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Brief Communications

Activity-Dependent Palmitoylation Controls SynDIG1
Stability, Localization, and Function

Inderpreet Kaur,' “Vladimir Yarov-Yarovoy,” “Lyndsey M. Kirk,' ““’Kristopher E. Plambeck,' “Eden V. Barragan,'
Eric S. Ontiveros,! and “Elva Diaz!

Departments of 'Pharmacology, and ?Physiology and Membrane Biology, University of California Davis School of Medicine, Davis, California 95616

Synapses are specialized contacts between neurons. Synapse differentiation-induced gene I (SynDIG1) plays a critical role during synapse
development to regulate AMPA receptor (AMPAR) and PSD-95 content at excitatory synapses. Palmitoylation regulates the localization
and function of many synaptic proteins, including AMPARs and PSD-95. Here we show that SynDIG1 is palmitoylated, and investigate the
effects of palmitoylation on SynDIGI stability and localization. Structural modeling of SynDIG1 suggests that the membrane-associated
region forms a three-helical bundle with two cysteine residues located at positions 191 and 192 in the juxta-transmembrane region
exposed to the cytoplasm. Site-directed mutagenesis reveals that C191 and C192 are palmitoylated in heterologous cells and positively
regulates dendritic targeting in neurons. Like PSD-95, activity blockade in a rat hippocampal slice culture increases SynDIG1 palmitoyl-
ation, which is consistent with our prior demonstration that SynDIG1 localization at synapses increases upon activity blockade. These
data demonstrate that palmitoylation of SynDIG1 is regulated by neuronal activity, and plays a critical role in regulating its stability and

subcellular localization, and thereby its function.
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Significance Statement

Palmitoylation is a reversible post-translation modification that has recently been recognized as playing a critical role in the
localization and function of many synaptic proteins. Here we show that activity-dependent palmitoylation of the atypical AMPA
receptor auxiliary transmembrane protein SynDIG1 regulates its stability and localization at synapses to regulate function and

synaptic strength.

Introduction

Activity of excitatory synapses is dictated by the number and
functional properties of AMPA-type glutamate receptors
(AMPARs), which cycle in and out of synapses in an activity-
dependent manner (Malinow and Malenka, 2002; Bredt and Ni-
coll, 2003; Yokoi et al., 2012). We identified a novel type II
transmembrane protein, synapse differentiation-induced gene I
(SynDIG1), that regulates excitatory synapse number and
strength in hippocampal neurons (Kalashnikova et al., 2010).
SynDIGL1 associates with AMPARs in heterologous cells and
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brain lysates, and requires its C-terminal region for association
(Kalashnikova et al., 2010). In contrast to other AMPAR auxiliary
subunits, SynDIG1 overexpression in hippocampal slice culture
does not alter surface expression or biophysical properties
of AMPARs (Lovero et al., 2013), suggesting that SynDIG1 is
an atypical accessory protein with a unique mechanism. The
C-terminal portion of SynDIGI, the most conserved region
across species as well as other family members (SynDIG2-4), en-
codes the membrane-associated domain, which is important for
its ability to promote synapse development (Kalashnikova et al.,
2010). Additionally, SynDIG1 accumulates at synapses upon ac-
tivity blockade by tetrodotoxin (TTX), increasing the Syn
DIGI spine/shaft ratio as determined by immunocytochemistry
(Kalashnikova et al., 2010).

S-Palmitoylation is a reversible post-translational modifica-
tion that regulates membrane association, trafficking, and pro-
tein—protein interactions (Blaskovic et al., 2013). Addition of the
16 carbon palmitate moiety to cysteine residues via thioester
linkage is catalyzed by palmitoyl acyltransferases (PATs). Many
synaptic proteins are palmitoylated in an activity-dependent
manner (Kang et al., 2008; Fukata and Fukata, 2010; Thomas and
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Huganir, 2013). For example, activity-dependent palmitoylation
of PSD-95 regulates its localization at synapses (El-Husseini Ael
et al., 2002). AMPAR palmitoylation regulates trafficking in a
subunit-specific manner, and depalmitoylation is mediated by
receptor activity (Hayashi et al., 2005).

