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ABSTRACT

Multimeric cargo adaptors such as AP2 play central roles in
intracellular membrane trafficking. We recently discovered that the
assembly of the AP2 adaptor complex, a key player in clathrin-
mediated endocytosis, is a highly organized process controlled by
alpha- and gamma-adaptin-binding protein (AAGAB, also known as
p34). In this study, we demonstrate that besides AP2, AAGAB also
regulates the assembly of AP1, a cargo adaptor involved in clathrin-
mediated transport between the trans-Golgi network and the
endosome. However, AAGAB is not involved in the formation of
other adaptor complexes, including AP3. AAGAB promotes AP1
assembly by binding and stabilizing the y and ¢ subunits of AP1, and its
mutation abolishes AP1 assembly and disrupts AP1-mediated cargo
trafficking. Comparative proteomic analyses indicate that AAGAB
mutation massively alters surface protein homeostasis, and its loss-of-
function phenotypes reflect the synergistic effects of AP1 and AP2
deficiency. Taken together, these findings establish AAGAB as an
assembly chaperone for both AP1 and AP2 adaptors and pave the way
for understanding the pathogenesis of AAGAB-linked diseases.

KEY WORDS: Membrane trafficking, Endocytosis, Clathrin,
Endocytosis, AP1, AP2

INTRODUCTION

The coat protein clathrin drives vesicle budding at the plasma
membrane, the trans-Golgi network and the endosome (Brodsky,
2012; Kirchhausen et al., 2014; Mettlen et al., 2018; Traub and
Bonifacino, 2013). Since clathrin does not directly bind cargo
proteins, it relies on adaptors to recruit cargo proteins to vesicle
budding sites (Kaksonen and Roux, 2018; Mettlen et al., 2018; Page
et al., 1999). A prominent clathrin adaptor is the heterotetrameric
AP2 complex involved in clathrin-mediated endocytosis (CME), a
major route for internalization of surface and extracellular
molecules (Fotin et al., 2004; Kaksonen et al., 2006; Kirchhausen
et al., 2014; McMahon and Boucrot, 2011; Traub and Bonifacino,
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2013; Wang et al., 2016). AP2 adaptor is composed of two large
subunits (o and ), one medium subunit (i), and one small subunit
(o) (Fig. 1A) (Collins et al., 2002; Conner and Schmid, 2003;
Hollopeter et al., 2014; Pearse and Robinson, 1984). After being
recruited to the plasma membrane, AP2 recognizes sorting signals
on cargo proteins and then recruits clathrin to drive vesicle budding
(Blot and McGraw, 2008; Brodsky, 2012; Caceres et al., 2019; Fotin
et al., 2004; Hirst et al., 2012; Kirchhausen et al., 2014; McMahon
and Boucrot, 2011; Paczkowski et al., 2015; Park and Guo, 2014;
Ramanan et al., 2011).

Recently, we discovered that AP2 assembly is a highly
orchestrated process controlled by alpha- and gamma-adaptin-
binding protein (AAGAB, also known as p34), a cytosolic factor
identified in a genome-scale CRISPR screen of CME (Gulbranson
et al., 2019). Heterozygous 44AGAB mutations cause punctate
palmoplantar keratoderma type 1 (PPKPI), a skin disease
characterized by punctate hyperkeratosis of the palms and soles
(Elhaji et al., 2020; Gerber et al., 2013; Giehl et al., 2012; Kono
et al.,, 2017; Nomura et al., 2015; Pohler et al., 2013, 2012).
AAGAB first binds to the o subunit (o adaptin) to form an
AAGAB-o binary complex, which then recruits a ¢ subunit to form
an AAGAB-o—o ternary complex. Subsequently,  and p subunits
displace AAGAB, leading to the formation of the AP2 complex
(Gulbranson et al., 2019). Without the assistance of AAGAB, AP2
adaptor fails to form, leading to degradation of AP2 subunits and
disruption of CME (Gulbranson et al., 2019). Together, these
findings uncovered a previously unrecognized pathway in clathrin-
mediated trafficking.

In this study, we demonstrate that, besides AP2, AAGAB also
regulates the assembly of AP1, a clathrin cargo adaptor operating on
the endosome and the trans-Golgi network (Hirst et al., 2012;
Kaksonen et al., 2006; Park and Guo, 2014; Traub, 1997; Traub and
Bonifacino, 2013). Although functionally distinct from AP2, AP1 is
also a heterotetrameric complex composed of two large subunits (y
and ), one medium subunit (i) and one small subunit () (Fig. 1A)
(Collins et al., 2002; Conner and Schmid, 2003; Heldwein et al.,
2004; Hollopeter et al., 2014; Pearse and Robinson, 1984; Ren et al.,
2013). AAGAB binds and stabilizes the y and ¢ subunits of AP1,
and its mutation abrogates AP1 assembly and disrupts AP1-
mediated membrane trafficking. Our comparative proteomic
analyses showed that A4GAB mutation strongly alters membrane
protein homeostasis, and its loss-of-function phenotypes reflect the
combinatorial effects of AP1 and AP2 deficiency. Taken together,
these data demonstrate that AAGAB acts as an assembly chaperone
for both AP1 and AP2 clathrin adaptors.

