1. ANOVA and T-test Tables.
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Figure 1. Protein interaction of Arabidopsis B1 and B2. (A) Venn diagram showing the
common and unique proteins co-immunoprecipitated with 1-YFP and 2-YFP; co-
immunoprecipitation of protein extracts from plants expressing GFP (Pro35S:GFP) was used
as negative control. (B) Gene ontology (GO) terms of biological processes enriched in the p1-
YFP and 32-YFP co-IPs. (C) Diagrams of AP-1 and AP-2 complexes with their constituting
subunits. Arabidopsis 81 and B2 are shared by AP-1 and AP-2. (D) BiFC assay in Nicotiana
benthamiana leaves showing positive interactions of 1 and 32 with the other three subunits
of AP-1 and AP-2. YN or YC alone were used as negative controls. (E) Quantification of
percentage of cells with YFP signal in BiFC assay (15 randomly chosen regions of interest of

infiltrated leaves from three biological replicates were analyzed). A t-test was used to compare

binding partners with their corresponding negative control; *, ** and *** indicate P < 0.05, P <

0.01 and P < 0.001, respectively; ns = non-significant. Graph represents means and error bars

indicate SD. Scale bars = 50 um.
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Figure 2. Expression of 871 and 82 in vegetative and reproductive organs. (A) RT-q°PCR
analysis of 87 and 2 transcripts. Expression of each 8 adaptin gene was normalized to
ACTINZ transcript levels and compared to the expression of 5-day-old whole seedlings as
reference. Total RNA was isolated from the 5-day-old seedlings, roots, hypocotyls,
cotyledons, rosette leaves, inflorescence stems, floral buds, flowers and siliques of wild type
plants. The graphs show one representative assay of three replicates. Bars represent means
and error bars indicate SD. A t-test was used to compare expression in different tissues to the
5-old-day-seedling used as reference; *, ** and *** indicate P < 0.05, P <0.01 and P < 0.001,
respectively. (B) GUS staining of inflorescences, carpels, anthers, and pollen tubes
germinated in vitro for 3 h from ProB1:GUS and Prof32:GUS transgenic plants. (C) Sections of
developing anthers from ProB1:GUS and Prof2:GUS transgenic plants. The GUS signal in
tapetum and pollen grains in ProB71:GUS is stronger than in ProB2:GUS plants throughout
anther development. E, epidermis; En, endothecium; ML, middle layer; T, tapetum; M,
microspore; P, pollen grain. Scale bars =200 ym in B (carpel and anther), 25 ym in B (pollen
tube), 1 mm in B (inflorescence), and 20 ym in C.
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Figure 3. Subcellular localization of B1-YFP and B2-YFP. (A)-(C) B1 and B2 are localized to
the plasma membrane (red arrows in A) and cytoplasmic puncta in meristematic root cells (A)
and pollen grains (C), but almost exclusively to cytoplasmic foci in tapetal cells (B).
Chlorophyll autofluorescence is shown in magenta. (D) Fluorescence intensity profiles were
calculated along the yellow lines indicated in C to show spatial separation of pollen wall
autofluorescence (PW) from the B1-YFP and p2-YFP signals at the plasma membrane. (E)
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B1-YFP colocalizes with the TGN-localized CLC2-mKO and VHAa1-RFP but not with the
vacuolar marker SYP22-RFP in tapetum. (F) B1-YFP colocalizes with the TGN markers
VTI12-mCherry and VHAa1-RFP in pollen grains. The last column to the rightin E and F
shows colocalization between fluorescence signals and the linear Pearson correlation
coefficient (rp) and the nonlinear Spearman rank correlation coefficient (rs) within the yellow
