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Abstract Accumulating evidence indicates that the
synaptic activation of N-methyl-p-aspartate receptors
(NMDARSs) has a neuroprotective effect on neurons. Our
previous study demonstrated that APPL1 (adaptor protein
containing pleckstrin homology domain, phosphotyrosine-
binding domain, and leucine zipper motif) mediates the
synaptic activity-dependent activation of PI3K-Akt sig-
naling via coupling this pathway with NMDAR-PSD95
(postsynaptic density protein 95) complexes. However, the
molecular mechanism underlying this process is still
unknown. In the present study, we investigated the inter-
action of APPL1 with PSD95 using co-immunocyto-
chemical staining and western blotting. We found that the
PDZ2 domain of PSD95 is a binding partner of APPLI.
Furthermore, we identified serine 707 of APPLI1, a pre-
dicted phosphorylation site within the PDZ-binding motif
at the C-terminus, as critical for the binding of APPLI to
PSDO95, as well as for activation of the Akt signaling
pathway during synaptic activity. This suggests that serine
707 of APPL1 is a potential phosphorylation site and may
be involved in regulating the neuroprotective Akt signaling
pathway that depends on synaptic NMDAR activity.
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Introduction

APPL1 (adaptor protein containing pleckstrin homology
domain, phosphotyrosine-binding domain, and leucine
zipper motif) is a 709-amino-acid membrane-associated
protein that is widely and highly expressed in the heart,
ovary, pancreas, skeletal muscle, and brain [1].

APPL1 was initially identified as an Akt2-binding pro-
tein in a yeast-two hybrid screen [2], and now it is
emerging as a critical regulator of various cellular pro-
cesses in non-neuronal cells. APPL1 has been reported to
bind to several membrane receptors and signaling mole-
cules, including the epidermal growth factor receptor [3],
the neurotrophin receptor TrkA [4], tumor suppressor gene
DCC (deleted in colorectal cancer), serine/threonine kinase
Akt [2], and the adiponectin receptors AdipoR1 and Adi-
poR2 [5]. Through its multiple interactions, APPL1 plays a
key role in the regulation of apoptosis [6], cell proliferation
and survival [7], vesicular trafficking [8], and chromatin
remodeling [3]. In addition, it is indispensable for the
signaling and insulin-sensitizing effects of adiponectin
[1,5,9].

APPL1 is also highly expressed in the central nervous
system (CNS) [2], where it is localized on the dendritic
spines and synapses of hippocampal neurons [10].
Although APPL1 function in non-neuronal cells has been
intensively investigated, so far, there are few reports on its
function in the CNS. It has been shown to regulate spine
and synapse development in hippocampal neurons. Over-
expression of exogenous APPLI increases the spine and
synaptic density and the amount of surface GluAl-
containing o-amino-3-hydroxy-5-methyl-4-isoxazole pro-
pionic acid receptors (AMPARs), while knockdown of
endogenous APPL1 leads to a significant decrease in the
number of spines and synapses. Akt is critical for these
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processes, since a decrease in endogenous Akt or expres-
sion of dominant-negative Akt significantly impairs spine
and synapse formation. APPL1 promotes spine formation
and synaptic activity by increasing the activity of Akt and
the surface level of AMPARs [10].

Inaprevious study, we also reported a key role of APPL1 in
the CNS [11]. We found that APPL1 is partially co-localized
with PSD95 and N-methyl-p-aspartate receptors (NMDARSs)
in cultured neurons, and couples synaptic NMDARs with the
PI3K/Akt pathway through its direct interaction with PSD95.
In this process, a key step is the recruitment of APPLI to the
NMDAR-PSD95 complex in a synaptic NMDAR activation-
dependent manner. However, the molecular mechanism
underlying this recruitment is still unknown.

In this study, we mapped the PDZ2 domain of PSD95 as
a binding domain with APPL1, and identified APPL1 ser-
ine 707, a putative phosphorylation site at its PDZ-binding
motif, as a critical site for the synaptic NMDAR-mediated
Akt neuroprotective signaling pathway.