RESULTS

AP1 subunits are downregulated in AAGAB knockout cells
Without the assistance of AAGAB, AP2 subunits fail to assemble
into the tetrameric AP2 complex and are degraded (Gulbranson
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et al., 2019). To determine whether AAGAB also regulates other
substrates, we used mass spectrometry-based proteomics to detect
and quantify proteins expressed in wild-type (WT) and A4GAB
knockout (KO) HeLa cells (Fig. 1B,C). The proteomic analysis
detected 7945 proteins in WT cells and 7722 proteins in A4GAB KO
cells including AP1 and AP3, another two tetrameric cargo adaptors
(Fig. 1C; Table S1). Despite their similarity in overall
configurations and structures, AP1, AP2 and AP3 play distinct
roles in membrane trafficking and their subunits are not functionally
interchangeable, except for the 8 subunits of AP1 and AP2 (Folsch
et al., 1999; Gravotta et al., 2012; Traub and Bonifacino, 2013;
Wang et al., 2003). As expected, AP2 subunits were among the most
depleted proteins in A4AGAB KO cells (Fig. 1C; Table S1). All four
subunits of APl adaptor (y, B, u and o) were also strongly
downregulated in 44GAB KO cells (Fig. 1C; Table S1), consistent
with our previous observation that APl y expression was
diminished in 44GAB KO cells (Gulbranson et al., 2019). By
contrast, expression levels of AP3 subunits (3, B, 1 and ) remained
unchanged in A4GAB KO cells (Fig. 1C; Table S1). The proteomic
analysis also detected coat protein complexes I and I (COPI and
COPII), which mediate vesicle budding in the early secretory
pathway (Dell’ Angelica and Bonifacino, 2019). We found that the
expression of COPI and COPII did not change in A4GAB KO cells
(Fig. 1C; Table S1). These proteomic data suggest that AAGAB
selectively regulates AP1 and AP2 adaptors.

AAGAB directly interacts with AP1 subunits

The downregulation of AP1 in 44 GAB KO cells could be because of
a direct regulation of APl adaptor by AAGAB. Alternatively,
AAGAB mutation might reduce AP1 levels indirectly through an
AP2-dependent mechanism. To distinguish between these
possibilities, we first examined whether AAGAB directly binds to
AP1 subunits. Although AAGAB was previously found to associate
with the y subunit (y adaptin) of AP1 in a yeast two-hybrid assay
(Page et al., 1999), it was unknown whether the interaction was
direct or biologically relevant. To address this question, we co-
expressed AAGAB and AP1 y subunit in Escherichia coli and
purified the recombinant proteins using affinity chromatography
and size-exclusion chromatography (SEC). We found that

recombinant AAGAB and AP1 y subunit formed a stoichiometric
complex (Fig. 2A—C). Thus, AAGAB directly interacts with AP1 y
subunit to form a binary complex.

We then determined whether AAGAB interacts with AP1
subunits in the cell. AAGAB bearing an N-terminal 3XxFLAG tag
was co-expressed with hemagglutinin (HA)-tagged AP1 y and ¢
subunits (Fig. 2D), which are analogous to AP2 o and ¢ subunits
that interact with AAGAB during AP2 assembly (Gulbranson et al.,
2019). Using co-immunoprecipitation (co-IP), we observed that
AAGAB bound to AP1 y subunit (Fig. 2D-F), in agreement with
the biochemical data (Fig. 2A—C). Using antibodies recognizing
endogenous AAGAB or AP1 vy subunit, we confirmed interactions
of AAGAB and AP1 y subunit in co-IP assays (Fig. S1). By
contrast, AAGAB did not bind AP3 & subunit (Fig. S1), which is the
structural and functional equivalent within AP3 to the y subunit
within APl and o subunit within AP2 (Dell’Angelica and
Bonifacino, 2019). These data are consistent with the observation
that AP3 adaptor was not impacted in 44GAB KO cells (Fig. 1).
AAGAB also interacted with the o subunit of AP1 in the presence of
the y subunit (Fig. 2D—F), similar to the results of AAGAB-AP2
interactions (Gulbranson et al., 2019). Whereas AP2 ¢ subunit does
not bind AAGAB in the absence of o subunit (Gulbranson et al.,
2019), AP1 o subunit interacted with AAGAB even without co-
expression with the y subunit (Fig. 2D-F). Taken together, these
biochemical and co-IP data indicate that AAGAB directly
recognizes AP1 subunits in the cell.

Surface proteomes of AP1-, AP2- and AAGAB-deficient cells

Next, we sought to determine whether AAGAB is required for AP1-
mediated cargo trafficking in the cell. We began by measuring the
surface proteome of AP1-deficient cells, in which the y subunit-
encoding gene APIGI was deleted using CRISPR-Cas9 genome
editing (Fig. 3A). Clathrin-mediated transport plays key roles in
determining surface levels of cargo proteins, which can be reliably
quantified. However, it remained unclear how AP1 regulates surface
protein homeostasis. Surface proteins of WT and APIGI KO cells
were biotinylated, isolated using NeutrAvidin beads and analyzed
using mass spectrometry (Fig. 3B). We observed that the surface
proteome was strongly altered in AP1G1 KO cells with 695 proteins
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Fig. 2. AAGAB directly interacts with AP1 adaptor. (A) SEC profiles of recombinant AAGAB—y binary complexes and AAGAB itself from a Superdex 200

10/300 column. For Superdex 200, the excluded volume is 7 ml and the included volume is 19 ml. Elution positions of protein standards with known molecular
weights (M.W.) are marked at the top. The binary complex consists of untagged human AAGAB and mouse AP1 y subunit (trunk domain, residues 1-595). The
proteins were co-expressed in E. coli, isolated using affinity chromatography and further purified using SEC. From its SEC profile, we estimate that AAGAB itself
forms a homotetramer. (B) Coomassie Blue-stained gel showing the AAGAB—y binary complex from SEC elution in A. (C) Coomassie Blue-stained gel showing
AAGAB alone from SEC elution in A. Data shown in A—C are representative of three experiments. (D) Diagrams of HA-tagged full-length AP 1y and ¢ subunits and
3xFLAG-tagged AAGAB used in IP experiments. (E) Representative immunoblots from three experiments showing the interaction of 3xFLAG-AAGAB with HA-
tagged AP1 subunits. The 3xFLAG-AAGAB protein was transiently expressed in AAGAB KO Hela cells with an empty vector (control) or plasmids encoding the
indicated HA-tagged AP1 subunits. The 3xFLAG-AAGAB protein was immunoprecipitated from cell lysates using anti-FLAG antibodies, and the presence of

