442 - The Journal of Neuroscience, January 14, 2015 - 35(2):442—456

Cellular/Molecular

The Palmitoyl Acyltransferase DHHC2 Regulates Recycling
Endosome Exocytosis and Synaptic Potentiation through
Palmitoylation of AKAP79/150

Kevin M. Woolfrey,' Jennifer L. Sanderson,' and Mark L. Del’Acqua'
Department of Pharmacology and 2Program in Neuroscience University of Colorado School of Medicine, Anschutz Medical Campus, Aurora, Colorado
80045

Phosphorylation and dephosphorylation of AMPA-type ionotropic glutamate receptors (AMPARs) by kinases and phosphatases and
interactions with scaffold proteins play essential roles in regulating channel biophysical properties and trafficking events that control
synaptic strength during NMDA receptor-dependent synaptic plasticity, such as LTP and LTD. We previously demonstrated that palmi-
toylation of the AMPAR-linked scaffold protein A-kinase anchoring protein (AKAP) 79/150 is required for its targeting to recycling
endosomes in dendrites, where it regulates exocytosis from these compartments that is required for LTP-stimulated enlargement of
postsynaptic dendritic spines, delivery of AMPARS to the plasma membrane, and maintenance of synaptic potentiation. Here, we report
that the recycling endosome-resident palmitoyl acyltransferase DHHC2 interacts with and palmitoylates AKAP79/150 to regulate these
plasticity signaling mechanisms. In particular, RNAi-mediated knockdown of DHHC2 expression in rat hippocampal neurons disrupted
stimulation of exocytosis from recycling endosomes, enlargement of dendritic spines, AKAP recruitment to spines, and potentiation of
AMPAR-mediated synaptic currents that occur during LTP. Importantly, expression of a palmitoylation-independent lipidated AKAP
mutant in DHHC2-deficient neurons largely restored normal plasticity regulation. Thus, we conclude that DHHC2-AKAP79/150 signaling
is an essential regulator of dendritic recycling endosome exocytosis that controls both structural and functional plasticity at excitatory

synapses.
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Introduction

Hebbian tuning of synaptic efficacy is essential for information
storage in neural networks. Such modulation of excitatory syn-
aptic strength is frequently achieved through regulated traffick-
ing and postsynaptic positioning of AMPARs (Anggono and
Huganir, 2012). Indeed, AMPAR synaptic recruitment (in LTP)
and loss (in LTD) are thought to underlie higher level brain func-
tions including learning and memory (Malenka and Bear, 2004).
Crucial to these plasticity phenomena is AMPAR phosphoryla-
tion regulation by kinases and phosphatases, which control both
AMPAR channel activity and trafficking (Kessels and Malinow,
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2009). In turn, kinases and phosphatases are targeted to AMPARs
and other substrates in postsynaptic nanodomains by a highly
organized scaffolding protein network (Sheng and Hoogenraad,
2007). AKAP79/150 (human79/rodent150) is a prototypic mul-
tivalent scaffold that anchors the cAMP-dependent protein
kinase (PKA), PKC, and the Ca*"-dependent protein phospha-
tase-2B/calcineurin (CaN) to control receptor phosphorylation
and trafficking in complexes with PSD-95 family scaffold pro-
teins (Colledge et al., 2000; Tavalin et al., 2002; Lu et al., 2007;
Bhattacharyya et al., 2009; Robertson et al., 2009; Jurado et al.,
2010; Sanderson and Dell’Acqua, 2011; Sanderson et al., 2012).
Nanodomains important for AMPAR trafficking include not
only the PSD, but also perisynaptic and dendritic recycling endo-
somes (REs), which are key repositories for AMPARs that can be
rapidly exocytosed near synapses to support potentiation (Ken-
nedy and Ehlers, 2011). We recently described AKAP79/150 lo-
calization in REs, where it regulates exocytosis and facilitates
LTP/LTD signaling (Keith et al., 2012). However, the upstream
mechanisms regulating AKAP79/150 localization and signaling
in REs remain largely unexplored.

Cotranslational and post-translational modification by lipi-
dation is a powerful means of controlling protein interactions
with plasma and endomembranes. S-palmitoylation, the attach-
ment of a C-16 fatty acid to cysteine (Cys) residues via thioester
linkage, is unique among the major types of lipidation in that it is
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reversible. Increasingly, palmitoylation is recognized as a critical
modification controlling targeting of ion channels, receptors, en-
zymes, and scaffolds (Linder and Deschenes, 2007; Fukata and
Fukata, 2010). Importantly, AKAP79/150 localization to REs, but
not the plasma membrane, requires its palmitoylation on two Cys
residues within its N-terminal membrane-targeting domain
(Keith et al., 2012).

Two classes of enzymes are responsible for palmitoylation reg-
ulation: DHHC-motif palmitoyl acyltransferases (PATs) catalyz-
ing palmitate addition (Linder and Jennings, 2013) and protein
acylthioesterases catalyzing palmitate removal (Zeidman et al.,
2009). Due to the promiscuous nature of PATs and the apparent
lack of consensus substrate recognition sequences, identifying
specific PAT/substrate pairs has been challenging. In the last few
years, important roles for palmitoylation in controlling the traf-
ficking of prominent synaptic scaffold proteins were revealed,
and functionally relevant cognate DHHC-family PATs were re-
cently identified for PSD-95 (Noritake et al., 2009), GRIP1b
(Thomas et al., 2012), and &-catenin (Brigidi et al., 2014).

Here we identify DHHC2 as a regulator of AKAP79/150 pal-
mitoylation and signaling that is crucial for postsynaptic regula-
tion of RE function. Specifically, we show that DHHC2 interacts
and colocalizes with AKAP79/150 in REs and is critical for regu-
lation of AKAP79/150 postsynaptic recruitment, dendritic spine
enlargement, recycling endosome exocytosis, and AMPAR syn-
aptic potentiation.

Materials and Methods

Animal care and use. Animal procedures were performed in compliance
with NIH United States Public Health Service guidelines and were ap-
proved by the University of Colorado Denver Institutional Animal Care
and Use Committee.

Cell culture. COS7 cells were seeded on 18 mm or 25 mm coverslips in
DMEM +10% FBS media and grown until >80% confluence before
transfection with plasmid cDNA via calcium phosphate. Primary disso-
ciated neuron cultures were prepared from both male and female PO-P1
Sprague Dawley rats as previously described (Robertson et al., 2009).
Neurons were plated on poly-p-lysine-coated, 12 mm, 18 mm, or 25 mm
round no. 1 glass coverslips at a density of 100,000 or 450,000 cells per
coverslip. Plasmid DNA was introduced into neurons using Lipo-
fectamine 2000 (Life Technologies) at 10—12 DIV. Cells were fixed, im-
aged, or recorded from on 12-14 DIV (see below for more details).
Plasmids for expressing micro-interfering RNA to DHHC2 (miD-
HHC2), HA-DHHC2WT, and HA-DHHC2CS were generously pro-
vided by Masaki Fukata (National Institute for Physiological Sciences,
Japan). Plasmids encoding myc-tagged DHHC2, DHHC3, DHHC 5,
DHHC 8, and DHHC 15 were kindly supplied by Shernaz Bamji (Uni-
versity of British Columbia). Superecliptic pHluorin-tagged transferrin
receptor was a gift from Michael Ehlers (Duke University, Durham, NC/
Pfizer). HA-tagged DHHC5 and DHHCS8 plasmids were generously pro-
vided by Gareth Thomas (Temple University, Philadelphia, PA).