Materials and Methods
Animals

All animal experiments were approved by Zhejiang
University School of Medicine Ethics Committee and
performed in accordance with the guidelines of the Zhe-
jiang University Animal Experimentation Committee and
were in complete compliance with the National Institutes
of Health Guide for the Care and Use of Laboratory Ani-
mals. C57BL/6 mice and Sprague-Dawley rats were used
throughout the study. Every effort was made to minimize
the number and suffering of the animals.

Plasmids, Drugs, and Antibodies

Cyan fluorescent protein (CFP)-tagged APPL1 (CFP-
APPL1), C-terminal 4-amino-acid-truncated APPL1 (CFP-
APPL154), and mCherry-tagged PSD95 (mCherry-PSD95)
have been described in a previous study [11]. CFP- or green
fluorescent protein (GFP)-tagged APPL1 with serine 707
replaced by alanine (CFP-APPLlg;0;4 and GFP-
APPL1g7974), mCherry-tagged PDZ1- or both PDZ1- and
2-deleted PSD95 (mCherry-PSD95Appz; or mCherry-
PSD95 Appz1/2) Were constructed by conventional molecular
cloning. All constructs were verified by DNA sequencing.

Bicuculline and 4-aminopyridine (4-AP) were from
Sigma-Aldrich (St Louis, MO).

The polyclonal antibody against APPL1 (H-96, 1:1000)
was from Santa Cruz (San Jose, CA), that against mCherry
(5993-100, 1:1000) was from Bio Vision (San Jose, CA),
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that against PSD95 (ab18258, 1:1000) was from Abcam
(Cambridge, UK), and that against phospho-Akt (9271,
1:100) was from Cell Signaling Technology (Boston, MA).
The anti-GFP rabbit antibody was home-made.

Primary Neuron Culture

The primary neuron culture method was as described pre-
viously [11-14]. Briefly, hippocampal and cortical tissues
were removed from rat pups on embryonic day 17 under a
dissecting microscope in ice-cold Hanks’ balanced salt
solution (Gibco, Grand Island, NY). The tissue was
digested in 0.25% trypsin (Invitrogen, Carlsbad, CA) at
37°C in an incubator for ~ 16 min. Digestion was stopped
by adding Neurobasal medium containing 5% fetal bovine
serum (Gibco), and the tissue was dissected by further
gentle aspiration through a pipette. After centrifugation for
3 min at 1,100 rpm, cells were re-suspended and plated
onto poly-D-lysine-coated dishes and coverslips at 6-10 x
10* cells/cm? in Neurobasal medium (Invitrogen) supple-
mented with 2% B27 (Invitrogen), penicillin/streptomycin
(Invitrogen), and glutamine (Gibco) and kept at 37°C in a
5% CO, humidified incubator. Half of the culture medium
was replaced with fresh medium at 4 days in vitro (DIV4)
and then at 3-day intervals. At DIVS, cytosine arabinofu-
ranoside (Invitrogen) was added to a final concentration of
2.5 umol/L to stop glial growth.

Co-immunoprecipitation (Co-IP)

The protocol for co-IP was as previously described
[11, 15]. The cortex was dissociated from adult C57BL/6
mice, homogenized quickly on ice, and lysed in buffer
containing 50 mmol/L Tris (pH 7.4), 150 mmol/L. NaCl,
1% NP-40, 0.25% sodium deoxycholate, I mmol/L. PMSF,
and 1 pg/mL aprotinin. After centrifugation at 37,000 g at
4°C for 15 min, IP antibody was added to the supernatant
and incubated overnight at 4°C. Protein A-Sepharose (GE
Healthcare, Piscataway, NJ) was added on the following
day. After incubation for 1 h at 4°C, the mixtures were
washed four times with lysis buffer, and the immunopre-
cipitates were eluted with 1.5 x SDS-PAGE loading buffer
by boiling at 100°C for 5 min.