In the present study, structural modeling predicts that Syn
DIG1 contains two conserved cysteine residues in its juxta-
transmembrane region at positions 191 and 192. A distant relative of
the SynDIG family, IFITM3, has been shown to be palmitoylated at
cysteines located at similar positions (Yount et al., 2010). We dem-
onstrate that SynDIGI is palmitoylated at C191 and C192. Mutation
of these residues prevents palmitoylation and negatively impacts
subcellular localization and stability, and therefore function. Fur-
thermore, we demonstrate that SynDIG1 palmitoylation is regulated
by activity, suggesting a mechanism for SynDIG1 relocalization to
synapses upon activity blockade, which has been demonstrated pre-
viously (Kalashnikova et al.,, 2010). Together, these data imply that
activity-dependent palmitoylation is a mechanism that has been
widely used to control synapse strength via alterations in synaptic
protein localization.

Materials and Methods

Animals. Sprague Dawley timed pregnant rats were purchased from Har-
lan/Envigo or Charles River. C57BL/6 mice were bred in the animal
facility at the University of California (UC) Davis. Animals of either sex
were used in all experiments. The use and maintenance of animals were
performed according to guidelines set forth by UC Davis, the National
Institutes of Health, and the Association for Assessment and Accredita-
tion of Laboratory Animal Care.

Antibodies. The following antibodies were used: mouse anti-SynDIG1
[NeuroMab; immunoblot (IB), 1:1000; immunocytochemistry (ICC),
1:100]; rat anti-HA (Roche; IB, 1:2000; ICC, 1:200); mouse anti-GM130
(BD Transduction Laboratories; ICC, 1:500); rabbit anti-EEA1 (catalog
#2900, Abcam; ICC, 1:200); rabbit anti-calreticulin (catalog #2907, Ab-
cam; ICC, 1:600); mouse anti-PSD-95 (NeuroMab; IB, 1:5000; ICC,
1:200); guinea pig anti-VGIluT1 (Millipore; ICC, 1:500); mouse anti-f3-
tubulin (BD Biosciences; IB, 1:10,000); rabbit anti-microtubule-
associated protein 2 (MAP2; Sigma-Aldrich; ICC, 1:500); Alexa Fluor
488- and 594-conjugated antibodies (Invitrogen; ICC, 1:200); DyLight
649-, Cy3-, or Cy5-conjugated antibodies (Jackson ImmunoResearch;
ICC, 1:200); and HRP-conjugated antibodies (Invitrogen; IB, 1:50,000).

Acyl-biotin exchange assay. Palmitoylation was detected using the
acyl-biotin exchange (ABE) assay as published (Wan et al.,, 2007).
Briefly, 10 mm N-ethylmaleimide blocks free thiols, 0.7 M hydroxylamine
(HAM) cleaves Cys-palmitoyl thioester linkages, and free thiols are
labeled using 1 mwm thiol-reactive biotinylation reagent (HPDP-
biotin) followed by NeutrAvidin precipitation. Palmitoylated and to-
tal levels (10% of input) of SynDIG1 and PSD-95 were detected by
immunoblotting.

Constructs. For site-directed mutagenesis, primers were designed using
the QuickChange program (Agilent Technologies) to change codons for
cysteine at positions 191 and 192 to alanine or serine with wild-type (WT)
SynDIG1 as a template. The first reaction used mutagenic forward primer
and WT reverse primer with EcoRI restriction site to introduce the mutation
while amplifying an ~200 bp product. WT forward primer with Kpnl re-
striction site and PCR product from the first round (“mega-primer”) were
then used to amplify full-length mutant SynDIG1 in the second round of
PCR and were cloned into pHMS6 vector to introduce an N-terminally en-
coded HA tag. All constructs were verified by sequencing.