Immunoprecipitation. HEK293 or COS7 cells were transfected by cal-
cium phosphate precipitation. At 48 h post transfection cells were lysed
in ice-cold lysis buffer (20 mm Tris, pH7.4, 150 mm NaCl, 1% Triton
X-100, 1% NP-40, 5 mm EDTA, 5 mm NaF, 2 mg/ml leupeptin, 2 mg/ml
pepstatin, and 1 mm 4-(2-aminoethyl)benzenesulfonyl fluoride), soni-
cated (eight 2 s bursts), and centrifuged at 20,800 X g and then superna-
tants were transferred to fresh Microfuge tubes. Five percent of lysates
were set aside for input loading. Lysates were split in half and tumbled
overnight at 4°C with 4 pg of rabbit polyclonal antibodies (Ab) to GFP
(Life Technologies) or nonimmune rabbit IgG (negative control). Ly-
sates + Ab were then tumbled with 60 ul of Protein A agarose beads at
4°C for 1-2 h. Beads were subsequently pelleted and washed X3 in lysis
buffer. Samples were resolved on Tris-SDS gels and transferred to PVDF
membrane, blocked in 3% BSA TBS + 0.1% Tween, and probed with the
following mouse monoclonal Abs overnight at 4°C—c-Myc (1:1000;
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Santa Cruz Biotechnology), HA (1:1000; Covance), and GFP (1:500; Ab-
cam)—and visualized by ECL (Fisher-Pierce) using a Fluorochem gel
documentation system (Alpha Innotech).

Immunocytochemistry. COS7 cells and neurons were processed for im-
munostaining as previously described (Robertson et al., 2009; Keith et al.,
2012). Briefly, cells were washed in PBS, fixed with 3.6% paraformalde-
hyde in PBS, and permeabilized with PBS + 0.2% Triton X-100. Follow-
ing overnight block in PBS + 3% BSA, cells were incubated with primary
Abs anti-HA (1:1000; Covance), anti-myc (1:1000; Santa Cruz Biotech-
nology), and anti-PSD-95 (1:500; NeuroMab) for 2 h, washed three
times, and incubated with secondary Ab (Alexa 647; 1:500; Life Technol-
ogies) for 1 h. After three PBS washes, cells were mounted with Prolong
Gold antifade (Life Technologies).

Fluorescence imaging. Fixed cells were imaged using an Axiovert 200M
microscope (Zeiss) with a 63X objective (1.4 NA; Plan Apo) and a Cool-
SNAP2 (Photometrics) CCD camera. Acquisition and off-line processing
were conducted using SlideBook 5.5 (Intelligent Imaging Innovations). Fo-
cal plane z-stacks (spaced 0.5 wm apart) were acquired and deconvolved
to discard out-of-focus light. Z-stacks of neurons were collapsed using
maximum-intensity projections. Images of live neurons (Fig. 4) were
acquired using the same microscope in ACSF [containing the following
(in mm): 130 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 11 glucose]
at 33°C. Baseline images were acquired before and 25 min following a 10
min chemical LTP (cLTP) treatment (ACSF + 0 um Mg>™ + 200 pm
glycine and 50 uMm picrotoxin), delivered by peristaltic pump (Harvard
Apparatus).

Live-cell spinning-disk confocal imaging of superecliptic pHluorin
(SEP)-T1R exocytosis (Figs. 5, 7) was performed as previously described
(Keith et al., 2012). Neurons were transfected from 12 to 14 DIV with
SEP-TfR and mCherry (mCh) or miDHHC2 or miDHHC2 + CFP-
DHHC?2 rescue constructs using Lipofectamine 2000 as above. Images
were acquired on an Axio Observer microscope (Zeiss) with a 63X Plan
Apo/1.4 NA objective, using 440, 488, and 561 nm laser excitation and a
CSU-XI spinning-disk confocal scan head (Yokogawa) coupled to an
Evolve 512 EM-CCD camera (Photometrics) driven by SlideBook 5.5.
Before imaging, neurons were incubated in ACSF plus 1 mm MgCl, for 30
min and were maintained during imaging at 33—35°C in a perfusion
chamber (Warner Instruments). Baseline rates of SEP-TfR exocytic
events were determined by acquiring z-stacks of 10—14 optical sections
(1.0 wm spacing) every 7 s for 4 min. For cLTP stimulation of neurons,
the bath solution was exchanged by peristaltic pump (Harvard Appara-
tus) perfusion with ACSF without Mg?* + 200 uwm glycine and 50 um
picrotoxin during 4 min of additional imaging.

Image analysis. Protein colocalization, spine/shaft ratios, spine cross-
sectional area, and RE exocytosis were quantified essential as previously
described (Gomez et al., 2002; Horne and Dell’Acqua, 2007; Robertson et
al., 2009; Keith et al., 2012). For colocalization analysis, masks for each
channel/fluorophore were created using a threshold of 2-2.5X the mean
fluorescence intensity. A colocalization mask representing only pixels
with superthreshold intensities in both channels was then generated.
Ratios between the integrated intensity in the colocalization mask and
the total integrated intensity for each channel were then calculated, yield-
ing the proportion/percentage overlap values for each channel that are
graphed in the figures or reported in the Results text (Gomez et al., 2002;
Horne and Dell’Acqua, 2007). For spine/shaft ratio and spine area
changes in living neurons, spines and underlying dendritic shafts from
cells expressing mCh as a cell fill were masked. The same spines were
analyzed before and after treatment. Fold change in mean intensity in the
spine/shaft ratio was quantified along with changes in spine cross-
sectional area. Analysis of 4D spinning-disk movies was conducted using
SlideBook 5.5 by generating time-lapse series of 2D maximum-intensity
projection images from the 3D image z-stacks for each time point and
then the series were divided into 4 min pretreatment and post-treatment
sequences. Masks defining SEP-TfR membrane fusion events were then
created at 2.5X mean dendrite fluorescence intensity in the 488 nm
channel. The basal rate of exocytosis was calculated as the number of
events/min/100 um length of dendrite. The total number of events de-
tected 4—8 min following cLTP treatment was divided by the total num-
ber of events detected during the 0—4 min baseline period to calculate the
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fold increase in exocytosis in response to treatment. Time-composite
images of the 488 nm (SEP-TfR) channel were generated to visualize the
accumulated intensity from the transient events occurring over the entire
4 min periods. These time-composite images were in turn used to gen-
erate 3D intensity time-composite plots of the 488 nm (SEP-TfR) chan-
nel displayed in pseudocolor on a relative scale of low (blue) to high (red)
fluorescence intensity such that exocytic events appear as discrete vertical
peaks.

BMCC-biotin palmitoylation assay. COS7 cells were grown on 10 cm
cell-culture dishes and transfected with AKAP79WT, AKAP79CS, mCh,
mCh-DHHC2, and mCh-DHHC2CS plasmids via calcium phosphate
precipitation. At 48 h post transfection, AKAP79 palmitoylation state
was assessed by a BMCC biotinylation assay as described previously
(Keith etal., 2012). Briefly, cells were lysed in pH 7.4 lysis buffer + 50 mm
N-ethylmaleimide (NEM), permanently blocking sulthydryls. Samples
were split into input (5%), hydroxylamine (HAM)+ and HAM-—
groups. GFP-tagged AKAP79 was then immunoprecipitated with GFP
Ab overnight as described above, maintaining 50 mm NEM in the immu-
noprecipitation (IP) buffer. Following binding to Protein A agarose
beads, the AKAP79/bead complex was incubated with 0.5 M HAM in
buffer, pH 7.2, for 45 min at room temperature. Beads were then rinsed
with buffer, pH 6.2, and incubated with 10 um biotin-BMCC reagent
(Thermo Scientific) for 1 h at 4°C. Proteins were separated via SDS-
PAGE and palmitoylation was detected via HRP-conjugated streptavidin
labeling and ECL visualization. For quantification, palmitoylation signal
was normalized to total protein signal using a Fluorochem gel documen-
tation system (Alpha Innotech).