The co-IP protocol for transfected HEK293T cells was
similar to that for cortex. After transfection with the indi-
cated plasmids for 24 h, HEK293T cells were lysed in
buffer containing 50 mmol/L Tris (pH 7.4), 150 mmol/L
NaCl, 1% NP-40, 0.25% sodium deoxycholate, 1 mmol/L
phenylmethylsulfonyl fluoride, and 1 pg/mL aprotinin.
After centrifugation at 14,000 g at 4°C for 15 min, anti-
bodies were added to the supernatant and incubated over-
night at 4°C.
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Cell Transfection

At DIV 6, cultured neurons were transfected with the
indicated plasmids using calcium phosphate transfection
(Clontech, Mountain View, CA). A precipitate containing
calcium phosphate and plasmid DNAs was formed by
slowly mixing HEPES-buffered saline with a solution
containing calcium chloride and plasmid. This mixture was
then added to the dishes, incubated for 1-3 h, and the
remaining precipitate was digested in 10% CO, saturated
Neurobasal medium for 7 min. Finally, the neurons were
cultured for another 3 days in the original culture medium.

For HEK293T cell transfection, we followed the Lipo-
fectamine™ 2000 manual (Invitrogen). Briefly, the indi-
cated plasmids and liposomes were mixed with OPTI-
MEM medium (Gibco), added to the dishes, and incubated
for 3 h. The transfection medium was replaced with Dul-
becco’s modified Eagle’s medium and the cells were
incubated at 37°C for another 24 h.

Image Acquisition by Structural Illumination
Microscopy (SIM) and Analysis

To analyze APPL1 and PSD95 co-localization in cultured
neurons, three-dimensional (3D)-SIM images of immunos-
tained neurons were acquired on the DeltaVision OMXV3
imaging system (Applied Precision, Issaquaah, WA) with a
100x 1.4 oil objective (Nikon, Tokyo, Japan), solid-state
multimode lasers (488 and 593 nm) and electron-multiplying
CCD (charge-coupled device) cameras (Evolve 512_512,
Photometrics, Tucson, AZ). Serial Z-stack sectioning was
done at 200-nm intervals. The microscope was routinely
calibrated with 100-nm fluorescent spheres to calculate both
the lateral and axial limits of image resolution. SIM image
stacks were reconstructed using softWoRx 5.0 (Applied
Precision) with the following settings: pixel size 39.5 nm,
channel-specific optical transfer functions, Wiener filter
0.001000, discard negative intensities background, drift
correction with respect to first angle, and custom KO guess
angles for camera positions. Pixel registration was corrected
to be <1 pixel for all channels using 100-nm Tetraspeck
beads (Thermo Fisher, Waltham, MA). Reconstructed ima-
ges were rendered in 3D using Imaris version 7.7.2 (Bitplane,
Zurich, Switzerland). For clarity of display, small linear
changes to brightness and contrast were performed on 3D
reconstructions throughout the entire image. NIS and Imaris
were used to analyze the cluster density and co-localization
of APPL1 and PSD95.

Immunocytochemistry

The protocol for neuron staining was as described previ-
ously [11, 12]. Briefly, cultured neurons were first fixed in

4% paraformaldehyde for 10 min, and then incubated with
the indicated primary antibodies for 1 h at room tempera-
ture. After washing 3 times with PBS, the neurons were
incubated with secondary antibodies for another 1 h. After
washing another 3 times with PBS, the stained neurons
were mounted. Images were acquired with a confocal
microscope (Fluoview FV1000; Olympus, Japan). Meta-
Morph 7.5 software (Universal Imaging, NY, NY) was
used to analyze the co-localization of clusters and phos-
phorylated Akt intensity.

Statistics

Data are presented as mean = SEM. Statistical significance
was determined using Student’s unpaired #-test when
comparing 2 groups and one-way ANOVA when compar-
ing >3 groups. P <0.05 was considered to indicate a sig-
nificant difference.