3xFLAG-AAGAB (bottom) and HA-tagged AP1 subunits (top) in the immunoprecipitates was detected using anti-FLAG and anti-HA antibodies, respectively. (F)
Representative immunoblot from three experiments showing the expression of HA-tagged AP 1 subunits in whole cell lysates prepared from the same cell samples

used in E.

upregulated and 1031 proteins downregulated (Fig. 3C,D; Table S2).
Thus, although AP1 is primarily involved in bidirectional trafficking
between the Golgi and the endosome (Traub and Bonifacino, 2013),
its mutation severely impairs surface protein homeostasis. Next, we
determined the surface proteome of AP2-deficient cells, in which the
o subunit-encoding gene AP2SI was deleted (Gulbranson et al.,
2019). We observed that a large number of surface proteins were
upregulated (220) or downregulated (228) in AP2-deficient cells
(Fig. 3C,D; Table S3). The surface proteome of A4GAB KO cells was
determined in a similar manner, revealing 379 upregulated surface
proteins and 148 downregulated surface proteins (Fig. 3C,D;
Table S4).

By comparing the surface proteomes of the cell lines, we noted
that a large group of surface proteins were moderately upregulated in
AP1- or AP2-deficient cells, but greater increases were observed in
AAGAB KO cells. For instance, surface levels of transferrin receptor
(TfR, also known as TFRC), a classic cargo protein in membrane
trafficking studies, were elevated in AP2-deficient cells because of
impaired CME (Fig. 3E; Table S3) (Conner and Schmid, 2003;
Gulbranson et al., 2019; Ricotta et al., 2002). API mutation also
moderately increased the surface levels of TfR (Fig. 3E; Table S2).
However, increases in TfR surface levels were substantially greater
in AAGAB KO cells (Fig. 3E; Table S4). Similar phenomena were
observed for many other surface proteins including ECEI,
TMEM206 (also known as PACCI1), APLP2 and ITGA3

(Fig. 3E; Tables S2—S4). These data suggest that both 4P/ and
AP2 mutations contribute to the cargo trafficking defects observed
in AAGAB KO cells. We also observed that AP/ and AP2 mutations
had opposite effects on surface levels of particular cargo proteins
such as folate receptor oo (FOLR1) and CD166 (encoded by
ALCAM) (Fig. 3E; Tables S2 and S3). However, surface levels of
these cargo proteins in AAGAB KO cells remained largely
unchanged (Fig. 3E; Table S4). These results further support the
notion that the phenotypes of 44GAB KO cells reflect the
combinatorial effects of AP1 and AP2 deficiency.

AAGASB is required for AP1- and AP2-mediated cargo
trafficking

To validate the results of surface proteomics, we examined the
surface levels of TfR using flow cytometry. We also found that
surface TfR was moderately increased in AP2-deficient cells
(Fig. 4A,B). Likewise, surface levels of TfR were mildly elevated
in AP1-deficient cells (Fig. 4A,B). However, KO of A4GAB led to a
greater increase in surface T{R (Fig. 4B). We also examined surface
staining of T{R using confocal microscopy. Consistent with the flow
cytometry data, surface staining of TfR was moderately elevated in
AP1- or AP2-deficient cells but the increase was substantially
greater in AAGAB KO cells (Fig. 4C). Next, we generated APIGI
and AP2S1 double KO cells (Fig. 4A). We found that surface levels
of TfR were strongly upregulated in the double KO cells,
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comparable to its levels in A4GAB KO cells (Fig. 4B,C). The total
protein level of TfR was also upregulated in A4GAB KO cells (Fig.
S2A-D), which was caused by increased expression of TfR mRNA
(Fig. S2E), although a reduction in lysosomal degradation might
also contribute to the upregulation. Thus, the upregulation of surface
TR results from increased total expression as well as a shift of
localization from intracellular compartments to the cell surface.
Together, these data confirmed the proteomic results and
demonstrated that AAGAB is required for both AP1- and AP2-
mediated cargo trafficking in the cell.

Genes encoding AAGAB, AP1 and AP2 are dispensable for
cell survival or proliferation

Next, we examined whether the genes encoding AAGAB, AP1 and
AP2 are essential to cell survival or proliferation. Deletion of an
essential gene results in cell death or growth arrest, which precludes
reliable analysis of gene functions. To globally identify essential
genes, a genome-wide CRISPR mutant library of HeLa cells was
cultured continuously for four weeks. The abundance of gRNAs in
the mutant cell population was then compared with that in the

ITGA3

CD166

FOLR1

original CRISPR DNA library (Gulbranson et al., 2017; Li et al.,
2014; Wang et al., 2019). A total of 1391 genes were predicted to be
essential based on depletion of their gRNAs in the mutant cell
population. We found that 13 of the 14 genes encoding AAGAB,
AP1 or AP2 were clearly nonessential (Fig. 5; Table S5). AP2S1
falls into the essential gene category but its ranking is very close to
the cutoff (Fig. 5; Table S5). As such, its mutation is not expected to
significantly affect cell fitness. Indeed, 4P2S1 KO HeLa cells
exhibited no apparent growth defect in a range of cell-based assays
(Figs 3 and 4). These results suggest that, although surface protein
homeostasis is severely compromised in AP1-, AP2- and AAGAB-
deficient cells, the survival and proliferation of these mutant cells
remain largely intact.