Electrophysiology. Whole-cell voltage-clamp recordings were con-
ducted at room temperature with an Axopatch 200B amplifier (Molecu-
lar Devices). Cells were identified by infrared-differential contrast
microscopy. Microelectrodes had resistances of 3—6 M{(). AMPAR
mEPSCs were recorded from 12 DIV hippocampal pyramidal neurons (2
d following transfection on 10 DIV) in ACSF [containing the following
(in mm): 130 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, and 11 glucose
(osmolarity ~300 mOsm)] at a holding potential of —70 mV using a
potassium gluconate internal solution containing the following (in mm):
135 K-gluconate, 5 KCI, 10 HEPES, 0.2 EGTA, 4.6 MgCl,, 4 Na,ATP, and
0.4 NaGTP, pH 7.3 (Forti etal., 2006). Access resistances were between 15
and 35 M(); if the access resistance changed >20%, the recording was
discarded. For cLTP, neurons were treated with 200 um glycine and 50
M picrotoxin in Mg > * -free ACSF for 10 min at 37°C and then recovered
in normal ACSF for 25 min at 37°C before recording. Data were analyzed
using the Mini Analysis Program (Synaptosoft). Statistical analyses were
performed using GraphPad Prism.

Results

Identification of DHHC2 as a regulator of

AKAP?79 palmitoylation

We know that palmitoylation of AKAP79/150 regulates
NMDAR-dependent excitatory synaptic potentiation (Keith et
al., 2012), but the enzyme(s) responsible for AKAP palmitoyl-
ation are not yet known. The mammalian PATs are composed of
a family of 23 evolutionarily related integral membrane proteins
(Fukata et al., 2004; Linder and Jennings, 2013). These enzymes
have short intracellular N termini; four trans-membrane do-
mains; a conserved DHHC enzymatic motif located in the sole
cytoplasmic loop between trans-membrane domains 2 and 3; and
diverse C-terminal tails that can regulate intracellular localiza-
tion and, in some cases, substrate binding. Rather than screen all
23 of these enzymes as potential regulators of AKAP79 palmitoyl-
ation, we screened AKAP79 for interactions with a subset of
DHHC proteins (DHHC2, DHHC3, DHHC5, DHHCS, and
DHHCI5) that are known to palmitoylate other postsynaptic
scaffold proteins and be localized to neuronal dendrites (Fukata
et al., 2004; Noritake et al.,, 2009; Fukata and Fukata, 2010;
Thomas etal., 2012, 2013; Brigidi et al., 2014). In coimmunopre-
cipitation (co-IP) experiments using HEK293 cells expressing
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exogenous myc-tagged DHHC constructs with AKAP79-GFP,
we found that myc-DHHC2 robustly precipitated with AKAP79-
GFP, while DHHC3, DHHC5, DHHCS, and DHHC15 displayed
much weaker precipitation (Fig. 1A). The results of this interac-
tion screen led us to focus on DHHC?2 as a potential regulator of
AKAP79 in subsequent experiments.

We further explored the interaction between DHHC2 and
AKAP?79 by first identifying the region of AKAP79 that interacts
with DHHC2. Importantly, an AKAP79 (1-153) N-terminal
fragment, which contains the polybasic membrane targeting do-
main and palmitoylated residues C36 and C129 (Dell’Acqua et
al., 1998; Keith et al., 2012), was sufficient for co-IP with myc-
DHHC2 (Fig. 1B). Previous studies demonstrated that the
palmitoylation-deficient AKAP79C36,129S mutant is excluded
from lipid rafts and REs but not nonraft domains in the plasma
membrane (Delint-Martinez et al., 2011; Keith et al., 2012). In-
terestingly, the C36,129S mutation prevented co-IP of DHHC2,
in the contexts of both full-length AKAP79 and the 1-153 frag-
ment, suggesting that the Cys substrate sites in the AKAP
N-terminal targeting domain are required for interaction with
DHHC2 (Fig. 1B). In contrast, a catalytically inactive DHHC2CS
mutant still precipitated with AKAP79, indicating that DHHC2
enzymatic activity is not necessary for this interaction (Fig. 1C).

We next examined whether DHHC2 could regulate palmi-
toylation of AKAP79 by coexpressing these proteins in COS7 cells
and detecting the level of palmitoylated AKAP79 using a permu-
tation of the acyl-biotin exchange method (Kang et al., 2008). In
this assay, AKAP79-GFP was first precipitated and then palmi-
toylated Cys residue was detected by biotin-switch labeling with a
BMCC-biotin reagent (Keith et al., 2012). DHHC2WT expres-
sion significantly increased AKAP79 palmitoylation (~51%) rel-
ative to levels observed in mCh-expressing control cells (Fig.
1D, E). In contrast, the catalytically inactive DHHC2CS mutant
did not increase AKAP79 palmitoylation above control levels.
Coexpression of DHHC2WT with AKAP79C36,129S revealed
significantly reduced BMCC-biotin labeling, thus serving as an
additional negative control that demonstrates the specificity of
this assay for detecting modification of C36 and C129 (Fig.
1D, E). Together, these experiments strongly support a role for
DHHC?2 in regulating AKAP79 palmitoylation at C36 and C129.

Imaging DHHC2 colocalization in endosomes with AKAP79

We next examined the subcellular localization of DHHC-family
proteins relative to AKAP79 in COS7 cells and neurons. Previous
work on DHHC localization conducted in cultured cell lines in-
dicates that DHHCs are regionally restricted in their subcellular
distribution (Ohno et al., 2006). More recently, it was reported
that DHHC2 is targeted to Rabll-positive REs as well as the
plasma membrane in PCI2 cells (Greaves et al., 2011) and
DHHC2, DHHCS, and DHHCS8 may all be present to various
degrees at both the plasma membrane and in endosomes in neu-
rons (Noritake et al., 2009; Thomas et al., 2012). Due to the
importance of REs for synaptic plasticity and our recent findings
that AKAP79/150 associates with REs and its trafficking to den-
dritic spines is regulated by Rab11(Keith et al., 2012), we sought
to determine which DHHC family members are most localized to
the RE compartment. COS7 cells are an ideal model system for
initial interrogation because AKAP79 localizes very prominently
to distinct, large, and easily resolved REs in these cells (Keith et
al., 2012). Thus, we examined the localization of myc-tagged
DHHC2, DHHC5, DHCCS8, and DHCC15 in COS7 cells relative
to both AKAP79-GFP and an established RE marker, the trans-
ferrin receptor tagged with mCh (TfR-mCh; Fig. 24; Park et al.,
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Figure 1.

AKAP79 preferentially interacts with and is palmitoylated by DHHC2. 4, Anti-GFP co-IP of the indicated myc-tagged DHHC-family proteins with AKAP79-GFP in HEK293 cells;

myc-DHHQ2 precipitates robustly with AKAP79-GFP. B, The N-terminal basic polybasic membrane targeting region of AKAP79 (1-153) i sufficient for co-IP with DHHC2 and the (36,1295 mutation
prevents this interaction. ¢, Both HA-DHHC2WT and catalytically inactive HA-DHHC2CS co-IP with AKAP79WT-GFP. D, AKAP79 palmitoylation isincreased by DHHC2WT but not DHHC2CS in COS7 cells
as revealed by the BMCC-biotin palmitoylation assay. E, Quantification reveals higher levels of palmitoylated AKAP79-GFP when mCh-tagged DHHC2WT but not catalytically inactive DHHC2CS is
coexpressed normalized to control conditions expressing AKAP79-GFP and mCH alone. AKAP79CS serves as negative control for assay specificityin Dand E (n = 5; data represented as mean == SEM;

*p < 0.05, one-way ANOVA, Dunnett’s post hoc test).

