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ARTICLE INFO ABSTRACT

Keywords: Clathrin-mediated endocytosis at the nerve terminal is dependent on assembly protein 180 (AP180) and adapter
AP180 protein complex 2 (AP2). Both membrane adapter proteins bind to each other and to clathrin, to drive assembly
Clathrin of the clathrin coat over nascent synaptic vesicles. Using knowledge of in vivo phosphorylation sites, AP180 was
AP2 . . . mutated to determine the effect on binding. N-terminally truncated AP180 exhibited phospho-mimetic (Ser/Thr
Synaptic Ves‘_de endocytosis to Glu)-dependent interaction with AP2, but not clathrin. C-terminally truncated and full length phospho-mutant
Phosphorylation

AP180 bound less AP2 than wild type. However, there was no difference in AP2 binding for the phospho-mimetic
or phospho-deficient (Ser/Thr to Ala) AP180 mutants. Thus, the phospho-mutant approach did not provide
clarity for the role of phosphorylation in AP180-AP2 binding. Clathrin exhibited a phospho-mimetic-dependent
interaction with full-length AP180. Furthermore, phospho-mimetic AP180 was deficient at assembling clathrin
cages. These latter discoveries support a model where AP180 phosphorylation inhibits clathrin binding and

assembly.

1. Introduction

Synaptic vesicle endocytosis (SVE) uses brain-specific homologs of
the ubiquitous clathrin-mediated endocytosis protein machinery to
form a clathrin coat around vesicles. The coat is tightly size-regulated
for the quantal release of neurotransmitter (Moshkanbaryans et al.,
2014; Poudel and Bai, 2014; Ye and Lafer, 1995). Assembly protein 180
(AP180) and adaptor protein complex 2 (AP2) drive formation of cla-
thrin-coated pits (Hao et al., 1999). Both adapter proteins sort mem-
brane proteins, required for exocytosis, into nascent synaptic vesicles
(Harel et al., 2008; Koo et al., 2011). Thus, AP180 and AP2 ensure both
synaptic vesicle release competency and quantal neurotransmitter re-
lease. Genetic deletion of AP180 in mice resulted in synaptic vesicle
defects, excitatory/inhibitory imbalance and seizures (Koo et al., 2015).

AP180 has readily measurable turnover of phosphate, as demon-
strated by multiple studies (Cousin et al., 2001; Keen and Black, 1986;
Tan et al., 2003) and is dephosphorylated by calcineurin in response to
KCl depolarisation of nerve terminals (Cousin and Robinson, 2001;
Cousin et al., 2001). However, the function of AP180 phosphorylation
is not clear. The prevailing model is that the main functions of AP180
are inhibited wuntil activity-dependent signalling promotes
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dephosphorylation, thereby removing inhibition (Cousin and Robinson,
2001). AP180 was found to be an in vitro substrate of casein kinase 2
and this phosphorylation inhibited AP2 binding and cooperative cla-
thrin assembly (Hao et al., 1999). The same study narrowed the loca-
tion of the in vitro phosphorylation to a large central region of the
clathrin and AP2 binding (CLAP) domain, which also contained a re-
gion of strongest AP2 binding (Fig. 1A), but the sites of phosphorylation
were not identified.

KCl depolarisation of synaptosomes combined with phosphopro-
teomics analysis revealed down-regulation of phosphorylation (de-
phosphorylation) at S600, S621 and S627, specific to the isoform 2 of
AP180 (Kohansal-Nodehi et al., 2016). The longer isoform 1 contains an
amino acid sequence not conserved in humans or mice. More recently,
§296, S300, S306 and S313 were also found to be down-regulated
following depolarisation in synaptosomes (Engholm-Keller et al., 2019).
The same study reported AP180 phosphorylation sites from cultured
hippocampal neurons that were up-regulated (S16 and S767) or down-
regulated (S305, T310, T312, S313, S600 [short] and S627 [short])
following depolarisation. Greater than thirty AP180 phosphorylation
sites exist in on-line repositories (Hornbeck et al., 2015), including O-
linked N-acetylglucosamine-6-phosphorylation (Graham et al., 2011).
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Fig. 1. AP2 binding to the C-terminal half of
AP180 is inhibited by phosphorylation site mu-
tation. (A) The in vivo phosphorylation sites of
AP180 from synaptosomes determined by LC-MS/MS
displayed on the AP180 domain structure, including
AP2 and clathrin binding motifs, low complexity and
disordered regions. The strong AP2 binding
(623-680) and in vitro phosphorylation regions
mom (305-744) identified previously (Hao et al., 1999)
are indicated. Below, are the AP180 sequences used