AAGAB stabilizes AP1 y and ¢ subunits

Finally, we sought to further characterize the molecular mechanism
by which AAGAB regulates AP1 adaptor. GST-tagged AP1 vy
subunit was expressed in E. coli with or without Hiss-tagged
AAGAB. We found that GST-tagged y subunit could not be
obtained from the soluble fractions of E. coli lysates in the absence
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Fig. 4. AAGAB is required for both AP1- and AP2-mediated cargo trafficking. (A) Representative immunoblots from three experiments showing the expression
of the indicated proteins in WT and mutant HeLa cells. M.W., molecular weight. (B) Normalized surface levels of TfR in WT and mutant HeLa cells measured by flow
cytometry. Cells were disassociated by Accutase and stained with monoclonal anti-TfR antibodies and APC-conjugated secondary antibodies. APC fluorescence
measurements of ~5000 cells were collected on a CyAn ADP analyzer. Mean APC fluorescence of mutant cells was normalized to that of WT cells. Data are
presented as meanzs.d., n=3. ***P<0.001. P values were calculated using one-way ANOVA and Dunnett's multiple comparison test. (C) Representative confocal
microscopy images from three experiments showing surface levels of TfR in WT and mutant HeL a cells. Surface TfR levels of non-permeabilized cells were labeled
using anti-TfR antibodies and Alexa Fluor 568-conjugated secondary antibodies (red). Nuclei were stained with Hoechst 33342 (blue). Images were captured using a
100x oil immersion objective on a Nikon A1 Laser Scanning confocal microscope. Scale bars: 20 um. DKO, double knockout.

of AAGAB (Fig. 6A,B). Soluble AP1 y subunit was isolated only
when AAGAB was co-expressed (Fig. 6A,B). Similar results were
observed when AAGAB and AP1 vy subunit were purified through
the Hisg tag on AAGAB (Fig. 6C,D). These results suggest that AP1
vy subunit is an intrinsically unstable protein prone to misfolding and
must be stabilized by AAGAB. Next, we co-expressed GST-tagged
AP1 vy subunit, Hisg-tagged AAGAB and untagged AP1 ¢ subunit
in E. coli before GST-tagged y subunit was isolated. We observed
that recombinant AAGAB, v subunit and ¢ subunit formed a ternary
complex (Fig. 6A,B), in agreement with the co-IP data (Fig. 2D-F).
The ternary complex was also obtained when proteins were isolated
through the Hiss tag on AAGAB (Fig. 6C,D). When y and o
subunits were co-expressed in E. coli, soluble proteins could be
obtained only when AAGAB was also expressed (Fig. S3). These
biochemical data indicate that AAGAB promotes AP1 assembly by
binding and stabilizing the y and ¢ subunits.

DISCUSSION

In this study, we discovered that AAGAB regulates the assembly of
AP1 adaptor, in addition to its role in AP2 formation. Overall,
AAGAB-guided assembly of APl adaptor appears to be
mechanistically similar to that of AP2 adaptor (Fig. 7)
(Gulbranson et al., 2019). To assemble multimeric complexes
such as AP1 and AP2, the initiation stage is particularly challenging
because individual subunits are intrinsically unstable and prone to
misfolding, aggregation and degradation. As an assembly
chaperone, AAGAB helps overcome the challenge by binding

and stabilizing the y (AP1) or o (AP2) subunit in a binary complex.
Subsequently, the binary complex recruits the ¢ subunit of AP1 or
AP2 to form a ternary complex, which stabilizes the ¢ subunit and
facilitates the formation of the y—c or o—c hemicomplex. The
hemicomplex then serves as an assembly platform for subsequent
association with B and p subunits. Once 3 and p subunits join the y—
o or o—o hemicomplex, AAGAB is released, allowing the formation
of the tetrameric AP1 or AP2 complex (Fig. 7) (Gulbranson et al.,
2019). Without the assistance of AAGAB, AP1 and AP2 subunits
fail to assemble into functional adaptors and are degraded. The
consecutive binding of y or o, and ¢ subunits to AAGAB probably
represents a conserved route of AAGAB-guided APl or AP2
assembly. Interestingly, unlike the AP2 o subunit, the APl o
subunit can bind to AAGAB in the absence of the y subunit,
suggesting that AAGAB-c to AAGAB-c—y may represent an
alternative pathway for AP1 assembly. These findings also suggest
that AAGAB possesses independent binding sites for the y and o
subunits. Additional research will be needed to determine whether
the AAGAB-oc binary complex is competent for subsequent
association with the y subunit or constitutes an unproductive
intermediate (i.e. a dead end in the assembly pathway).

Structural studies are required to define how AAGAB recognizes
AP1 and AP2 subunits and whether differences exist between the
binding modes of AAGAB-AP1 and AAGAB-AP2. The yeast
protein Irc6p exhibits a similar domain configuration as AAGAB
and interacts with AP1 (Gorynia et al., 2012). However, since
Irc6p recognizes distinct substrates and does not regulate AP2

5

Q
Y
C
ey
()
(V]
ko]
O
Y=
(©)
©
c
—
>
(®)
-



https://journals.biologists.com/jcs/article-lookup/DOI/10.1242/jcs.258587

RESEARCH ARTICLE

Journal of Cell Science (2021) 134, jcs258587. doi:10.1242/jcs.258587

-0.75

0.5
o 025 AP2A1
=g [
S AP2M1 AP1G2) §P1M2.
5 ® % e e APTBT | Non-essential
ke] 0 AP2A2  Ap2B1 genes
i 1 i ®
= AP1S3 AAGAB @ AP1S2
> " . AP2ST,
o -0.25
3 5 10 15 %0 X
) Chromosome locations .
8 Essential
®» 05 genes
o
o
2]
v
(@]

-1.0

Fig. 5. Genes encoding AAGAB, AP1 and AP2 are dispensable for cell
survival or proliferation. To identify essential genes, we took advantage of a
genome-wide HelLa mutant library generated using the GeCKO V2 CRISPR
library (Gulbranson et al., 2017; Wang et al., 2019). The mutant cells were
cultured continuously for four weeks before the abundance of gRNAs was
analyzed by deep sequencing. Depletion of gRNAs was calculated by
comparing the passage control population to the initial GeCKO V2 CRISPR
DNA library. A CRISPR score was calculated for each gene based on
log1o(fold-changes) in the abundance of its corresponding gRNAs using an
established algorithm (Li et al., 2014). The 1391 genes with CRISPR scores
below the horizontal cutoff line of —0.25 are predicted to be essential to cell
survival or growth. Only the 14 genes encoding AAGAB, AP1 and AP2 are
shown. A full list of genes ranked according to their CRISPR scores is shown in
Table S5.