2006). Colocalization analysis revealed a high degree of overlap
between AKAP79 and DHHC2, which was significantly greater
than that observed for the other DHHCs examined (Fig. 2B; Pro-
portion overlap with AKAP79: DHHC2 0.49 = 0.04, DHHC5
0.31 = 0.05, DHHC8 0.26 = 0.07, DHHC15 0.27 = 0.03).
DHHC2 also colocalized extensively with TfR-positive puncta,
indicating enrichment in REs. Some DHHC/TfR-mCh overlap
was also observed in cells expressing other DHHC isoforms, but
this colocalization was significantly less than that seen in cells
expressing DHHC2 (Fig. 2C; Proportion overlap with TfR:
DHHC2 0.71 = 0.04, DHHC5 0.56 = 0.03, DHHC8 0.43 = 0.04,
DHHCI150.51 * 0.05). Of note, ~37% of DHHC?2 intensity was
found in puncta that were also both AKAP79 and TfR positive,

consistent with the presence of an AKAP79/DHHC2 complex in
REs (Fig. 2D; Proportion DHHC in AKAP79+REs: DHHC2
0.37 = 0.04, DHHC5 0.23 = 0.04, DHHC8 0.16 = 0.02,
DHHCI15 0.19 = 0.03).

Cellular distribution of DHHC family members is less well
characterized in neurons, so we conducted additional colocaliza-
tion experiments in dendrites of 14 DIV cultured hippocampal
neurons (Fig. 2E). As in COS7 cells, significantly more AKAP79-
GFP colocalized with HA-tagged DHHC2 in dendrites than with
myc-tagged DHHC5, DHHC8, and DHCC15 (Fig. 2F; Propor-
tion AKAP79 overlap with DHHCs: DHHC2WT 0.57 = 0.03,
DHHC2CS 0.55 £ 0.02, DHHC5 0.29 £ 0.06, DHHCS 0.20 *
0.06, DHHC15 0.33 * 0.07). DHHC2/TR colocalization in den-
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Figure3. Synaptic potentiation is altered by DHHC2 knockdown in hippocampal neurons. 4, Representative traces of mEPSCs recorded from 12 DIV cultured hippocampal neurons transfected as
indicated with mCh alone (Control) or miDHHC2 (Knockdown). B, C, Cumulative plots of mEPSCamplitude (2 pA bins) and interevent interval (ms; related to frequency) for recordings asin A. D, Mean
(==SEM) mEPSC amplitudes for mCh (control; n = 16) and miDHHC2-expressing neurons (n = 12) with and without cLTP treatment (10 minin 0 Mg 2+ 200 umglycine, and 50 m picrotoxin; 25
min recovery). miDHHC2 expression increases basal mean mEPSC amplitudes. cLTP treatment potentiates synapses in control cells (n = 18) but depresses synapses in miDHHC2-expressing cells
(n = 14). E, Mean (== SEM) mEPSC frequency (Hz) for mCh (control) and miDHHC2-expressing neurons with and without cLTP treatment. Control cells significantly increase and miDHHC2 cells
significantly decrease mEPSC frequency with cLTP treatment (*p << 0.05, **p << 0.01, one-way ANOVA, Tukey's post hoc test).

drites was even more striking than in COS7 cells and was much
higher than observed for the other DHHC enzymes, thus identi-
fying DHHC2 as the PAT most distinctly localized to dendritic
REs (Fig. 2G; Proportion overlap with TfR: DHHC2WT 0.57 =
0.08, DHHC2CS 0.51 *= 0.08, DHHC3 0.14 = 0.07, DHHC5
0.18 = 0.06, DHHCS 0.03 = 0.03, DHHC15 0.06 * 0.04). Inter-
estingly, the enzymatically dead HA-DHHC2CS mutant was
localized to TfR-positive structures to a similar degree as HA-
DHHC2WT, indicating that DHHC?2 subcellular targeting is in-
dependent of its catalytic activity. Together, these findings
demonstrate that DHHC?2 is enriched in dendritic REs and is
ideally positioned to interact with and regulate AKAP79/150 pal-
mitoylation in these compartments.

DHHC2 knockdown interferes with NMDA receptor-
dependent synaptic potentiation

Dendritic REs carry important plasticity-related cargo in the
form of AMPARs and other proteins (Ehlers, 2000; Park et al.,
2004, 2006; Brown et al., 2007; Fernandez-Monreal et al., 2012;
Keithetal.,2012). Indeed, REs and their cargo are recruited to the

vicinity of synapses during potentiation and provide an impor-
tant pool of AMPARs for synaptic strengthening (Kopec et al.,
2006; Brown et al., 2007; Makino and Malinow, 2009; Petrini et
al., 2009; Kennedy et al., 2010; Keith et al., 2012). Our previous
work demonstrated that the palmitoylation-deficient AKAP79CS
mutant increased basal AMPAR synaptic activity but then pre-
vented acute stimulation of RE exocytosis and AMPAR delivery
required to maintain synaptic potentiation (Keith et al., 2012).
We therefore reasoned that if DHHC2 is the principle PAT me-
diating AKAP79 palmitoylation in the RE compartment, then
loss of DHHC?2 should similarly alter synaptic function and plas-
ticity regulation. Accordingly, we recorded AMPAR mEPSCs
in 12 DIV cultured hippocampal neurons transfected with a
plasmid-encoded miRNA (miDHHC2; coexpresses mCh) that
was previously demonstrated to effectively suppress DHHC2 ex-
pression in neurons (Noritake et al., 2009; Fig. 3). Compared with
control neurons expressing mCh alone, AMPAR mEPSC ampli-
tudes were significantly elevated in miDHHC2-expressing neu-
rons 48 h post transfection, as visualized by both a rightward shift
in the cumulative distribution of amplitudes [Kolmogorov—
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Smirnov (K-S) test, p < 0.0001] and an increase in mean ampli-
tude (~35%; Fig. 3A, B,D). Interestingly, this increase in mEPSC
amplitudes with DHHC2 knockdown is very similar to previous
observations mentioned above for AKAP79C36,129S expression
(Keith et al., 2012). Also of note was the detection of a significant
rightward shift in the interevent interval distribution in
miDHHC2-expressing cells relative to controls, indicating a
DHHC2 knockdown-induced increase in the number of active
synapses (Fig. 3A,C; K-S test, p < 0.0001). Thus, these results
demonstrate that loss of DHHC2 expression, like loss of AKAP79
palmitoylation, triggers basal synaptic strengthening over a pe-
riod of ~48 h.

We next determined whether DHHC2 knockdown interferes
with acute induction of NMDA-dependent synaptic potentiation
by using a well established cLTP protocol where neurons are
treated with glycine in Mg®*-free media (Lu et al., 2001; Park et
al., 2004; Fortin et al., 2010; Kennedy et al., 2010; Keith et al.,
2012). In response to cLTP stimulation, control neurons, as ex-
pected, showed a significant increase in mean mEPSC amplitude
(~28%) and a rightward shift in the distribution of amplitudes
on cumulative plots (Fig. 3A, B,D; K-S test, p < 0.0001). In con-
trast, DHHC2-deficient neurons not only failed to undergo fur-
ther synaptic strengthening but exhibited a significant depression
of mean mEPSC amplitude (~29%) and a leftward shift in the
cumulative distribution of amplitudes relative to untreated
miDHHC2 neurons (Fig. 3A,B,D; K-S test, p < 0.0001). cLTP
stimulation is also known to increase mEPSC frequency due to
postsynaptic unsilencing (Lu et al., 2001; Fortin et al., 2010; Keith
etal,, 2012). Accordingly, a significant increase in AMPAR mean
mEPSC frequency (~96%) and a corresponding leftward shift in
the distribution of interevent intervals toward shorter times (K-S
test, p < 0.005) was observed following cLTP stimulation in con-
trol neurons (Fig. 3A,C,E). However, miDHHC2-expressing
cells exhibited reduced mEPSC frequency (~47%) and a right-
ward shift in interevent interval distribution toward longer times
in response to cLTP treatment (K-S test, p < 0.001), indicating
that functional silencing of synapses occurred in response to what
should have been a potentiating stimulus. Again, this reversal of
the plasticity response in favor of LTD over LTP in DHHC2
knockdown neurons echoes prior experiments on neurons ex-
pressing palmitoylation-deficient AKAP79CS, in which inappro-
priate depression of both mEPSC amplitude and frequency was
observed in response to cLTP (Keith et al., 2012). Collectively,
these experiments demonstrate that loss of DHHC2 has pro-
found effects on both basal excitatory synapse function and reg-
ulation of synaptic potentiation that closely mirror loss of
AKAP79 palmitoylation.