896 in this work. The amount of bound AP2 from a pull-

down from synaptosome lysate with GST-tagged C%2
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Some of the phosphorylation sites are interspersed with multiple short
binding motifs within the AP180 CLAP domain, which have been
identified as mediating interaction with AP2 (Brett et al., 2002; Mishra
et al., 2004; Praefcke et al., 2004) and clathrin (Morgan et al., 2000;
Moshkanbaryans et al., 2016; ter Haar et al., 2000; Zhuo et al., 2010),
but no sites are associated with phospho-dependent functions.

We screened for AP180 phosphorylation sites from synaptosomes
and investigated how mutation of different groups of phosphorylation
sites affected AP2 and clathrin binding using N- and C-terminally
truncated AP180, as well as the full length AP180. Binding of AP2 was
consistently, but not specifically, inhibited by phospho-mimetic muta-
tion. However, there was clear evidence for specific phospho-mimetic
inhibition of the full length AP180 interaction with clathrin.

2. Materials and methods
2.1. Antibodies
Anti-Clathrin [X22] was from Abcam (#ab2731). Anti-AP2a

(#610502, clone: 8/Adaptin a) and anti-adaptin 3 (#610382, clone:
74/Adaptin 3) were from BD Transduction Laboratories. Primary

600 600 627 627
AA EE AA EE

antibodies were used at 1:1000 and horseradish peroxidase-conjugated
secondary antibodies (DAKO) at 1:20,000.

2.2. Plasmids

The glutathione S-transferase (GST)-fusions used for Fig. 1B were
based on the pGEX-6P-1 vector containing the DNA for mouse AP180
isoform 2 (equal in length and 98% identical to rat isoform 2) and was
described previously (Chan et al., 2014). A codon optimised AP180
DNA sequence for improved bacterial expression (Chan et al., 2014)
was used to produce all other GST-fusions (Fig. 2A-F).

2.3. Identification of AP180 phosphorylation sites by mass spectrometry

AP180 was purified from rat brain synaptosomes and analysed for
phosphorylation by mass spectrometry, as described previously
(Graham et al., 2011). Experiments involving rats were approved by the
Children's Medical Research Institute/Children's Hospital Westmead
Animal Ethics Committee. Further details of the mass spectrometry
analysis are provided in Supplementary Material.
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2.4. Binding studies using GST-fusions of AP180

GST-AP180 was expressed in bacteria as described previously (Chan
et al., 2014). The preparation of rat brain synaptosomes, lysis, pull-
down experiments, SDS-PAGE and western blotting were performed as
described previously (Chan et al., 2014). Enhanced chemiluminescent
reagent (ThermoFisher Scientific) was detected by an ImageQuant LAS
4000 digital reader (GE Life Sciences). The statistical significance of the
SDS-PAGE and western blotting was determined by a one-way analysis
of variance with correction for multiple comparisons using the method
of Benjamini, Krieger and Yekutieli with a false discovery rate of 5%
using GraphPad Prism 8.

2.5. Clathrin assembly assay

The components for the clathrin assembly assay, including 0.5 uM of
each protein, were combined as described previously (Moshkanbaryans

0 300 600 900 1200 1500 1800

et al.,, 2016) and scattered light was detected using a fluorometer
(LS50B Fluorescence Spectrometer, PerkinElmer) by setting excitation
and emission wavelengths at 395 nm. Slit width was 2.5nm, cuvette
volume was 100 pl and intensity was recorded at 1 Hz. The data was
curve fitted using GraphPad Prism 8 to determine the initial assembly
rate, as described previously (Moshkanbaryans et al., 2016).