boxed areas indicated in the merged images; r = 1.0 means complete colocalization. White
dashed lines define the boundaries of tapetal cells. AW, anther wall; T, tapetum; L, locule; M,
microspore. Scale bars = 10 um.
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Figure 4. Trafficking defects in 871 82 double mutant roots. (A) Root cortex cells stained
with FM4-64. Five-day-old seedlings were incubated with 2 uM FM4-64 for 10 minutes;
confocal imaging was performed right after incubation (time 0) and 15 minutes later. (B)
Quantification of FM4-64 signal intensity ratio between the plasma membrane (PM) and cell
interior (Intr); (n= 40 cells from 5 roots were measured; the experiment was repeated three
times with similar results). (C) Imaging of PIN2-GFP in root cells treated with 50 uM CHX for
30 min followed by treatment with 50 uM BFA plus 50 uM CHX for 30 min. (D) Quantification
of PIN2-GFP signal intensity ratio between the PM and Intr after CHX/ CHX+BFA treatment as
described in C (n= 40 cells from 5 roots were measured; the experiment was repeated three
times with similar results). In B and D, box and whisker plots display the variation in data
through quartiles; the middle line indicates the median and whiskers show the upper and
lower fences. Different letters on graphs indicate significant difference (P < 0.05) calculated by
one-way ANOVA followed by Tukey’s test. (E) PIN2-GFP re-localization in roots after washout
of CHX and BFA. Seedlings were pre-treated with 50 uM CHX for 30 min, followed by 50 uM
BFA plus 50 uM CHX for 60 min, and final wash out with fresh 0.5%x MS liquid medium.
Imaging was performed right after washout and at 20-minute intervals after washout. (F)
Quantification of PIN2-GFP signal intensity ratio between the PM and Intr. The graph shows
the average of three experiments and standard deviation; for each experiment, at least 40
cells from 5 roots were measured. A t-test was used to compare values between genotypes at
each time point * and ** indicate P < 0.05 and P < 0.01, respectively. Scale bars = 10 ym.
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Figure 5. Male fertility defects in 871 82 double mutants. (A) Dissected siliques and the
corresponding quantification data showing aborted ovules/seeds in self-pollinated wild type
(WT) and 81 B2 single and double mutant plants (30 siliques from three biological replicates
were quantified for each genotype). (B) Pollen viability quantification by FDA staining in WT
and 81 82 double mutants. Pollen from dehiscing anthers were analyzed. Arrowheads show
unstained, inviable pollen grains. (C) Scanning electron micrographs of exine patterns from
WT and 7 82 double mutants. Bottom images are the magnified areas marked by a box in
the images above. (D) Quantification of collapsed pollen grains (at least from 15 anthers in
three biological replicates were analyzed for each genotype; each biological replicate
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consisted of at least 5 anthers). (E) Pollen grains germinated after 3 h of in vitro culture.
Pollen grains were isolated from WT and 87 82 double mutant anthers. (F) Quantitative
analysis of pollen germination rates at 3 h under in vitro conditions (pollen grains from at least
15 anthers in three biological replicates were analyzed for each genotype). (G) Pollen tube
length grown for 3h in in vitro culture from pollen grains of WT and 87-1 B2-1/+ and 81-2 32-
1/+ double mutant anthers (40 pollen tubes were measured for each genotype). (H)