DHHC2 controls synaptic recruitment of AKAP79 and
dendritic spine enlargement following potentiation

Having established DHHC?2 as a critical regulator of AMPAR
synaptic function, we next investigated whether DHHC2 also
controls spine structural plasticity and AKAP79 recruitment to
spines, both of which occur during cLTP and require regulation
of RE trafficking and exocytosis (Kopec et al., 2006; Park et al.,
2006; Keith et al., 2012). To determine whether DHHC?2 is re-
quired for cLTP-induced AKAP79 trafficking to spines, we im-
aged live, AKAP79-GFP-expressing hippocampal neurons before
and then 25 min after 10 min of cLTP stimulation. Spine local-
ization of AKAP79-GFP was determined by measuring dendritic
spine/shaft fluorescence intensity ratios before and after cLTP for
the same neuron (Fig. 4 A, B). As expected, mCh-expressing con-
trol neurons exhibited an increase in AKAP79 spine localization
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following cLTP (1.19 = 0.06-fold increase). However, in cells
expressing miDHHC2, AKAP79 did not redistribute to spines
(0.93 = 0.05-fold change). Re-expression of DHHC2WT, using
an RNAi-resistant construct, restored AKAP79 redistribution
nearly to control levels (1.08 = 0.06-fold increase). These results
demonstrate a requirement for DHHC2 in AKAP79 recruitment
to spines following acute synaptic potentiation in hippocampal
neurons.

LTP is usually also associated with the enlargement of den-
dritic spines (Matsuzaki et al., 2001; Okamoto et al., 2004; Kopec
etal., 2006), and we previously found that the AKAP79CS mutant
prevented cLTP-induced spine enlargement in cultured neurons
(Keith etal., 2012). We therefore investigated whether DHHC2 is
also required for dendritic spine growth following cLTP treat-
ment. By analyzing the same neurons used above to assess
AKAP79 spine localization, we were able to track spine size before
and after cLTP treatment by imaging coexpressed mCh fluores-
cence filling the spine cytoplasm (Fig. 4 A, C). Control cells exhib-
ited a significant mean increase in spine size, measured as the
cross-sectional area of the spine head, following cLTP. In
contrast, miDHHC2-expressing cells failed to exhibit spine en-
largement, and this defect was rescued by expression of RNAi-
insensitive DHHC2WT (Fold increase in spine area: mCh 1.6 =
0.2, miDHHC2 1.02 = 0.04, miDHHC2 + DHHC2WT-res
1.50 * 0.09). Thus, DHHC2 knockdown prevents both AKAP79
trafficking to spines and dendritic spine enlargement in response
to cLTP implicating DHHC?2 in the regulation of spine structural
plasticity that accompanies acute synaptic potentiation.

Interestingly, in these experiments we found that DHHC2
knockdown also increased basal dendritic spine density by ~30%
(Fig. 4D; Spines/10 wm of dendrite mCh: 4.0 + 0.2, miDHHC2:
5.2 = 0.3, miDHHC2 + DHHC2WT-res: 4.2 = 0.3) but without
significantly affecting basal dendritic spine size [Spine area
(um?): mCh 0.42 * 0.03, miDHHC2 0.41 * 0.03, miDHHC2 +
res 0.35 * 0.05]. To independently assess whether DHHC2
knockdown increased the number of synapses, we examined lo-
calization of the postsynaptic marker PSD-95 in dendritic spines
(Fig. 4E), and after DHHC2 knockdown, found a significant in-
crease in PSD-95 cluster density (Fig. 4F; PSD-95 clusters/10 wm
of dendrite mCh: 3.1 * 0.4, miDHHC2: 4.6 * 0.3). These
DHHC2 knockdown-induced increases in both dendritic spine
and PSD-95 cluster numbers are consistent with the somewhat
increased basal mEPSC frequency found in electrophysiological
experiments (Fig. 3A,C; K-S test, p < 0.001) and confirm that
there was an increase in the total number of active synapses in
response to DHHC2 depletion. Since PSD-95 is an AKAP79/150
binding partner and a DHHC2 substrate and its synaptic cluster-
ing is regulated by palmitoylation (Colledge et al., 2000; El-
Husseini et al., 2002; Noritake et al., 2009; Robertson et al., 2009),
we also determined whether DHHC2 knockdown altered the
amount of PSD-95 within dendritic spine clusters. Previous stud-
ies knocking down DHHC2 expression for a prolonged period of
time (~10 d; Noritake et al., 2009; Fukata et al., 2013) observed
decreased postsynaptic clustering of PSD-95. Thus, somewhat
unexpectedly, following more acute knockdown of DHHC2 ex-
pression for only 48 h, we found no changes in either PSD-95
mean cluster size [Fig. 4F; PSD-95 cluster area (wm?): mCh
0.059 * 0.004, miDHHC2 0.070 = 0.005] or intensity [Fig. 4F;
PSD-95 cluster intensity (a.f.u.): mCh 2960 * 60, miDHHC2
3030 = 70]. Thus, interestingly, the increases in basal mEPSC
amplitude we measured after DHHC2 knockdown (Fig. 3A, B,D)
were not accompanied by any increases in the average size or
PSD-95 content of individual dendritic spines (Fig. 4D-F).
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DHHC2 knockdown prevents AKAP79 recruitment to dendritic spines and spine enlargement during synaptic potentiation. A, Live hippocampal neurons (14 DIV) expressing AKAP79-

GFP (green) and mCh (red; Control), miDHHC2 (red), or miDHHC2 (red) 4+ DHHC2WT-CFP (blue) were imaged before and 25 min after cLTP treatment (10 minin 0 Mg ™, 200 um glycine, and 50
Jum picrotoxin). White arrowheads identify spines showing enlargement and yellow arrowheads denote spines showing AKAP79 enrichment after cLTP (n = 10-17). B, Spine-to-shaft ratios of
AKAP79-GFP fluorescence were quantified before and after cLTP treatment showing that DHHC2 knockdown significantly reduces cLTP-induced AKAP79 spine enrichment, an effect rescued by
RNAi-insensitive CFP-DHHC2WT expression. €, cLTP treatment is accompanied by a significant increase in spine size in control cells, but not in DHHC2 knockdown neurons. Spine enlargement
following cLTP is restored in miDHHC2 knockdown cells by RNAi-insensitive CFP-DHHC2WT. D, Dendritic spine density is increased basally in cells expressing miDHH(2 relative to control and
knockdown-rescue cells (n = 7-16 cells per condition). E, Fixed 14 DIV hippocampal neurons expressing either mCh or miDHHC2 were stained for endogenous PSD-95. F, DHHC2 knockdown results
inanincrease in the linear density of PSD-95-immunoreactive puncta but no change in mean punctassize or intensity (n = 18 —21 cells per condition; all data are represented as mean = SEM; *p <

0.05, one-way ANOVA, Dunnett’s post hoc test). Scale bar, 5 pm.