Culture of COS cells and hippocampal neurons/slices. COS cells were
seeded in six-well plates (3 X 10° cells/well) 24 h before transfection. For
immunocytochemistry, cells were seeded on coverslips coated with 25
ug/ml poly-L-lysine in 0.1 M borate buffer at 37°C for 1 h and washed with
water. Cells were cultured at 37°C with 5% CO, in COS media (DMEM
with GlutaMAX, 10% fetal bovine serum, 100 ug/ml penicillin/strepto-
mycin). Cells were transfected in Opti-MEM with a 2:3 ratio of DNA
(2 pg) to Lipofectamine 2000 reagent (3 ul). After 3—4 h, cells were
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washed with 1X PBS and maintained in COS media for 24 h. All culture
media and reagents were from Life Technologies. For Brefeldin A (BFA)
experiments, cells were treated with BFA (5 ug/ml) or vehicle (methanol)
for 30 min before immunocytochemistry. For immunoblotting, cells
were washed with 1 X PBS and harvested in lysis buffer [150 mm NaCl, 50
mM Tris pH 7.4, 1% Triton X-100, and protease inhibitor cocktail (23.4
uM leupeptin, 6.1 uM aprotinin, 14.5 um pepstatin A, and 0.1 mm phe-
nylmethylsulfonyl fluoride)]. Lysates were incubated on a rotator at 4°C
for 30 min and centrifuged at 12,000 X g for 10 min. Supernatants were
collected, and protein concentrations were measured using the BCA as-
say. For cycloheximide (CHX) experiments, transfected cells were
treated with 100 um CHX for up to 24 h before harvesting.

Dissociated rat hippocampal neurons were prepared as described pre-
viously (Kalashnikova et al., 2010). Neurons were transfected at 4-5 d in
vitro (DIV) by calcium phosphate precipitation and maintained for up to
8—11 DIV. For some experiments, neurons were treated at 10 DIV with
2 uM TTX or vehicle [distilled water (dH,O)] for 2 d before immunocy-
tochemistry. For some experiments, neurons were treated at 11 DIV for
4 h with 50 um 2-bromopalmitate (2-BP) or vehicle (DMSO) before
immunocytochemistry.

Organotypic hippocampal slice cultures were prepared from P6 to P7
Sprague Dawley rats, as previously described (Hill and Zito, 2013). Slice
cultures (7 DIV) were treated with vehicle (dH,O) or 2 um TTX for 16 h
at 37°C and subjected to ABE assay.

Immunocytochemistry. Cells were fixed in 4% paraformaldehyde in 1 X
PBS for 10 min at room temperature (RT). Coverslips were rinsed in 1X
PBS, permeabilized for 10 min at RT with 0.1% Triton X-100 in 1 X PBS,
and blocked with 5% nonfat milk in 1X PBS for 30 min. After primary
antibody incubation overnight at 4°C and washes in 1X PBS (3 X 10
min), coverslips were incubated with secondary antibodies diluted in
blocking solution for 1 h at RT. Following washes in 1X PBS, cover-
slips were mounted on microscope slides with Fluoromount-G media
(SouthernBiotech).

Single images were acquired using a Zeiss LSM 710 confocal micro-
scope under a 63X/1.4 oil-immersion objective or an Olympus Fluoview
1000 confocal microscope under a 40X objective lens with identical set-
tings for laser power, photomultiplier gain, and digital offset within each
dataset. Pinhole (1 A.U.) and resolution (1132 X 1132 pixels) were con-
stant for all images. To quantitatively examine SynDIGI localization,
images were imported in Zeiss AxioVision version 4.4 or Image] soft-
ware. Thresholds were established using a subset of images from each
dataset so that all puncta were included, and the average threshold ap-
plied to the entire dataset. The cell body was excluded from analysis.
Synapse number was measured as PSD-95 and VGIuT1 colocalized
puncta. The percentage of synapses containing SynDIG1 was calculated
as synapses containing SynDIG1/total synapses * 100. To calculate the
fold enrichment, the percentage of SynDIG1 with each subcellular
marker was determined as follows: (number of SynDIG1 puncta colocal-
ized with marker)/[(number of SynDIGI puncta) + (number of marker
puncta)] X 100. Values were normalized to WT SynDIGI. For figure
preparation, signals were adjusted for all panels within a figure by using
equal linear adjustments of levels in Photoshop (Adobe Systems). Data
were collected from at least two independent experiments. Graphs and
statistical analyses were generated in GraphPad Prism software, and data
are represented as the mean = SEM. Statistical significance was assessed
by paired Student’s ¢ test or one-way ANOVA and defined as follows:
*p < 0.05, *p < 0.01, and ***p < 0.001.