Representative images of aniline blue staining of pollen tubes from reciprocal crosses
between WT and 87 82 double mutants 4 h after hand-pollination. Arrowheads indicate the
position of pollen tube tips. (I) Pollen tube length after 4 h of hand-pollination (15, 19, 11, 27,
12 pistils were measured for WTox WT, WTox B1-1 B2-1/+, WTox B1-2 2-1/+, B1-1 B2-1/+ox
WT, B1-2 B2-1/+ox WT, respectively). Box and whisker plots display the variation in data
through quartiles; the middle line indicates the median and whiskers show the upper and
lower fences. Different letters on graphs indicate significant difference (P < 0.05) calculated by
one-way ANOVA followed by Tukey’s test. Scale bar=1 mmin A, 100 umin B, 20 ym in C,
200 ym in E and H.
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Figure 6. Abnormal pollen development in the 87 82 double mutants. (A) Toluidine blue-
stained cross-sections of developing anthers from WT and 87-1 82-1/+ and 81-2 B2-1/+
double mutants. Tetrad development at stage 7 and release of free microspores at stage 8
and 9 seemed normal in mutant anthers. At stage 10, some abnormally vacuolated
microspores became evident in mutant anthers. At stage 11 and 12, degenerated pollen
grains (red arrowheads) were visible in mutant but not in WT anthers. Te, tetrads. (B)
Transmission electron micrographs of pollen grains at stage 10. Compared to WT, pollen
grains from B1-1 B2-1/+ and 81-2 32-1/+ mutant plants exhibit enlarged vacuoles and
abnormal exine. V, vacuole; Ex, exine. Scale bar =20 ymin A, 1 umin B.
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Figure 7. Effects of tissue-specific expression of 31-YFP in the 87 82 double mutant.
(A)-(B) Tissue-specific expression of $1-YFP seen by confocal imaging, Alexander’s viability
test, and scanning electron micrographs of pollen grains from 87-1 82-1/+ mutant plants
expressing either ProA9:81-YFP in tapetum (A) or ProARF17:81-YFP in microspores (B).
Chlorophyll autofluorescence is shown in magenta. (C) Quantification of pollen viability in g7-1
B2-1/+ anthers expressing ProA9:681-YFP or ProARF17:51-YFP. (1) and (2) indicate two
independent transgenic lines. At least 3,000 pollen grains from 15 anthers in three replicates
were analyzed for each genotype. Box and whisker plots display the variation in data through
quartiles; the middle line indicates the median and whiskers show the upper and lower fences.
Different letters on graphs indicate significant difference (P < 0.05) calculated by one-way
ANOVA followed by Tukey’s test. (D) Pollen grains germinated after 3 h of in vitro culture.
Pollen grains were isolated from WT, 87 82 double mutant, and 87 82 double mutant lines
expressing either ProA9:81-YFP or ProARF17:81-YFP. (E) Quantitative analysis of pollen
germination rates at 3 h under in vitro conditions (graph shows one representative assay with
5 flowers of each genotype; the experiment was repeated three times with similar results).
Scale bars =50 pm.
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Figure 8. Abnormal localization of ABCG9-YFP and ABCG16-YFP in 87 82 double mutant tapetal
cells. (A)-(B) Localization of ABCG9-YFP (A) and ABCG16-YFP (B) in anthers (stages 6 and 8) seen
in confocal images collected through the middle of the locule (upper row) or from the surface of the
tapetal layer (tangential view; lower row) in wild type (WT) and 871 and 82 single and B71-1 32-1/+ double
mutants. Over-exposed images (overexp.) in (B) are included to better visualize the weak signal of
ABCG16-YFP in tapetal cells. (C) Quantification of the ratio of the ABCG9-YFP signal intensity between