Results and Discussion

APPL1 is Associated with PSD95 in the Brain
and Cultured Hippocampal Neurons

In a previous study, we found that APPLI couples the
PI3K/Akt neuroprotective signaling pathway with synaptic
NMDARs, and PSD95 serves as a bridge between APPL1
and synaptic NMDARs [11]. Here, we further examined
the co-localization between APPL1 and PSD95 using 3D-
SIM in cultured hippocampal neurons (Fig. 1A). Our
results showed that the mean number of APPLI1 clusters
was ~ 1.3 per um dendrite, and that of PSD95 was ~ 1.4
per um (Fig. 1B). About 38% of APPL1 was co-localized
with PSD95, and ~22% of PSD95 was co-localized with
APPL1 in cultured hippocampal neurons. Next, we detec-
ted the interaction between APPL1 and PSD95 in mouse
brain tissue (Fig. 1D), and found that the antibody against
APPL1 immunoprecipitated endogenous APPL1 as well as
PSD95, indicating that APPL1 and PSD95 are associated in
the complex.

APPL1 Binds with the PDZ2 Domain of PSD95

We previously reported that APPL1 interacts with PSD95
through its C-terminal PDZ-binding motif ESEA using
fluorescence resonance energy transfer and co-immuno-
precipitation [11]. Since there are three PDZ domains in
PSD95, in order to further map the binding domain, we
constructed two plasmids, mCherry-PSD95ppz; and
mCherry-PSD95 appz1/2,  representing  mCherry-tagged
PDZ1-deleted or both PDZ1 and PDZ2-deleted PSD95
(Fig. 2A). Following co-transfection of CFP-APPL1 with
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Fig. 1 APPLI is physically associated with PSD95 in the brain and
cultured neurons. (A) Representative 3D-SIM images showing co-
localization of APPL1 with PSD95 in cultured hippocampal neurons.
Scale bar, 5 um. (B) Statistics for APPL1 and PSD95 cluster density
in dendrites. The mean density of APPL1 clusters was 1.3 & 0.12 per
pm (total 38 neurons, n = 3) and of PSD95 clusters was 1.4 + 0.14
per um (total 45 neurons, n = 3). (C) Statistics for APPL1 and
PSD95 co-localization. The percentage of APPL1 co-localized with

mCherry-PSD95 or its mutants into HEK293T cells, the
co-IP results showed that CFP-APPL1 associated with
mCherry-PSD95 and mCherry-PSD95 Appz;, but not
mCherry-PSD95 Appz1/» (Fig. 2B), indicating that APPL1
interacts with the PDZ2 domain of PSD95.

We also constructed the plasmid CFP-APPL 157974 With
the serine 707 replaced by alanine (Fig. 2C). Co-IP results
showed that the interaction of PSD95 and CFP-
APPL 147074 was significantly lower than with CFP-APPL1
(Fig. 2D, E), suggesting that serine 707 of APPLI is crit-
ical for its interaction with PSD95. In addition, we repeated
the co-IP and showed that there was no interaction between
APPL1,4 and PSD95 (Fig. 2D, E), consistent with our
previous results [11].

APPL1g7¢74 Interrupts the Increased Association
of APPL1 with PSD95 Induced by Synaptic Activity

In a previous study, we revealed that synaptic NMDAR
activation enhances the association of APPL1 with GluN1
[11]. However, the change of interaction between APPL1
and PSD95 remained to be determined. We treated cultured
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PSD95 was 38 £ 3.61% (total 40 neurons, n = 3), and the that of
PSD95 co-localized with APPL1 was 18 £ 1.8% (total 40 neurons,
n = 3). (D) APPL1 and PSD95 coexist in the same protein complex
in brain tissue. Preparations from adult mouse hippocampus were
immunoprecipitated (IP) and blotted with antibodies against PSD95
or APPLI. Three independent co-IP tests were performed for each

group.