DHHC2 regulates LTP stimulation of RE exocytosis

in dendrites

In the experiments detailed above, we found that DHHC?2 is re-
quired for rapid changes in postsynaptic structure, protein com-
position, and AMPAR function during cLTP. Neurons maintain
tight control over synaptic strength by regulating the exchange of
AMPARs between the synaptic and extrasynaptic plasma mem-
brane and intracellular pools through local endocytosis and RE

exocytosis, which occurs near synapses in spines or on the adja-
cent dendrite shaft. (Makino and Malinow, 2009; Petrini et al.,
2009; Kennedy etal., 2010; Opazo et al., 2010). Accordingly, as an
RE-resident PAT for AKAP79/150, we reasoned that loss of
DHHC2 function may also result in altered regulation of RE
exocytosis that is required for LTP (Park et al., 2004; Kennedy
and Ehlers, 2011), similar to previous observations with the
AKAP79C36,129S mutant (Keith et al., 2012). To test this hy-
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DHHC2 knockdown blocks LTP-induced RE exocytosis. 4, Images of 14 DIV neurons transfected with SEP-TfR (green) and mCh or miDHHC2 (red). B, Time-composite images of SEP-TfR

signal (green) before (0 — 4 min) and after (4 — 8 min) cLTP treatment. Expression of an RNAi-insensitive construct CFP-DHHC2WT was used to rescue DHHC2 knockdown (image not shown). €, 3D
time-composite plots showing integrated SEP-TfR intensity on the z-axis in pseudocolor (low, blue; red, high) before (0—4 min) and after (4 —8 min) cLTP treatment. D, Quantification of fold
increase in SEP-TfR exocytosis in response to cLTP treatment reveals an increase in exocytic events in control neurons but not in miDHHC2 knockdown neurons. This inhibitory effect of miDHHC2 on
cLTP-stimulated exocytosis is restored CFP-DHHC2WT expression (n = 7—-12 cells/condition; all data are presented as mean == SEM; *p << 0.05, one-way ANOVA, Dunnett’s post hoc test).

pothesis, we used a genetically encoded optical reporter of RE
exocytosis, the TfR conjugated to the pH-sensitive GFP variant
SEP-TfR (Park et al., 2006; Kennedy et al., 2010; Keith et al.,
2012). When this construct is present in REs, the SEP moiety
faces the acidic (pH ~5.5) lumen where its fluorescence is
quenched. Following exocytosis, SEP is exposed to the neutral
extracellular environment and a flash of green fluorescence is
observed. We observed neurons expressing the SEP-T{R reporter
and mCh or miDHHC?2 (Fig. 5A) for a period of 4 min using a
spinning-disk confocal microscope and then perfused cLTP
ACSF and continued to image for another 4 min. Time-
composite images showing the accumulated SEP-TfR intensity
over the corresponding pre- and post-cLTP imaging periods were
then generated (Fig. 5B). In addition, because static images are
not ideal for conveying transient, rapid exocytic events, we also
represented these data using 3D time-composite, cumulative
plots that show SEP-TfR exocytic events as fluorescence intensity

peaks on the z-axis (Fig. 5C). Quantification of the fold change in
exocytic events between pre- and post-cLTP treatment revealed a
significant increase in events in control neurons, as expected from
previous work (Park et al., 2006; Kennedy et al., 2010; Keith et al.,
2012). In contrast, cLTP stimulation did not increase RE exocytic
events in DHHC2-deficient neurons (Fig. 5D). Re-expression of
CFP-DHHC2WT (CFP channel not shown) rescued this inhibitory
effect of DHHC2 knockdown (mCh: 1.4 *+ 0.1, miDHHC2: 0.90 +
0.08, miDHHC2 + DHHC2WT-res: 1.37 = 0.09). Overall, these
experiments reveal that DHHC?2 is required for regulation of RE
exocytosis associated with LTP.

DHHC?2 controls RE exocytosis and synaptic potentiation
through AKAP79 palmitoylation

PATSs are somewhat promiscuous and modify numerous substrates,
and DHHC2 is a prime example, with at least eight described
neuronal substrates to date, three of which are synaptic including
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PSD-95 (Fukata and Fukata, 2010).
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PSD-95 synaptic clustering, it is still pos-

% % sible that the observed effects of DHHC2
C36 C129 knockdown could also be mediated at
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ation of other substrate proteins. To ad-
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T synaptic plasticity could be restored in
| | roseny | I MO | DHHC?2 knockdown neurons by engineer-
ing an N-terminal myristoylation sequence on
AKAP79 to render it constitutively lipidated
(Fig. 6A). Importantly, this strategy has been
used previously to produce constitutively
lipidated forms of other palmitoylated pro-
teins, such as GRIP1b, and circumvent their
regulation by depalmitoylation (Thomas and
Huganir, 2013). We first determined whether
myristoylation could substitute for palmitoyl-
ation in targeting AKAP79 to endosomes in
COS7 cells (Fig. 6B). As expected from previ-
ous work, AKAP79CS failed to associate with
REs, while AKAP79WT associated with
>30% of REs (Fig. 6C). Myristoylation of
AKAP79CS was able to recover approximately
half of AKAP79 RE localization, similar to pre-
viously seen for AKAP79 mutants lacking one
palmitoylation site (Keith et al., 2012). Myr-
AKAP79WT did not differ significantly
from AKAP79WT in its RE association,
despite the potential for three lipid modifi-
cations. However, we predicted that overex-
pression of myr-AKAP79WT might prove
effective in restoring functional losses re-
sulting from DHHC2 knockdown, due not
only to constitutive myristoylation but per-
haps also to being more resistant to depal-
mitoylation than WT due to stronger
membrane association.
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Figure6.  Myristoylation can substitute for palmitoylation in AKAP79 endosomal targeting. A, Structural schematics of AKAP79 .
lipidation mutants. The N-terminal MGQSLTTHA myristoylation consensus sequence confers cotranslational myristate addition to r.esp.onse to CL,TP’ but this effect was not
AKAP79. The locations of the Cys to Ser mutations at positions 36 and 129 that prevent AKAP79 palmitoylation are also indicated. significantly higher than DHHC2 knock-
B, Images of C0S7 cells coexpressing GFP-tagged AKAP79 lipidation mutants (green) and the RE marker TfR-mCh (magenta). Note: down alone. In contrast, AKAP79CS was
all AKAP79-GFP constructs, including AKAP79CS, display strong plasma membrane localization. €, D, Quantification of colocaliza- completely incapable of recovering cL'TP
tion of AKAP79 mutants and TfR-mCh reveals total loss of AKAP79CS but not myr-AKAP79CS from REs (n = 11-18 cells/condition; ~ stimulation of RE exocytosis in DHHC2
all data are presented as mean = SEM; *p << 0.05, one-way ANOVA, Tukey's post hoc test). knockdown cells (mCh: 1.6 £ 0.1, miD-

HHC2: 1.17 £ 0.09, miDHHC2+myr-
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Myristoylated AKAP79 restores LTP-stimulated RE exocytosis in DHHC2-deficient neurons. 4, Live images of 14 DIV hippocampal neurons expressing SEP-TfR (green) and mCh (control;

red), miDHHC2 (knockdown; red), or miDHHC2 (red) -+ myr-AKAP79WT (blue). 3D time-composite plots showing integrated SEP-TfR intensity on the z-axis in pseudocolor (low, blue; red, high)
depicting 0—4 min baseline (top) and 4—8 min post-cLTP (bottom) imaging periods. B, Quantification of the fold increase in RE exocytosis elicited by cLTP treatment showing that miDHHC2-
mediated knockdown blocks increased RE exocytosis while coexpression of myr-AKAP79WT recovers cLTP stimulation. €, Quantification of basal SEP-TfR exocytic rates showing that miDHHC2
elevates basal RE exocytosis relative to mCH controls and that myr-AKAP79WT or myr-AKAP79CS, but not AKAP79CS, significantly suppress this elevated RE exocytosis (n = 7—10 cells/condition; all
data are presented as mean = SEM; *p < 0.05; t test with Bonferroni’s correction for multiple comparisons).