the plasma membrane (PM) and cell interior (Int); (n = 42 cells from 7 WT anthers, 30 cells from 5 §1-1
10
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anthers; 30 cells from 5 82-1 anthers and 30 cells from 7 §7-1 32-1/+ anthers at stage 6; n = 42 cells
from 7 WT anthers, 35 cells from 6 87-71 anthers; 30 cells from 6 32-1 anthers,15 cells from 8 871-1 2-
1/+ anthers at stage 8). (D) Quantification of the ratio of the ABCG16-YFP signal intensity between the
PM and Int. (n = 45 cells from 9 WT anthers, 30 cells from 4 §1-1 anthers; 45 cells from 8 32-1 anthers
and 34 cells from 10 87-1 32-1/+ anthers at stage 6. n = 42 cells from 6 WT anthers, 45 cells from 6 37-
1 anthers; 45 cells from 8 82-1 anthers, 28 cells from 12 81-1 32-1/+ anthers at stage 8). Box and
whisker plots display the variation in data through quartiles; the middle line indicates the median and
whiskers show the upper and lower fences. Different letters on graphs indicate significant difference (P
< 0.05) calculated by one-way ANOVA followed by Tukey’s test. Scale bars = 10 ym.

11

220z Ainr 2o uo 1senb Aq 8966 1.99/26 1080%/|1901d/€60 L0 L /10p/8|01e-80uUBApPE/|[90]d/W02" dno"ojWwepeoe//:sdiy woij papeojumoqg



wWT B1-1 B2-1/+ o

WT B1-1B2-1/+

ABCGO-YFP VHAa1-RFP merge ABCGY-YFP VHAa1-RFP  merge !!
[
*kk
. 0.8
ein ¥
£ 004
Q0.2
0.0
WT ; B1-1 B2-1/+ WT B1-182-1/+
B D wr p1-182-1/+
ABCG16-YFP VHAa1-RFP merge ABCG16-YFP VHAa1-RFP  merge _,, _
3 {'*
0.8 o
Ugi = =
g2
0.0
58 F
WT B1-182-1+
E CHX/ CHX+BFA F §
WT p1-1p2-1/+ @ &
3
g 8
> b
: T
o 5 L
g _8 x
E $ N
3 %
= A
2

BFA CHX/ CHX+BFA

sec-GFP

Figure 9. Defective post-Golgi trafficking in the 87 82 double mutant tapetal cells. (A)-(B) Co-
expression of ABCG9-YFP (A) and ABCG16-YFP (B) with VHAa1-RFP in control (WT) and §1-1 B2-1/+
tapetal cells from anthers at stage 7-8. (C)-(D) Colocalization analysis between VHAa1-RFP and either
ABCG9-YFP (C) or ABCG16-YFP (D). Pearson correlation coefficients (PCC) for YFP and RFP signals
were calculated in 10 randomly selected regions like the ones showed in C and D. Asterisks indicate
significant differences calculated by a t-test (p>0.001). (E) Localization of ABCG16-YFP in the presence
of BFA and BFA plus CHX in WT and 87-1 32-1/+ tapetal cells in anthers at stage 7-8. (F)
Quantification of ABCG16-YFP-labeled BFA bodies per tapetal cell after BFA and BFA plus CHX
treatments in WT and 87-1 82-1/+ anthers. For BFA treatment, 105 cells from 9 WT anthers and 105
cells from 10 B7-1 §2-1/+ anthers were analyzed. For BFA plus CHX treatment, 75 cells from 8 WT
anthers and 90 cells from 8 87-1 32-1/+ anthers were analyzed. Error bars represent means + SD. For
all graphs, box and whisker plots display the variation in data through quartiles; the middle line indicates
the median and whiskers show the upper and lower fences. Different letters in F indicate significant
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difference (P < 0.05) calculated by one-way ANOVA followed by Tukey’s test. (G) Distribution of sec-
GFP in WT and B171-1 B2-1/+ tapetal cells at stage 7. Scale bars = 10 ym.
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Figure 10. Interactions of 1 and B2 adaptins with ABCG9 and ABCG16 transporters.
(A) mbSUS yeast two-hybrid assay showing positive interactions of 1 and 2 with ABCG9
and ABCG16. SC, synthetic complete medium; SD, synthetic minimal medium. Images are

representative of three biological replicates.

(B) BiFC assay showing that 1 and B2 associate with ABCG9 and ABCG16 in epidermal
cells of Nicotiana benthamiana leaves. For each tested pair, the left panels show YFP
fluorescence whereas the right panels show the YFP fluorescence and brightfield merged
images (C) Quantification of YFP-positive cells in BiFC assay (15 randomly selected regions
of interest in infiltrated leaves from three biological replicates were considered for
quantification). A t-test was used to compare binding partners with their corresponding
negative control; *, and *** indicate P < 0.05, and P < 0.001, respectively; ns = non-
significant. Graph represents means and error bars indicate SD. Scale bars = 50 pm.
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Figure 11. Model of B1/2 function in tapetal cells. In WT tapetal cells, 31 and 2 adaptins as
part of the AP-1 complex (red coat) are required for post-TGN trafficking of ABCG9 and ABCG16
to the plasma membrane. Once at the plasma membrane of tapetal cells, ABCG9 and ABCG16

transport precursors for pollen wall assembly into the locule. In 871 82 double mutant tapetal cells,
the newly synthesized ABCG9 and ABCG16 molecules failed to be efficiently transported to the
plasma membrane and are instead retained at the TGN, resulting in abnormal pollen wall
assembly and pollen abortion. Black thick arrow indicates the normal exocytosis. Black thin arrow
indicates impaired exocytosis.
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