(Gorynia et al., 2012), it is unclear whether it represents a bona fide
homologue of AAGAB. AAGAB selectively regulates AP1 and
AP2 adaptors and is not involved in the assembly of other
multimeric trafficking complexes such as AP3, COPI and COPII.
However, since these complexes need to overcome similar
challenges during assembly, we anticipate that their formation
also requires specific assembly chaperones, analogous to the role of
AAGAB in AP1 and AP2 assembly.

In the cell, AAGAB regulates both AP1- and AP2-dependent
membrane trafficking. Since AP1 adaptor is involved in cargo
transport from the trans-Golgi network to the endosome (Beacham
et al., 2019; Brown et al., 2011; Dell’Angelica and Bonifacino,
2019; Gillingham et al., 1999; Li and Kandror, 2005), its mutation is
expected to redirect such cargo to the plasma membrane (Lubben
et al., 2007; Roeth et al., 2004; Shen et al., 2015). Defects in AP1-
mediated retrograde endosome-to-Golgi transport, on the other
hand, are expected to reroute cargo proteins to the lysosome for
degradation (Hinners and Tooze, 2003). In an AP1 knocksideways
experiment, acute mislocalization of AP1 adaptor led to substantial
alterations in the composition of clathrin-coated vesicles (Hirst
et al., 2012). Although it is difficult to directly compare the
knocksideways results with our findings, a subset of cargo proteins,
including FOLR1, SORT1 and RORI, were identified in both
studies (Hirst et al., 2012). In AP2-null cells, surface levels of a
cargo protein could be upregulated due to CME defects. We note
that a cargo protein might be indirectly controlled by AP1 and/or
AP?2 (i.e. through intermediate regulators), rather than being a direct
target. For instance, mutations of AP2 may inhibit the retrieval and
reuse of an exocytic regulator, resulting in downregulation of
surface proteins dependent on the exocytic regulator for surface
delivery. The overall consequence of 44GAB mutation is dictated

by the dynamic balance of alterations in these API1- and AP2-
dependent trafficking pathways.

Our findings also set the stage for understanding the pathogenesis
of AAGAB-linked PPKPI1. Intriguingly, mutations in API-
encoding genes such as APIBI, APISI] and APIS3 are also
linked to skin disorders, including keratoderma (Alsaif et al., 2019;
Boyden et al., 2019; Incecik et al., 2018; Mahil et al., 2016;
Martinelli and Dionisi-Vici, 2014; Montpetit et al., 2008; Sanger
et al., 2019; Setta-Kaffetzi et al., 2014). By contrast, AP2 has not
been connected to skin conditions. Thus, we posit that AAGAB-
linked PPKP1 might be caused mainly by imbalances in AP1-
mediated cargo trafficking. Mice deficient in AP1 or AP2 die at an
carly stage of embryonic development (Meyer et al., 2000,
Mitsunari et al., 2005; Zizioli et al., 1999). Thus, we anticipate
that homozygous loss-of-function mutations of A4GAB also cause
embryonic lethality. On the other hand, heterozygous A4GAB
mutations found in PPKP1 are expected to subtly impact clathrin-
mediated trafficking such that their effects are restricted to a small
group of cargo proteins in selected tissues (e.g. the skin). AP1-
linked skin diseases usually result from homozygous mutations in a
B- or o-encoding gene (Alsaif et al., 2019; Boyden et al., 2019;
Favilli et al., 2009; Mahil et al., 2016; Montpetit et al., 2008; Setta-
Kaffetzi et al., 2014). Since both B and o subunits of APl are
encoded by multiple paralogous genes, mutations in one gene are
expected to impact a limited subset of membrane proteins in the skin
that are particularly sensitive to APl perturbations. A major
direction of future research is to identify the cargo protein(s)
responsible for AAGAB- and AP1-linked diseases and to define
how A4GAB and AP mutations selectively affect particular tissues
such as the skin.

MATERIALS AND METHODS

Cell culture

HeLa and 293T cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% FB Essence (FBE; Seradigm,
#3100-500) and penicillin-streptomycin (Millipore-Sigma, #P4333). The
cells were acquired from University of Colorado Cancer Center, which
routinely authenticated cell lines.

Genome editing using CRISPR-Cas9
For genome editing experiments using CRISPR-Cas9, two gRNA
sequences were selected to target early constitutive exons of a candidate
gene. One of the gRNAs was subcloned into the pLenti-CRISPR-V2 vector
(Addgene, #52961). The second gRNA was subcloned into a modified
version of the pLentiGuide-Puro vector (Addgene, #52963), in which the
puromycin selection marker was substituted with a hygromycin selection
marker. CRISPR plasmids were transiently transfected into 293T cells
together with pAdVAntage (Promega, #E1711), pPCMV-VSV-G (Addgene,
#8454) and psPAX2 (Addgene, #12260) using a previously established
procedure (Gulbranson et al., 2017). The 293T culture media containing
lentiviral particles were collected consecutively for four rounds and
centrifuged in a Beckman SW28 rotor at 25,000 rpm (113,000 g) for
1.5 hat 4°C. Viral pellets were resuspended in PBS and used to infect target
cells. Infected cells were sequentially selected using 1 pg/ml puromycin
(Millipore-Sigma, #3101118) and 500 pg/ml hygromycin B (Thermo Fisher
Scientific, #10687010). Sequences of gRNAs targeting the human
AAGAB gene are 5'-CAGCTGGTCTCCTGAGAAGA-3" and 5'-
GCAGTAACAAGAAATTTGTT-3'. Sequences of gRNAs targeting the
human AP2SI gene are 5'-GCGTCTTGCCTGCCCGGTTC-3" and 5'-
GGTCCAGTTCACAGACATTG-3'. Sequences of gRNAs targeting the
human APIGI gene are 5'-TGCCAGCCCCCATCAGATTG-3’ and 5'-
ATTTTGCCACATTCCGACAT-3".