79WT:2.2 £ 0.4, miDHHC2 + myr-79CS: 1.3 = 0.3, miDHHC2
+ 79CS: 1.0 * 0.2; Fig. 7C). From these results, we conclude that
the myr-AKAP79WT mutant, as predicted, allows DHHC2
knockdown neurons to resist the functional impacts of AKAP79
depalmitoylation on RE exocytosis regulation.

We also assessed the effects of the myr-AKAP79 constructs on
basal rates of RE exocytosis measured as the number of exocytic
events occurring before cLTP treatment normalized to total den-
drite length, and found a significant elevation of basal RE exocy-
tosis in miDHHC2 neurons (Fig. 7C). However, miDHHC2
coexpression with either myr-AKAP79WT or myr-AKAP79CS
significantly reduced basal exocytosis relative to miDHHC2
alone (Fig. 7C; Exocytosis events/min/100 wm dendrite mCh:
2.5*0.3,miDHHC2: 4.4 = 0.6, miDHHC2 + myr-79WT: 1.8 =

0.4, miDHHC2 + myr79CS 0.9 & 0.3, miDHHC2 + 79CS: 3.7 £
1.2). Only AKAP79CS was incapable of reducing basal RE exocy-
tosis in the presence of DHHC2 knockdown, in agreement with
our previous findings that AKAP79CS overexpression enhances
basal exocytosis compared with WT (Keith et al., 2012). Overall,
these findings are consistent with a shared mechanism for RE
trafficking dysfunction between DHHC2 knockdown and
AKAP79CS expression, which both increase basal RE exocytosis
rates but then prevent stimulation by cLTP.

Having established rescue of regulated RE exocytosis by myr-
AKAP79WT, we next asked whether this constitutively lipidated
mutant could restore normal cLTP-synaptic potentiation in the
context of DHHC2 knockdown by recording mEPSCs from neu-
rons expressing miDHHC2 and myr-AKAP79WT (Fig. 8A).
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Figure 8.

Myristoylated AKAP79 restores normal control of synaptic potentiation in DHHC2-deficient neurons. A, Representative traces of mEPSCs recorded from 12 DIV cultured hippocampal

neurons expressing miDHHC2 + myr-AKAP79WT = cLTP. B, Cumulative plots of mEPSCamplitude (2 pA bins) and interevent interval (ms; related to frequency, €) for recordings as in 4. Data from
Figure 3B and C for miDHHC2 are reproduced in gray for comparison. D, Quantification of mEPSC mean (== SEM) amplitude. cLTP does not significantly increase mean mEPSC amplitude in cells
expressing miDHHC2 + myr-AKAP79WT, but mean amplitude does not decrease as for miDHHC2 alone (miDHHC2 data reproduced from Fig. 3D). E, Quantification of mEPSC mean (2=SEM)
frequency (Hz). cLTP treatment of neurons coexpressing myr-AKAP79WT and miDHHC2 shows a significant increase in mEPSC frequency, an effect opposite to that seen for miDHHC2 knockdown

alone (miDHHC2 data reproduced from Fig. 3£; n = 13—15 cells/condition; *p << 0.05, t test).

While expression of myr-AKAP79 was able to reverse elevated
basal mEPSC frequency observed with DHHC2 knockdown (Fig.
8A,C; K-S test, p < 0.0001; E, £ test, p < 0.05), it had no signifi-
cant impact on the increased basal mEPSC amplitudes (Fig.
8A,B,D; p > 0.05). However, while mean mEPSC amplitude was
not significantly enhanced by cLTP in neurons expressing miD-
HHC2 and myr-AKAP79WT (Fig. 8D), a significant rightward
shift in cumulative plots of mEPSC amplitudes was observed
indicating restoration of a small amount of synaptic potentiation
(Fig. 8B; K-S test, p < 0.05). Importantly, these small, positive
effects on mEPSC amplitude were very different from those ob-
served in cells expressing miDHHC2 alone, which exhibited a
significant reduction in mean amplitude and a leftward shift in
amplitude cumulative distribution in response to cLTP (Figs. 3,
8B,D). Concordantly, mEPSC frequency was significantly in-
creased by cLTP treatment in neurons expressing miDHHC2 and
myr-AKAP79WT, as shown by analysis of both mean frequency
(~91%) and interevent interval distribution (Fig. 8 A, C,E; K-S

test, p < 0.001), an effect also opposite to that observed with
DHHC2 knockdown alone (Figs. 3, 8C,E). These mEPSC record-
ings demonstrate that myr-AKAP79 reverses most of the altera-
tions in plasticity regulation that are characteristic of DHHC2
knockdown. Collectively, these data provide strong evidence that
AKAP79 is a major target of DHHC2 in the RE compartment and
that this signaling pathway is a critical regulator of excitatory
postsynaptic plasticity mechanisms that are required for LTP.

Discussion

Precise organization of postsynaptic signaling proteins in multi-
protein complexes is critical for localized, rapid signal transduc-
tion events required for synaptic plasticity. S-palmitoylation of
postsynaptic scaffolds is emerging as an integral mechanism or-
chestrating the assembly of such signaling complexes. Here, we
used biochemical, imaging and electrophysiological approaches
to show that AKAP79/150 palmitoylation by DHHC?2 is essential
for control of dendritic RE exocytosis and AMPAR potentiation.
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DHHC?2 interacts with and palmitoylates AKAP79/150
Protein palmitoylation is catalyzed by DHHC-family PATs, but
despite several large-scale proteomic efforts (Fukata et al., 2004;
Roth et al., 2006; Kang et al., 2008; Huang et al., 2009), relatively
few specific enzyme/substrate pairs have been described. This
limited progress is largely due to the lack of consensus substrate
sequences that specify palmitoylation by one PAT versus another.
Thus, extensive screening for functional interactions is typically
needed to identify cognate PATs for substrates of interest. We
used DHHC coimmunoprecipitation as our primary screen, but
biotin-switch or *H-palmitate labeling assays are viable alterna-
tives (Fukata et al., 2004; Brigidi et al., 2014). While DHHC2
exhibited the most pronounced interaction with AKAP79, it is
notable that other DHHCs showed weaker, but detectable pre-
cipitation with AKAP79 (Fig. 1A). Weak AKAP79 association
with other DHHC:s is likely due to both the substrate promiscuity
and partially overlapping subcellular distributions of these en-
zymes. These findings also highlight the limitations of using bio-
chemical approaches alone to detect important functional
interactions between DHHCs and potential substrates, as subcel-
lular spatial information is lost, and support use of our multi-
modal approach that included not only biochemistry but also
imaging to identify DHHC2 regulation of AKAP79-dependent
functions in REs.