neurons with bicuculline (50 pmol/L) and 4-AP (250 pmol/
L) for 30 min to activate synaptic NMDARs. Co-IP results
showed that synaptic activity significantly increased the
association of APPL1 with PSD95 (Fig. 3A, B), further
confirming that PSD95 is an important mediator of the
recruitment of APPL1 to NMDAR complexes. We further
investigated whether synaptic activity increases the APPL1
and PSDO95 interaction using immunostaining in hip-
pocampal neurons transfected with CFP-APPL1 or CFP-
APPL1g7074. The results showed that synaptic activity
significantly increased the co-localization of PSD95 and
APPLI1 in the neurons transfected with CFP-APPL1 (con-
trol: 39.40 & 1.13%, Bic 4 4-AP: 45.11% =+ 1.49, P <0.01,
60 neurons each group, 3 independent cultures; Fig. 3D),
while co-localization of PSD95 and CFP-APPL1g7974
decreased under basal conditions and during synaptic
activity (control: CFP-APPL1: 39.40 + 1.13%, CFP-
APPL1g797a: 30.50 & 0.76%, P <0.0001, 60 neurons each
group, 3 independent cultures; Bic 4 4-AP: CFP-APPL1:
4511 £ 1.49%, CFP-APPLlg7074: 31.28 £ 0.89%,
P <0.0001, 60 neurons each group, 3 independent cultures;
Fig. 3D). However, no significant difference was detected
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Fig. 2 Mapping of interaction between APPL1 and PSD95.
(A) Schematic of the PSD95 construct and its mutants. (B) APPL1
interacts with the PDZ2 domain of PSD95 in HEK293T cells co-
transfected with GFP-APPL1 and mCherry-PSD95, mCherry-
PSD95 Appz1, or mCherry-PSD95 Appz1/. Three independent co-IP
tests were performed. (C) Schematic of the APPL1 construct with

in the co-localization of APPL1 and PSD95 in neurons
transfected with CFP-APPL 147974 between the untreated
control and synaptic activity groups (control: 30.50 % 0.76,
Bic + 4-AP: 31.28 + 0.89%, P >0.05, 60 neurons each
group, 3 independent cultures; Fig. 3D). Taken together,
the APPL1g7074 mutant lost its ability for increased asso-
ciation with PSD95 in response to synaptic activity, sug-
gesting that the APPL1 S707 site plays a crucial role in this
process.

APPL1gy¢74 Disrupts Synaptic Activity-Mediated
Activation of Akt

We have reported that APPL1 couples synaptic NMDARs
with the PI3K/Akt neuroprotective pathway [11]. Here, we
further determined whether the APPLIlg;07, mutation
affected this process. The results showed that Akt phos-
phorylated at S473 was dramatically increased in cultured
hippocampal neurons transfected with GFP-APPL1 when
incubated with bicuculline and 4-AP ((in pixel intensity
units) control: 1069 + 67.52, n = 45 neurons; Bic +
4-AP: 1360 £ 99.07, n = 46 neurons, P <0.05; Fig. 4);
while phosphorylated Akt in the neurons transfected with
GFP-APPL1g7974 Was significantly decreased under basal
conditions and during synaptic activity (control: GFP-
APPL1g7974: 670.3 &= 55.11, n = 50 neurons; Bic + 4-AP:
GFP-APPL1g7974: 699.2 4+ 56.26, n = 46 neurons,

WT S707A A4

serine 707 replaced by alanine. PH, pleckstrin homology domain;
PTB, phosphotyrosine-binding domain. (D) APPLlg7074 had a
significantly decreased interaction with PSD95 in HEK293T cells
co-transfected with mCherry-PSD95 and CFP-APPL1 or CFP-
APPLI1g7974 or CFP-APPL1 4. (E) Statistics for (D), **P <0.01,
N.S.: no significant difference, n = 4, one-way ANOVA.

P < 0.0001; Fig. 4). Notably, synaptic activity failed to
increase the phosphorylation level of Akt at S473 in neu-
rons transfected with GFP-APPL1g;074 (Fig. 4). These
results showed that serine 707 in APPL1 is not only critical
for its binding to PSD95 but also for synaptic activity-
mediated Akt activation.

Taken together, we have identified PDZ2 as the PSD95
domain to which APPL1 binds and APPL1 serine 707, a
putative phosphorylation site at its PDZ binding motif, as a
critical site for the synaptic NMDAR-mediated Akt neu-
roprotective signaling pathway.