To generate AP1G1 and AP2S1 double KO cells, the 4P2S]-targeting gRNA
sequence 5'-GCGTCTTGCCTGCCCGGTTC-3" was subcloned into the
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Fig. 6. AAGAB binds and stabilizes AP1 subunits. (A) Diagram of the GST pull-down assay measuring the interaction of AAGAB with the y and o subunits of
AP1. Hisg-SUMO-tagged AAGAB was co-expressed with GST or GST-tagged y subunit (trunk domain, residues 1-595) in E. coli with or without untagged o
subunit. Proteins were isolated from E. coli lysates using glutathione beads. (B) Coomassie Blue-stained gels showing the binding of GST-tagged y subunit to
Hisg-SUMO-tagged AAGAB and untagged o subunit. Note that o subunit intrinsically stains less because of its small size. Images are representative of three
experiments. (C) Diagram of the nickel bead pull-down assay measuring the interaction of GST-tagged y subunit (trunk domain, residues 1-595) with Hisg-
SUMO-tagged AAGAB and untagged o subunit. Proteins were co-expressed in E. coli as in A and isolated using nickel beads that recognized the Hisg tag of
AAGAB. (D) Coomassie Blue-stained gels showing the binding of Hisg-SUMO-tagged AAGAB to GST-tagged y subunit and untagged o subunit. Images are

representative of three experiments. M.W., molecular weight.

lentiCRISPR-v2-Blast vector (Addgene, #83480). Lentiviruses generated using
the CRISPR construct were used to infect 4P/G1 KO HeLa cells before the
cells were selected using 10 pg/ml of blasticidin (Millipore-Sigma, #15205).

Mass spectrometry

Stable isotope labeling with amino acids in cell culture (SILAC) and mass
spectrometry were used for quantitative determination of whole-cell and

Ternary complex
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Fig. 7. Model of AAGAB-guided assembly of AP1 and AP2 adaptors in the
cytosol. AAGAB binds and stabilizes AP1 or AP2 subunits as well as their
assembly intermediates, facilitating their assembly into tetrameric adaptor
complexes.

surface proteomes. WT and mutant HeLa cells were grown in SILAC media
(Thermo Fisher Scientific, #88364) supplemented with 10% dialyzed FBE.
For whole-cell proteomics, WT HeLa cells were grown in the presence of
light lysine and arginine (Millipore-Sigma, #L.1262 and #A5131), while
AAGAB KO cells were cultured in the presence of heavy lysine and arginine
(Cambridge Isotope Laboratories, #CNLM-291 and #CNLM-539). After
five days of labeling, cells at ~60% confluence were harvested in a lysis
buffer [100 mM triethylammonium bicarbonate (Millipore-Sigma,
#18597), SmM  Tris(2-carboxyethyl)phosphine  (TCEP), 20 mM
chloroacetamide (Millipore-Sigma, #C0267), and 1% sodium dodecyl
sulfate (SDS)]. After incubation at 95°C for 15 min, equal amounts of
lysates were mixed and used for mass spectrometry analysis (Gulbranson
etal., 2017).

For surface proteomics, WT HeLa cells were grown in the presence of
light lysine and arginine, while AP2S7 KO cells were grown in the presence
of medium lysine and arginine (Thermo Fisher Scientific, #89988 and
#88210). A4GAB KO cells were grown in the presence of heavy lysine and
arginine. In a parallel experiment, WT HeLa cells were grown in the
presence of light lysine and arginine, while AP/G1 KO cells were grown in
the presence of heavy lysine and arginine. After five days of labeling, cells
were labeled with Sulfo-NHS-Biotin (Thermo Fisher Scientific, #A39256)
for one hour at 4°C. The reactions were quenched using 100 mM glycine in
PBS before cells were lysed in a SILAC IP buffer (20 mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol, and a protease
inhibitor cocktail). Equal amounts of cell extracts were mixed and
biotinylated proteins were isolated using NeutrAvidin agarose resin
(Thermo Fisher Scientific, #29201). Proteins were eluted using an SDS
protein buffer (4% SDS and 50 mM Tris-HCI, pH 6.8).

Mass spectrometry samples were prepared according to the protein
aggregation capture (PAC) method. Peptides were pre-fractionated using
high-pH fractionation and concatenated into 10 fractions before they were
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resolved on a Thermo Ultimate 3000 RSLCnano system (Thermo Fisher
Scientific) in a direct injection mode (Batth et al., 2019). Raw data files
from mass spectrometry were processed using MaxQuant and
Andromeda (v. 1.6.2.10) (Cox et al., 2011), and searched against the
UniProt database of human protein sequences (downloaded September
2019, 74,468 entries). False discovery rates were set to 0.01 for both
protein and peptide identifications with a minimum peptide length of four
residues and a minimum peptide number of two. For SILAC ratio
measurements, a minimum of two peptide ratios was used to calculate a
protein ratio.

Flow cytometry

To stain surface TfR, HeLa cells were washed three times with KRH buffer
(121 mM NacCl, 4.9 mM KCl, 1.2 mM MgSO,, 0.33 mM CaCl, and 12 mM
HEPES, pH 7.0). Cells were then chilled on ice and stained with monoclonal
anti-T{R antibodies (DSHB, #G1/221/12) at a final concentration of 0.1 pg/
ml and allophycocyanin (APC)-conjugated secondary antibodies (Thermo
Fisher Scientific, #17-4015-82) at a final concentration of 0.8 pg/ml. After
dissociation from plates using Accutase (Innovative Cell Technologies, #AT
104), APC fluorescence of the cells was measured on a CyAn ADP
Analyzer (Beckman Coulter). Mean APC fluorescence of mutant cells was
normalized to that of WT cells. Data from populations of ~5000 cells were
analyzed using FlowJo software, v. 10 (FlowJo, LLC) based on experiments
run in biological triplicates. To measure total TfR, cells were disassociated
using Accutase, fixed using 2% paraformaldehyde, permeabilized using
0.1% saponin, and stained with monoclonal anti-TfR antibodies and APC-
conjugated secondary antibodies.