3. Results
3.1. The detection of AP180 phosphorylation sites from synaptosomes

AP180 was enriched by pull-down with GST-AP2a ear domain from
rat brain synaptosome lysate (Engholm-Keller et al., 2018; Tan et al.,
2003), purified by SDS-PAGE and digested with trypsin. Phosphopep-
tides were enriched and analysed by LC-MS/MS. Two of the detected
sites were novel, S868 and S877 (isoform 2 numbering, Fig. S1B-C).
These two sites were detected within a peptide that was also
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dimethylated at R854 (Fig. 1A, Fig. S1). Supplementary Table S1 con-
tains detailed information on the identification of ten sites (5248, S296,
$300, S313, S325, S594, S600, S621, S868 and S877). We previously
identified S306, S313, S621 and S627 phosphorylation sites, the O-
GlcNAc-phosphorylation site T310 and a putative site at T625 using an
identical purification method (Graham et al., 2011).

Our previous work indicates that the GST-AP2a ear domain does
not discriminate between phosphorylated and non-phosphorylated
AP180, although we cannot rule this out completely (Engholm-Keller
et al., 2018; Tan et al., 2003). For subsequent experiments, we ignored
AP180 phosphorylation sites detected by others that were either not
from synaptosomes, not known to us at the time or had a relatively low
number of independent detections (Hornbeck et al., 2015). Thus, we
limited our binding and functional analysis to the fourteen AP180
phosphorylation sites shown in Fig. 1A.

3.2. The central group of phospho-mimetic mutations in N-terminally
truncated AP180 inhibits AP2 and not clathrin binding

Strongest AP2 binding was previously localised to a region of AP180
(Hao et al., 1999) adjacent to the centrally located phosphorylation
sites we identified (Fig. 1A). S594, S600, S621 and S627 were mutated
to A (‘phospho-deficient’) or E (‘phospho-mimetic’) as pairs (AA/EE) or
as a group of four (AAAA/EEEE) in the C'% sequence. Western blot
detection of AP2a and AP1/2f was used to indicate binding of AP2 to
C% WT and phospho-mutants (Fig. 1B and C). Coomassie blue detection
of the clathrin heavy chain (CHC) indicated that clathrin binding to C%
and phospho-mutant C% was not significantly different (Fig. 1B-D).
The EE and EEEE phospho-mutants were effective in nearly abolishing
AP1/2 binding (Fig. 1E and F). The anti-AP1/2f was not specific en-
ough to indicate AP2 binding, since it detects both [} adaptins; however,
there was good agreement between the AP2 complex-specific anti-AP2a
(n = 2) and non-specific anti-AP1/2f3 (n = 3) results. Thus, phospho-
mimetic mutation of the central group of sites inhibited AP2, but not
clathrin binding to C¥a.

3.3. The N-terminal group of phospho-mimetic mutations inhibit AP2
binding in C-terminally truncated AP180

We showed previously that clathrin does not bind the first half of
AP180 (Chan et al., 2014), N%: in Fig. 1A. N% contains activity-de-
pendent phosphorylation sites, but there has been no previous in-
vestigation of AP2 binding to N%2. N2 also overlaps with a region of in
vitro phosphorylation that influenced AP2 binding (Hao et al., 1999)
(Fig. 1A). We determined whether the group of seven AP180 phos-
phorylation sites (5248, S296, S300, S306, T310, S313 and S325),
mutated in N% (Fig. 1A), could affect AP2 binding in pull-down ex-
periments with synaptosome lysate. Western blot detection of the
amount of AP2a extracted by GST-tagged N%2 WT was low compared to
the input, but significantly more than that extracted by GST alone
(Fig. 2A and B). A comparison of N2 WT to 7A and 7E revealed that
binding of AP2 to both the mutants was significantly less than the N%2
WT (Fig. 2A and B). Since there was no significant difference between
7A and 7E, the interpretation of how phosphorylation might affect AP2
binding is ambiguous.

3.4. Mutating all detected phosphorylation sites in full length AP180 affects
both AP2 and clathrin binding

Since we detected phosphorylation at multiple sites along the length
of AP180, we tested whether these sites could work in concert to change
the binding properties of AP180. All 14 of our curated set of synapto-
some in vivo phosphorylation sites were mutated to A (14A) or E (14E)
and used in a pull-down experiment. AP2a and CHC were detected by
Western blot (Fig. 2C). AP2 binding to both AP180 14A and 14E was
significantly different to WT (Fig. 2D). However, AP2 binding to 14A
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was not significantly different to 14E. Both the 14A and 14E mutant
caused significantly different binding of clathrin compared to the FL
WT AP180 (Fig. 2E). Clathrin binding to 14A was also significantly
different to 14E and more pronounced than the loss of AP2 binding,
demonstrating that mutation of AP180 phosphorylation sites affected
clathrin binding.