Structural modeling of SynDIG1. De novo and full atom modeling of the
membrane-spanning region (residues P178-L258) of mouse SynDIG1
was performed using RosettaMP (Yarov-Yarovoy etal., 2006, 2012; Barth
etal., 2007). Octopus server (Viklund and Elofsson, 2008) predicted two
membrane-spanning regions formed by residues from G183 to L203 and
from 1229 to 1249. However, based on the secondary structure predic-
tion by JNET (Cuff and Barton, 1999) and PROF (Ouali and King, 2000;
Rost, 2001), the second membrane-spanning region was predicted to
have a helix break formed by residues G237, T238, and G239, and sug-
gested the formation of a membrane re-entrant region in the structure.
Therefore, only the first membrane-spanning region was constrained to
span the membrane during de novo protein folding (Yarov-Yarovoyetal.,
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2006). The second membrane-spanning region
was free to sample different topologies. A total
of 10,000 low-resolution de novo models were
generated followed by model clustering
(Yarov-Yarovoy et al., 2006). A total of 10,000
full-atom models were generated starting from
20 low-resolution models representing top 20
clusters (Barth et al., 2007; Yarov-Yarovoy et
al., 2012). The lowest energy and top cluster
full-atom models were analyzed visually. The
second top cluster and several of the lowest en-
ergy models showed the membrane re-entrant
region within the predicted second membrane-
spanning region. A Ramachandran plot was
generated using the Ramachandran plot func-
tion of UCSF Chimera (Pettersen et al., 2004)
with probability contours based on a reference
set of high-resolution proteins (Lovell et al.,
2003).

Results

SynDIGL is a type II membrane protein
with a single transmembrane domain and
a second hydrophobic segment that does
not span the membrane (Kalashnikova et
al., 2010). Structural modeling of this re-
gion of mouse SynDIG1 (residues P178—
L258) predicts a three-helical bundle
configuration composed of the trans-
membrane helix and two independent he-
lices from the hydrophobic segment (Fig.
1A, top). Typically, palmitoylation of
transmembr-

ane proteins occurs on cysteine residues
located near the transmembrane region
(Blaskovic et al., 2013). The space-filling
model reveals two cysteine residues (C191
and C192) in the juxta-transmembrane
region of SynDIG1 that face the cytoplasm
(Fig. 1A, bottom). However, a magnified
view of the region suggests that the C191
thiol group is hindered by side chains of
neighboring amino acids (Fig. 1B), while
the C192 thiol group is available for mod-
ification (Fig. 1C).

To investigate whether endogenous
SynDIGLI is palmitoylated, hippocampi
from 1-month-old mice were subjected to
ABE assay and probed with anti-SynDIG1 antibody (Fig. 2A). We
detected SynDIGI1 immunoreactivity in the HAM-treated frac-
tion but not in the control, untreated fraction (Fig. 2A), indicat-
ing that a portion of SynDIG1 is palmitoylated in vivo.

We replaced C191 or C192 with alanine individually
(C191A, C192A) or in combination (C191,192A) or with ser-
ine (C191,192S) using site-directed mutagenesis with HA-
tagged SynDIG1 as a template (Kalashnikova et al., 2010).
Initial experiments indicated that C192A, C191,192A, and
C191,192S mutants showed reduced expression in COS cells
compared with WT (data not shown), but this difference
could be overcome by transfecting higher quantities of plas-
mid DNA. To assess palmitoylation, constructs were trans-
fected into COS cells and subjected to ABE assay (Fig. 2B).
C191A did not affect SynDIG1 palmitoylation, whereas palmi-
toylation was abolished for C191,192A and C191,192S mu-

Figure 1.
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Structural model of mouse SynDIGT membrane-associated region. A, Transmembrane view of ribbon (top) and
surface (bottom) representation of the Rosetta model. Membrane segments colored by rainbow color scheme—from the
N-terminal (blue) to the C-terminal (red) region. Side chains of N- and C-terminal residues and residues within the 1236 —G239 loop
are labeled. Side chains of (191 and (192 are shown in space-filling representation; all other residues are shown in stick represen-
tation. Carbon, nitrogen, oxygen, and sulfur atoms are colored gray, blue, red, and yellow, respectively. B, Zoomed-in view of
ribbon (left) and surface (right) representation of the model near C191. ¢, Zoomed-in view of ribbon (left) and surface (right)
representation of the model near (192. D, Ramachandran plot of the distribution of amino acid backbone conformations in the
structural model in A. Each residue is a dot in the graph of ¢ vs s backbone angles. Probability contours based on a reference set
of high-resolution proteins are shown on the plot as green lines.

tants and were substantially reduced for C192A (Fig. 2B),
suggesting that both cysteines are palmitoylated, with C192
being the principal site.