Immunoblotting and immunoprecipitation

To detect proteins in whole cell lysates, cells grown in 24-well plates were
lysed in the SDS protein buffer. To detect proteins on the cell surface,
surface proteins (without SILAC labeling) were biotinylated and isolated as
described in the Mass spectrometry section. Protein samples were resolved
by 8% Bis-Tris SDS-PAGE and proteins were detected using primary
antibodies and horseradish peroxidase (HRP)-conjugated secondary
antibodies. Primary antibodies used in this study included polyclonal anti-
AAGAB antibodies (Bethyl Laboratories, #A305-593A) at a final
concentration of 40 ng/ml, polyclonal anti-AP1-y antibodies (Bethyl
Laboratories, #A304-771A) at a final concentration of 1 pg/ml,
monoclonal anti-AP2-p antibodies (BD Biosciences, #611350) at a final
concentration of 0.5 pg/ml, monoclonal anti-AP3-§ antibodies (DSHB,
#SA4) at a final concentration of 0.5 pg/ml, monoclonal anti-o-tubulin
antibodies (DSHB, #12G10) at a final concentration of 43 ng/ml, and
monoclonal anti-FLAG antibodies (Millipore-Sigma, #F1804) at a final
concentration of 1 pg/ml. HA-tagged proteins were directly detected using
monoclonal anti-HA-HRP antibodies (Roche, #12013819001) at a final
concentration of 25 ng/ml.

In immunoprecipitation (IP) experiments, cells grown in 6-well
plates were lysed in an IP buffer (25mM Tris-HCl, pH 7.4,
150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol and a protease
inhibitor cocktail). Endogenous proteins were precipitated using Protein G
agarose beads and polyclonal anti-AAGAB antibodies at a final
concentration of 0.2 ug/ml or anti-AP1-y antibodies (Millipore-Sigma,
#A4200) at a final concentration of 1 pg/ml. Transiently expressed
3xFLAG-AAGAB was precipitated using Protein A agarose beads and
anti-FLAG M2 antibodies (Millipore-Sigma, #F1804) at a final
concentration of 0.5 pg/ml. Proteins in the immunoprecipitates were
detected using immunoblotting.

Immunofluorescence

Cells grown on microscope cover glasses (VWR, #89015-725) were washed
three times with KRH buffer and fixed using prewarmed 2%
paraformaldehyde. Surface TfR was stained using monoclonal anti-TfR
antibodies (DSHB, #G1/221/12) at a final concentration of 0.1 pg/ml and
Alexa Fluor 568-conjugated secondary antibodies (Thermo Fisher
Scientific, #A11004) at a final concentration of 1 pg/ml. The nuclei were
stained with Hoechst 33342 (Thermo Fisher Scientific, #H3570) at a final

concentration of 10 pg/ml. Images were captured using a 100x oil
immersion objective on a Nikon Al Laser Scanning confocal microscope
and processed using F1JI software (Schindelin et al., 2012).

Purification of recombinant AAGAB-y binary complexes

using SEC

Aplgl and AAGAB were cloned into the first and second multiple cloning
sites, respectively, of a modified pRSFDuet-1 vector (Millipore-Sigma,
#71341). The resultant plasmid encodes the trunk domain of mouse AP1 y
subunit (residues 1-595) with an N-terminal Hiss-SUMO tag and untagged
full-length human AAGAB. The plasmid was transformed into Rosetta
(DE3) E. coli (Millipore-Sigma, #70954) grown at 37°C in LB medium
containing 30 ug/ml chloramphenicol and 50 pg/ml kanamycin. After
ODggo reached 0.5-0.8, 0.2 mM isopropyl B-D-1-thiogalactopyranoside
(IPTG) was added. After 16 h of incubation at 18°C, cells were pelleted,
resuspended in a lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl,
25 mM imidazole and 5% glycerol) and lysed by sonication. After
centrifugation (14,000 g, 1 h, 4°C), the supernatant was sonicated again
to fragment nucleic acids. The supernatant was filtered through a 0.45 um
filter and then loaded onto a 5-ml HisTrap column (GE Healthcare). The
column was washed with lysis buffer and eluted with a linear gradient of 25—
500 mM imidazole in lysis buffer. Peak fractions were incubated with Ulpl
protease overnight at 4°C to remove the Hisg-SUMO tag. The proteins were
then loaded onto a 5-ml HiTrap Q HP column (GE Healthcare) pre-
equilibrated with Buffer A (50 mM Tris-HCI, pH 8.0, and 150 mM NaCl).
Proteins were eluted with a linear gradient of 0-100% Buffer B (50 mM
Tris-HCI, pH 8.0, and 1 M NaCl). Fractions containing target proteins were
pooled and further purified by SEC using a Superdex 200 10/300 column
(GE Healthcare) in a buffer containing 10 mM Tris-HCl, pH 8.0, 150 mM
NaCl and 1 mM DTT. The plasmid encoding human AAGAB with an N-
terminal Hisg-SUMO tag was generated in a previous study (Gulbranson
et al., 2019), and the protein was purified using HisTrap and HiTrap Q HP
columns as described above before loading onto a Superdex 200 10/300
column.