How do AKAP79/150 and DHHC2 interact? As mentioned
above, DHHC2 is a tetra-spanning integral membrane protein
with N-terminal and C-terminal cytosolic tails and a DHHC en-
zymatic motif located in the lone intracellular loop. Unlike other
DHHC: that feature canonical protein—protein interaction do-
mains, such as C-terminal PDZ-ligands in DHHC5 and DHHC8
that bind to PSD-95 and GRIP1b (Li et al., 2010; Thomas et al.,
2012), DHHC2 does not have any obvious substrate interaction
motifs. AKAP79/150, on the other hand, is a peripheral mem-
brane protein with a polybasic N-terminal membrane targeting
domain that binds to phosphoinositide lipids (Dell’Acqua et al.,
1998). Since AKAP79/150 is palmitoylated in its N-terminal tar-
geting domain, we reasoned that this domain would interact with
DHHC2. Indeed, an AKAP79 (1-153) truncation mutant con-
taining the N-terminal domain was sufficient for co-IP DHHC2.
Strikingly, mutation of the C36 and C129 palmitoylation sites
within this domain prevented DHHC2 interaction. However,
loss of DHHC2 enzymatic activity did not disrupt the DHHC2/
AKAP79 complex. Our previous work found that palmitoylation
is essential for AKAP79 localization in REs (Keith et al., 2012).
Therefore, AKAP79CS may not come into contact with DHHC2
in cells both due to lack of suitable Cys substrate sites as well as
exclusion from REs where DHHC?2 is enriched. Conversely, the
enzymatically dead DHHC2CS mutant retains RE localization
(Fig. 2B), making it available to interact with AKAP79 palmitoy-
lated by endogenous PATs in this compartment. However, addi-
tional DHHC2 structural determinants that further specify
interaction with AKAP79 likely exist.

The C-terminal tails of DHHC family members contain a high
degree of sequence variability and are thought to determine sub-
cellular localization of these enzymes (Ohno et al., 2006). Al-
though certain DHHCs are enriched in specific membrane
compartments, there is evidence for territorial overlap between
species. For example, DHHC2 displays pronounced RE localiza-
tion (Fig. 2; Greaves et al., 2011), yet some DHHC2 likely also
traffics to the plasma membrane upon endosome fusion (Nori-
take et al., 2009). Similarly, DHHC5 and DHHCS are expressed
prominently on the plasma membrane but also traffic through
endosomes (Thomas et al., 2012; Fig. 2). Determining the degree
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to which these DHHCs are active toward various substrates as
they move through different membrane compartments and char-
acterizing the targeting signals that maintain their semidiscrete
distributions will be essential for furthering our understanding of
how these enzymes regulate neuronal function.

DHHC2 control of synaptic structure and function

Excitatory synapses can undergo multiple types of plasticity de-
fined by timescale, underlying molecular mechanisms, and pro-
posed roles in information processing. Over the last decade, the
need for neurons to globally adjust synaptic strength to maintain
bounds on action potential firing rates has been recognized and
collectively referred to as homeostatic plasticity (Turrigiano,
2012). Specifically, in response to decreases or increases in firing
over hours and days, neurons alter many synaptic components in
a compensatory manner to either globally enhance or depress
AMPAR synaptic strength, respectively (Ehlers, 2003). Impor-
tantly, DHHC2 participates in homeostatic synaptic scaling-up
in response to decreased firing by increasing PSD-95 palmitoyl-
ation and postsynaptic clustering to promote AMPAR synaptic
incorporation (Noritake et al., 2009).

More rapid forms of plasticity can also involve changes in
postsynaptic palmitoylation. NMDAR activation associated with
LTD stimulates depalmitoylation of PSD-95 and AKAP79/150
within minutes and promotes concomitant loss of synaptic
AMPARSs (El-Husseini et al., 2002; Keith et al., 2012). Conversely,
cLTP induction results in rapid AKAP79/150 palmitoylation and
synaptic recruitment. Importantly, palmitoylation-deficient
AKAP79CS blocks cLTP-induced synaptic potentiation (Keith et
al., 2012). In this study, we demonstrate that DHHC2 also regu-
lates this form of acute synaptic potentiation (Fig. 3). Strikingly,
DHHC2 knockdown recapitulated effects of AKAP79CS expres-
sion on mEPSC amplitude and frequency; both manipulations
elevated basal AMPAR activity and then exhibited inappropriate
depression of AMPAR activity in response to cLTP.

Despite the striking phenotypic similarities between DHHC2
knockdown and AKAP79CS expression, it was important to con-
firm the AKAP as a critical substrate of DHHC2 required for
cLTP. To address this issue, we used a method previously used to
circumvent the need for palmitoylation by engineering a mutant
that is alternatively and irreversibly lipidated (El-Husseini et al.,
2000; Thomas et al., 2012). Importantly, addition of an
N-terminal myristoylation sequence to AKAP79 was able to sup-
port RE localization (Fig. 6) and reverse many of the functional
impacts of DHHC2 knockdown. In particular, myr-AKAP79WT
completely restored cLTP stimulation of RE exocytosis in
DHHC2 knockdown neurons (Fig. 7) and for the most part nor-
malized regulation of AMPAR synaptic function, with cLTP in-
ducing net-positive effects on overall mEPSC activity instead of
inappropriate reductions as seen with DHHC2 knockdown alone
(Fig. 8). However, it should be noted that myr-AKAP79WT failed
to reverse the increased basal mEPSC amplitudes in DHHC2
knockdown neurons, and as such, was not capable of restoring
significant enhancement of mean mEPSC amplitude following
cLTP. But despite these limitations, rescue of DHHC2 loss of
function by myr-AKAP79 was surprisingly successful, especially
given that C-14 myristate is not as strong a lipid-raft targeting
signal as C-16 palmitate and the engineered myristate is located at
the N terminus and not within the polybasic domains like C36
and C129. Nonetheless, for a majority of the plasticity-related
phenomena assayed, myr-AKAP79 restored WT-like responses
in DHHC2-deficient neurons, lending strong support to the idea
that DHHC2 acts via AKAP palmitoylation to control synaptic
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potentiation. Overall, our past and present findings suggest that
DHHC?2 and its palmitoylation of AKAP79/150 in REs paradox-
ically limit basal exocytosis and synaptic strength yet promote
stimulation of RE exocytosis and AMPAR synaptic incorporation
during LTP.

The DHHC2 knockdown-induced increases in basal mEPSC
frequency, and accompanying increases in spine and PSD-95
cluster numbers, we report here are not necessarily in conflict
with previous studies mentioned above showing DHHC2 knock-
down decreases PSD-95 clustering and interferes with homeo-
static plasticity (Noritake et al., 2009). Our DHHC2 knockdown
was performed for a much shorter period of time to assess the
acute effects of DHHC2 loss on LTP mechanisms, while Noritake
etal. (2009) used longer term knockdown to assess the impacts of
chronic DHHC?2 loss on synapse homeostasis. Importantly, our
short-term DHHC2 knockdown, which did not decrease PSD-95
clustering as observed with prolonged knockdown in Noritake
et al.,, (2009) helped us characterize AKAP79/150 as a novel
DHHC?2 substrate that is important for regulation of plasticity
mechanisms in a way that is distinct from PSD-95.

DHHC2 and AKAP79 regulation of postsynaptic exocytosis
during plasticity

Despite recent advances in uncovering mechanisms underlying
plasticity at excitatory synapses, many important questions
remain. Basic understanding of recruitment, docking, and
NMDAR-triggered fusion of REs in dendrites and spines is still
rudimentary. As both a plasma membrane and RE-resident scaf-
fold protein, AKAP79/150 may target regulatory enzymes to im-
portant components of the endosome trafficking, docking, and
release machinery in these locations. From prior studies we know
that AKAP79/150 anchoring of PKA and CaN plays important
roles controlling AMPAR phosphorylation and trafficking dur-
ing LTP and LTD (Luetal., 2007; Jurado et al., 2010; Sanderson et
al., 2012); however, we do not yet know if specific enzymes an-
chored to this AKAP also directly regulate RE trafficking and
exocytosis. Likewise, we do not know if DHHC2 delivery to the
dendritic plasma membrane near synapses during LTP could play
additional roles by palmitoylating other proteins associated with
AKAP79/150, such as PSD-95 or AMPARS, to favor their synaptic
incorporation and/or retention. Thus, much remains to be inves-
tigated to fully understand the likely complex interplay between
DHHC2 and the AKAP79/150 signaling scaffold in control of
postsynaptic membrane and protein trafficking during synaptic
plasticity.
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