As mentioned, SynDIG1 levels were reduced by palmi-
toylation-deficient mutations compared with WT, indicating an
effect on stability. To test this possibility, cells transfected with
SynDIGI constructs were treated with CHX to inhibit protein
synthesis, and lysates were collected at 0, 3, 8 and 24 h post-CHX
treatment. As shown in Figure 2, Cand D, C191,192A expression
was dramatically reduced within 8 h of CHX treatment, while WT
expression was stable. To calculate the half-life of WT and
C191,192A in COS cells, three independent experiments were
performed. The slope of the line for WT and C191,192A expres-
sion was calculated with the equation y = mx + b, where y is the
percentage of SynDIG1 detected, 1 is the slope of the line, x is the
number of hours post-CHX treatment, and b is 100. The half-life
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Figure 2.  SynDIG1 palmitoylation is required for clustering and stability in COS cells. 4, Hippocampi from 1-month-old mice
were lysed and subjected to ABE assay. Palmitoylated (ABE) SynDIG1 and total protein represented by 10% of the input sample in
the presence or absence of HAM were measured by immunobloting with anti-SynDIG1 antibodies (SD1). B, Identification of
SynDIGT palmitoylation sites. COS cells were transfected with HA-tagged WT or mutant forms of SynDIG1. After 24 h, cells were
lysed and subjected to ABE assay. Palmitoylated (ABE) SynDIG1 and total protein represented by 10% of the input sample in the
presence or absence of HAM were measured by immunoblotting with anti-SD1 antibodies. C, Stability of WT and palmitoylation-
deficient SynDIG1 mutant C191,192A in COS cells was investigated by treatment with 100 r.g/ml CHX for indicated times. Immu-
noblotting for B-tubulin (B3-tub) served as a loading control. D, Graph depicts the percentage of SynDIG1 detected by
immunoblotting from lysatesisolated after CHX treatment normalized to samples at 0 h. £, SynDIG1 clustering in heterologous cells
requires palmitoylation of C192. COS cells were transfected with WT or mutant forms of SynDIG1, fixed after 24 h, and labeled with
anti-SD1 (green) and anti-EEA1 (red) antibodies. Bottom, Zoomed-in image of the boxed region in the top panel. Scale bars: E, 10
m; inset, 2 wm. F, SynDIG1 lacking palmitoylation is retained in the secretory pathway. COS cells were transfected with
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was estimated by solving the equation for
y = 50% SynDIG1 detected, where the
slope of the line was m = —1.68 for WT
and m = —3.17 for C191,192A. Accord-
ingly, the half-lives for WT and C191,
192A in COS cells were estimated to be 30
and 16 h, respectively.

To determine whether palmitoylation
state alters localization, the distribution of
SynDIG1 was determined by immunocyto-
chemistry. Compared with WT, the distri-
bution of C192A and C191,192A mutants
was drastically altered, while C191A was un-
changed (Fig. 2E). WT and C191A were lo-
calized in clusters that overlap with the
endosomal marker EEA1 (Fig. 2E), which
is consistent with our published study
(Kalashnikova et al., 2010). In contrast,
C192A and C191,192A did not overlap with
EEA1 clusters, suggesting retention in the
secretory pathway. Indeed, treatment with
BFA to disrupt endoplasmic reticulum
(ER)-to-Golgi transport followed by immu-
nostaining with markers for ER (calreticu-
lin) and Golgi apparatus (GM130; Fig. 2F)
are consistent with this interpretation.

To compare the neuronal distribution of
palmitoylated and nonpalmitoylated Syn-
DIG1, we overexpressed WT and mutant
SynDIG1 in dissociated rat hippocampal
neurons, fixed and stained with anti-HA,
anti-EEA1, and anti-GM130 antibodies
(Fig. 3A). While WT and C191A immuno-
labeling was clustered and extended far into
distal dendrites, C192A was restricted to the
cell soma and proximal dendrites. Indeed,
relative to WT and C191A, C192A localiza-
tion was enriched with GM130 while it was
de-enriched with EEA1 (Fig. 3 B,C), which
is consistent with the results in COS cells.
C192A localization was also enriched with
calreticulin relative to WT and C191A (data
not shown).