In this study, we have revealed that the APPL1g7g7a
mutation disrupts synaptic NMDAR activity-mediated Akt
phosphorylation in cultured neurons. Phosphorylation
changes the structural conformation of a protein, modifying
its function in many ways, including protein-protein
interaction and catalytic activity. It has been suggested that
APPL1g7¢7 is a potential regulatory site via phosphoryla-
tion. However, since so far there is no data showing that
APPL 14,7 is phosphorylated in vivo, the possibility cannot
be excluded that the S707A mutation itself may change the
C-terminal structure of APPL1 and affect the interaction
between APPL1 and PSD95. Therefore, it will be of
interest to investigate whether APPL1g7(; is phosphory-
lated and regulated during neuronal activity in vivo.

NMDARs regulate neuronal development, survival,
and physiology; however, aberrant NMDAR activity

@ Springer
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Fig. 3 APPL1 serine 707 is critical for synaptic activity-mediated
recruitment of APPL1 to PSD95 in cultured neurons. (A) Represen-
tative western blot showing that synaptic NMDAR activation
significantly increases APPL1 interaction with PSD95 in cultured
neurons. (B) Statistics for (A), *P <0.05, n = 3 independent blots, #-
test. (C) CFP-APPL1, but not CFP-APPL1g7974, had significantly

contributes to neuronal dysfunction and disease, from
neurodegenerative to psychiatric disorders [16, 17]. We
previously reported that APPL1 couples synaptic NMDAR
activity with the Akt neuroprotective pathway through its
recruitment to PSD95. Here we have further revealed that
APPL1 binds to the PDZ2 domain of PDD95. Interestingly,
the PDZ2 domain of PSD95 interacts with a large number
of proteins, including NMDARSs, Sema 4f, APC, and nNOS
[18]. Accumulating evidence has demonstrated that
recruitment of the Ca®"-dependent enzyme nNOS via
PSD95 is a key contributor to neuronal dysfunction
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increased co-localization with PSD95 in response to synaptic activity
in cultured neurons. Scale bars, 20 pm. (D) Statistics for co-
localizaiton of APPL1 with PSD95. **P <0.01, ***P <0.001, N.S.:
no significant difference, 60 neurons each group, 3 independent
cultures, one-way ANOVA.

[19-24]. Our result showed that interaction of APPL1 with
PSD95 through the PDZ2 domain results in activation of
the neuroprotective Akt pathway. Therefore, it is possible
that these two proteins, nNOS and APPLI, compete for
association with PSD95 via the PDZ2 domain, and this
may provide a mechanism for switching between the
opposing signaling pathways activated by NMDARSs under
different conditions. Considering the pro-death effect on
neurons mediated by nNOS binding to PSD95, enhance-
ment of APPL1 binding to PSD95 as a competitor for the
nNOS interaction with PSD95 with a pro-survival effect
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Fig. 4 APPLlg;0;4 mutant disrupts synaptic activity-mediated
increase in Akt activity. (A) GFP-APPL1g7974 transfection decreased
the level of Akt phosphorylation at S473 in response to synaptic
activity in cultured neurons. Scale bars, 20 pum. (B) Statistics for

may provide a potential means of interfering with neu-
rodegenerative or ischemic brain diseases.

Clearly, it is important to determine whether or how
APPLI1 recruitment to PSD9S5 is regulated during neuronal
activity. Several phosphorylation sites in APPL1 have been
identified, including threonine 399 and serine 401, 459,
691, 693, and 696 by mass spectrometric analysis [25] in
non-neural tissues, but there are no reports on the regula-
tion of APPL1 phosphorylation in the CNS. We predicted
APPL1 serine 707 to be a putative phosphorylation site by
using the online bioinformatics tools GPS 2.0 and DIS-
PHOS. Our results reveal that the APPL1 serine 707 site is
critical for its binding to PSD95 and activation of Akt,
suggesting it is a potential phosphorylation site in vivo. It
will be intriguing to further explore whether APPLI1 is
phosphorylated in vivo and its regulation during synaptic
activity.
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