Pull-down assays using recombinant proteins

Aplgl encoding mouse AP1 y subunit (trunk domain, residues 1-595) was
subcloned into the pGEX—4T-3 vector (GE Healthcare). AP/S3 encoding
human AP1 o subunit (full-length) was subcloned into the pACYCDuet-1
vector (Millipore-Sigma, #71147). The plasmid encoding Hiss-SUMO-
tagged human AAGAB was developed in a previous study (Gulbranson
et al., 2019). The empty pGEX-4T-3 vector was used to express the GST
control protein. Recombinant proteins were expressed in BL21 (DE3) E. coli
as described previously (Gulbranson et al., 2019; Yu et al., 2019). When
ODgg of E. coli cultured in 2xYT media reached ~0.6, 1 mM IPTG was
added to induce protein expression. After three hours of incubation at 37°C,
cells were harvested and lysed. After centrifugation (3,600 g, 0.5 h, 4°C),
proteins were isolated using glutathione beads (Thermo Fisher Scientific,
#P116101) or nickel beads (Thermo Fisher Scientific, #P1-88222), resolved
by SDS-PAGE and stained with Coomassie Blue.

qPCR assay

An RNeasy Mini Kit (Qiagen, #74104) was used to purify total RNAs from
HeLa cells. After treatment with ezDNAse (Thermo Fisher Scientific,
#8091150), first-strand complementary DNA was synthesized using a
SuperScript IV kit (Thermo Fisher Scientific, #18091050). Gene expression
levels were measured by quantitative reverse transcription PCR on an
Applied Biosystems™ 7500 Fast Real-Time PCR System using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, #172-5272)
with gene-specific primer sets. The cycle threshold values of a gene
were normalized to those of GAPDH, a reference gene, and the Acycle
threshold values were calculated. The results were plotted as fold
changes relative to the WT sample. PCR primers for 7FRC were as
follows: 5-CTCGGCAAGTAGATGGCGATA-3" (forward) and 5'-
ACGATCACAGCAATAGTCCCA-3’ (reverse). PCR primers for GAPDH
were as follows: 5'-GACAGTCAGCCGCATCTTCT-3' (forward) and 5'-
GCGCCCAATACGACCAAATC-3’ (reverse).
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Fig. S1. Interactions of endogenous AAGAB and AP1.Endogenous AAGAB and AP1 y
subunit were immunoprecipitated from extracts of wild-type (WT) HeLa cells using protein G
agarose beads with anti-AAGAB or anti-AP1-y antibodies. The presence of AAGAB, AP1 y
subunit, and AP3 3 subunit in the immunoprecipitates was detected using anti-AAGAB, anti-
AP1-y, and anti-A P3-0 antibodies, respectively. Protein G agarose beads were added without

antibodies as a control.
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Fig. S2. Surface and total transferrin receptor (TfR) levels in WT and A4GAB knockout
(KO) cells. (A) Representative immunoblot showing surface TfR in WT and 44GAB KO HelLa
cells. Surface proteins were biotinylated using Sulfo-NHS-Biotin and isolated by NeutrAvidin
agarose. (B) Representative immunoblots showing total TfR and a-tubulin in WT and 44GAB KO
HelLa cells. (C) Flow cytometry measurements showing normalized surface and total levels of TfR
in WT and 44GAB KO HeLa cells. To measure total TfR, cells were disassociated by accutase,
fixed using 2% paraformaldehyde, permeabilized using 0.1% saponin, and stained with
monoclonal anti-TfR antibodies and APC-conjugated secondary antibodies. To measure surface
TfR, cells were processed and analyzed in a similar way except that saponin was omitted. APC
fluorescence of ~5,000 cells was measured on a CyAN ADP analyzer. Mean APC fluorescence of
a sample was normalized to that of surface staining in WT cells. Data are presented as mean + SD,
n = 3. *** p <(0.001. P values were calculated using one-way ANOVA. (D) The surface-to-total
ratio of TfR was calculated from data in C. A Student’s t-test was used to calculate statistical
significance using three independent datasets. ** p <0.01. (E) Relative mRNA levels of TFRC,

which encodes human TfR, were calculated by normalizing the threshold cycles of TFRC to those
of GAPDH, a gene whose expression remained unchanged in 44GAB KO HeLa cells. The fold
change was determined by comparing the normalized threshold cycles of A4GAB KO cells to those
of WT cells. A Student’s t-test was used to calculate statistical significance using three independent
datasets. ** p <0.01.
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Fig. S3. AP1 y and o subunits cannot be expressed in E. coli unless AAGAB is co-expressed.
GST-y-subunit (trunk domain) and untagged c subunit were co-expressed in E. coli at 37 °C with
or without Hise-SUMO-AAGAB. GST-y-subunit and associated proteins were isolated as

described in Figure 6, resolved on SDS-PAGE, and stained with coomassie blue.
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Table S1. Whole-cell proteomes of WT and A4GAB KO HeLa cells. To calculate relative
expression levels, values of 44GAB KO HeLa cells were divided by those of WT cells.

Click here to download Table S1

Table S2. Surface proteomic analysis of WT and AP1G1 KO HeLa cells. To calculate relative
surface levels in Tables S2-S4, values of a HeLLa KO cell line were divided by those of WT cells.
Data are presented as relative expression levels to WT. P values were calculated using Student’s
t-test by comparing relative surface levels of a protein with those of ACTR2, which remained

unchanged in all KO cell lines.

Click here to download Table S2

Table S3. Surface proteomic analysis of WT and AP2S1 KO HeLa cells.

Click here to download Table S3

Table S4. Surface proteomic analysis of WT and A4GAB KO HelLa cells.

Click here to download Table S4

Table S5. Ranking of genes based on CRISPR scores (essentiality) in HeLa cells. The reads
in the passage control were divided by those in the initial plasmid library to calculate fold
changes. Predicted essential genes are highlighted in bold with a CRISPR score cutoff of -0.25.
Genes encoding AAGAB, AP1 and AP2 are highlighted in boxes.

Click here to download Table S5

Journal of Cell Science ¢ Supplementary information


http://www.biologists.com/JCS_Movies/JCS258587/TableS1.xlsx
http://www.biologists.com/JCS_Movies/JCS258587/TableS2.xlsx
http://www.biologists.com/JCS_Movies/JCS258587/TableS3.xlsx
http://www.biologists.com/JCS_Movies/JCS258587/TableS4.xlsx
http://www.biologists.com/JCS_Movies/JCS258587/TableS5.xlsx