To determine whether palmitoyla-
tion influences endogenous SynDIG1, we
treated dissociated hippocampal neurons
with 2-BP or vehicle and stained them
with antibodies against SynDIG1 or PSD-
95, VGIuT1, and MAP2 (Fig. 3D). Pilot
experiments defined the concentration
and time of 2-BP treatment that did not
affect neuronal health. Quantitative anal-
ysis of multiple images indicated that
incubation with 50 um 2-BP decreased

<«

HA-tagged WT or mutant forms of SynDIG1. After 24 h, cells
were treated with BFA or vehicle (Control) for 30 min; fixed;
and labeled with anti-HA (green), anti-GM130 (blue), and
anti-calreticulin (CR; red) antibodies. Nuclei are indicated
by Hoechst stain (magenta) in the merged image. Scale
bar, 5 um.
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the area and integrated density (ID) of
PSD-95 puncta at synapses, as expected;
however, the area and ID of SynDIGI
puncta at synapses increased (Fig. 3E, F).
Upon treatment, the SynDIG1 signal in-
creased along dendrites that might reflect
increased area and ID of SynDIG1 puncta
at synapses. To address this contribution,
we measured the spine/shaft ratio of Syn-
DIGI in a subset of images. The mean
pixel intensity of the spine/shaft ratio was
increased in 2-BP-treated neurons (vehi-
cle,0.707 = 0.024; n = 4 cells, 3 stretches,
278 spines; 2-BP, 0.820 * 0.030; n = 4
cells, 3 stretches, 226 spines; p = 0.0014).

To explore activity-dependent palmi-
toylation, we treated hippocampal slice
cultures at 7 DIV with 2 um TTX for 16 h,
subjected lysates to ABE assay, and immu-
noblotted with anti-SynDIG1 and anti-
PSD-95 antibodies. The total levels of
SynDIG1 and PSD-95 remained unch-
anged after TTX treatment; however, the
palmitoylated fraction was increased
(Fig. 4A).

Because C191A did not affect the local-
ization of SynDIG1 in neurons (Fig.
3A-C) but does appear to be a site of pal-
mitoylation (Fig. 2B), we tested whether
C191 palmitoylation contributed to the
activity-dependent redistribution of Syn-
DIGI. Hippocampal neurons transfected
with WT and C191A were treated with
TTX for 48 h, and SynDIG1-containing
synapses measured. In vehicle-treated
neurons, we observed a small but signifi-
cant reduction in the percentage of syn-
apses that contained CI191A compared
with WT (Fig. 4B, C). However, both WT
and C191A distribution increased at syn-
apses in the presence of TTX. One possi-
bility is that the palmitoylation at both
C192 and C191 contributes to SynDIG1
localization under basal conditions, while
palmitoylation at C191 alone is not suffi-
cient for the redistribution of SynDIG1 to
synapses upon activity blockade. Indeed,
C192A failed to redistribute to synapses
upon activity blockade (data not shown).
Furthermore, C191A overexpression in-
creased synapse density compared with
untransfected vehicle-treated neurons
(Fig. 4D), although the magnitude was
less than WT, likely due to a reduction in
synaptic localization (Fig. 4C).

Discussion

SynDIG1 regulates synapse develop-
ment via the modulation of synaptic
AMPAR and PSD-95 content in dissoci-
ated hippocampal neurons (Kalash-
nikova et al., 2010). In contrast to other
auxiliary subunits, SynDIG1 overex-
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Figure3.  SynDIG1 localization in neurons requires C192 palmitoylation. A, Hippocampal neurons were transfected at 5
DIV with HA-tagged WT or mutant forms of SynDIG1, fixed at 9 DIV and immunostained with anti-HA (red), anti-EEA1
(green), and anti-GM130 (blue) antibodies. Scale bar, 20 m. B, C, Graphs represent enrichment of SynDIG1 colocalization
with subcellular markers. Similar results were obtained in two independent experiments, n = 10 cells for each condition.
Errorbars, mean == SEM. ***p <C0.001. D, Representative stretches of hippocampal neurons treated at 11 DIV with vehicle
(DMS0) or 50 um 2-BP for 4 h; fixed; and stained with antibodies against PSD-95 or SynDIG1 (SD1), VGIuT1, and MAP2. Scale
bar, 10 wm. E, F, Graphs represent the puncta size and ID of PSD-95 and SD1 upon 2-BP treatment compared with vehicle.
Data are the average of two independent experiments, n = 25 cells for each condition. Error bars, mean = SEM. *p << 0.05,
ey < 0,01, **%p < 0.001.
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SynDIG1 palmitoylation is requlated by neuronal activity. 4, Blocking synaptic activity with TTX leads to increased SynDIG1 and PSD-95 palmitoylation. Hippocampal slice cultures were