3.5. Multi-site AP180 phospho-mimetic mutation inhibits clathrin assembly

The phospho-mimetic AP180-clathrin interaction was tested func-
tionally using a clathrin assembly assay. Purified clathrin was mixed
with FL WT AP180, 14A or 14 E phospho-mutants, which had the GST-
tag removed (Fig. S2). Clathrin cage assembly was measured by light
scattering (Fig. 2F). Clathrin can weakly self-assemble. The amount of
light scattered by clathrin alone and AP180 alone was summed to form
the experimental baseline. The initial rate of assembly of clathrin cages
was calculated, since it was the main factor separating the curves. The
rates were 0.578 = 0.025ms” ', 0.388 * 0.031ms~! and
0.142 = 0.053ms ™! for FL. WT, 14A and 14E, respectively. There was
an approximately 30% lower initial rate for 14A, compared to WT.
However, the largest effect was the approximately 4-fold reduction in
the initial assembly rate for the 14E mutant compared to WT. The data
demonstrates that phospho-mimetic mutation severely inhibits the
ability of AP180 to assemble clathrin.

4. Discussion

Previously, AP2 binding was thought to occur at a single region of
AP180 mediated by unidentified in vitro phosphorylation sites
(Fig. 1A). These same in vitro sites affected AP180-AP2 cooperative
clathrin assembly, but not assembly by phosphorylated AP180 alone
(Hao et al., 1999). We mutated groups of AP180 phosphorylation sites
that occur in vivo, some of which have been shown to undergo activity-
dependent dephosphorylation. We demonstrate for the first time that
phospho-mimetic substitution of AP180 phosphorylation sites affects
clathrin binding and assembly, and that specific site substitutions affect
AP2 binding.

Combinations of E, but not A, mutations of S594, S600, S621 and
S627 in the C-terminal half of AP180 severely reduced AP2 binding.
However, both A and E mutations in the N-terminal half and FL. AP180
reduced AP2 binding. Loss of binding following S/T to A mutation is
open to interpretation. Mutation could have caused a change in AP180
structure that prevents binding and is either (i) independent of the
potential effect of phosphorylation or (ii) representative of the potential
effect of phosphorylation on a structurally vulnerable region. Although
AP180 C-terminal binding of AP2 was dependent on phospho-deficient
mutations, our results are ambiguous as to whether full length AP180-
AP2 binding might be phospho-regulated. One way to resolve this
ambiguity might be by performing in vitro binding studies using
phosphorylated AP180. However, there is currently no definitive evi-
dence for the identity of the protein kinases responsible for phosphor-
ylating AP180.

The 14E mutation in FL AP180 was very effective in preventing
clathrin binding. Since there was no hint of phospho-mimetic-regula-
tion of clathrin binding using the C-terminal half of AP180, we propose
that the entirety of the AP180 assembly domain (~285-896, Fig. 1A) is
utilised in its interaction with clathrin and failure to block most clathrin
binding sub-regions via multi-site phosphorylation would fail to
strongly inhibit clathrin binding. There are many clathrin binding
motifs within low complexity regions of AP180 interspersed with dis-
ordered regions that are potentially targeted by protein kinases
(Iakoucheva et al., 2004) (Fig. 1A). Given the phosphorylation site
knowledge stored within databases (Hornbeck et al., 2015) and the lack
of access to large regions of AP180 using trypsin (Moshkanbaryans
et al., 2014), it is likely that the sites we have focused on here are not
the full complement of phosphorylation sites regulating AP180 binding.
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The multi-phosphorylation site mutation strategy used here may be a
general approach for determining whether interactions by large regions
of low complexity are regulated by phosphorylation and could be ap-
plied to other SVE adapter proteins. In conclusion, this work supports a
model where the function of phospho-signalling directed at AP180 is to
regulate clathrin binding and assembly in SVE.
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