treated with 2 m TTX or vehicle for 16 h and subjected to ABE assay. B, Hippocampal neurons were transfected at 5 DIV with WT or C191A; treated with 2 um TTX or vehicle at 10 DIV; fixed at 12 DIV;
and immunostained with antibodies against HA, PSD-95, and VGIuT1. Synapses were defined as the colocalization of PSD-95 and VGIuT1 clusters. Untransfected control (Crtl) neurons are shown for
comparison. Scale bar, 10 wm. C, D, Graphs represent percentage synapses containing WT or C191A in vehicle- and TTX-treated neurons (C) or synapse density upon overexpression of WT or C191A

compared with untransfected Crtl neurons in vehicle-treated samples (D). Data are the average of the following two independent experiments: vehicle: WT,n = 27, C191A,n =

30; TTIX:WT,n =

30, C191A, n = 29(C); and Ctrl: n = 25; WT: n = 30; C191A: n = 30 (D). Error bars, mean == SEM. *p << 0.05, **p << 0.01, ***p < 0.001.

pression in hippocampal slice culture does not alter the sur-
face expression or biophysical properties of AMPARs (Lovero
etal., 2013), suggesting a unique mechanism. Determining the
structure and function of SynDIGI is, therefore, fundamental
in elucidating the mechanism of the action of SynDIG1 at
synapses. We report that SynDIG1 is palmitoylated at C191
and C192, and that this modification is important for its sta-
bility and localization. Furthermore, TTX treatment blocks
increases in SynDIG1 palmitoylation in hippocampal slice
culture. The results of this study reveal an important mecha-
nism of SynDIG1 regulation in neurons and further appreciate
the role of palmitoylation in synaptic homeostasis.
S-Palmitoylation of proteins is catalyzed by membrane-bound
PAT enzymes that can be found at the ER, Golgi, endocytic vesicles,
and plasma membrane. For example, palmitoylation of AMPARSs
near the channel pore causes its retention in the Golgi and requires
depalmitoylation for forward trafficking to synapses (Hayashi et al.,
2005). In contrast, palmitoylation of the cysteine residue located in
the extreme C terminus of GluA2 regulates activity-induced inter-
nalization of AMPARs (Yang et al., 2009). Palmitoylation is also
critical for AMPAR stability (Yang et al., 2009). An important find-
ing of our study is that palmitoylation-deficient SynDIG1 has a
shorter half-life than WT. Blocking palmitoylation with 16 h of treat-
ment with 50 uM 2-BP in hippocampal slice cultures indicated a
reduction in both palmitoylated and total SynDIG1 (our unpub-
lished observations). However, such treatment negatively impacts
neuronal health because the incubation of dissociated hippocampal
neuron cultures with 2-BP for >4 h caused massive cell death. Un-
expectedly, the treatment of dissociated hippocampal neurons with

2-BP for 4 h increased the area and intensity of SynDIG1 puncta at
synapses. In addition to PAT inhibition, 2-BP can also reduce deacy-
lation by the inhibition of acyl-protein thioesterase enzymatic activ-
ities (Pedro et al., 2013), which might explain our unexpected
observation. However, an alternative explanation is that SynDIG1
palmitoylation is critical for its endocytosis from the plasma mem-
brane and/or retention in endosomes, which is consistent with the
findings of previous studies demonstrating that the A-kinase an-
choring protein 79/150 synaptic scaffold controls endosome reten-
tion independent of its role in plasma membrane targeting (Keith et
al., 2012).

Altogether, our study provides mechanistic insight into
SynDIG1 structure and function to demonstrate that its sta-
bility and subcellular localization are regulated by activity-
dependent palmitoylation.
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