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Abstract

Recent reports suggest abnormalities of neurotransmitter receptor trafficking, targeting, dendritic 

localization, recycling, and degradation in the brain in schizophrenia. We hypothesized that a 

potential explanation for these findings may be abnormal posttranslational modifications that 

influence intracellular targeting and trafficking of proteins between subcellular compartments. 

Dysregulation of protein palmitoylation is a strong candidate for such a process. S-palmitoylation 

is a reversible thioesterification of palmitoyl-groups to cysteine residues that can regulate 

trafficking and targeting of intracellular proteins. Using a biotin switch assay to study S-

palmitoylation of proteins in human postmortem brain, we identified a pattern of palmitoylated 

proteins that cluster into 17 bands of discrete molecular masses, including numerous proteins 

associated with receptor signal transduction. Using mass spectrometry, we identified 219 

palmitoylated proteins in human frontal cortex, and individually validated palmitoylation status of 

a subset of these proteins. Next, we assayed protein palmitoylation in dorsolateral prefrontal cortex 

from 16 schizophrenia patients and paired comparison subjects. S-palmitoylation was significantly 

reduced for proteins in most of the 17 schizophrenia bands. In rats chronically treated with 
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haloperidol, the same pattern of palmitoylation was observed but the extent of palmitoylation was 

unchanged, suggesting that the diminution in protein palmitoylation in schizophrenia is not due to 

chronic antipsychotic treatment. These results indicate there are changes in the extent of S-

palmitoylation of many proteins in the frontal cortex in schizophrenia. Given the roles of this 

posttranslational modification, these data suggest a potential mechanism reconciling previous 

observations of abnormal intracellular targeting and trafficking of neurotransmitter receptors in 

this illness.

1. Introduction

Multiple hypotheses have implicated myriad neurotransmitter systems in the 

pathophysiology of schizophrenia. Recent findings suggest abnormal receptor localization 

may play a role in abnormalities of both excitatory and inhibitory neurotransmitter pathways 

in this illness. For example, alterations have been found in transcripts associated with AMPA 

receptor localization and regulation (Beneyto and Meador-Woodruff, 2006; Drummond et 

al., 2013), and expression of some glutamate receptor subunits within specific subcellular 

compartments have been shown to be abnormal in this illness (Hammond et al., 2010; 

Kristiansen et al., 2010). Additionally, extent of N-linked glycosylation is associated with 

subcellular localization; abnormal glycan expression associated with N-glycosylation of 

glutamatergic receptor subunits (Tucholski et al., 2013a; Tucholski et al., 2013b), excitatory 

amino acid transporters (Bauer et al., 2010), and GABAA receptor subunits (Mueller et al., 

2014), suggests that abnormal subcellular distribution of such proteins may contribute to 

disturbances of neurotransmission in schizophrenia. Given that these abnormalities in 

subcellular localization are found in multiple neurotransmitter systems, we hypothesized that 

posttranslational protein modifications (PTM) affecting targeting and localization of proteins 

may be altered in schizophrenia.

The intracellular distribution of neurotransmitter receptors and transporters, as well as other 

proteins, can be regulated by the uniquely reversible PTM, S-palmitoylation (El-Husseini 

and Bredt, 2002; Fukata and Fukata, 2010). This is in large measure due to the membrane 

stability facilitated by the hydrophobic 16-carbon palmitic fatty acid that can be covalently 

bound to cysteine residues. Palmitoylation status is tightly orchestrated by a large family of 

enzymes responsible for the addition or removal of palmitic acid, resulting in a cycle of 

palmitoylation/depalmitoylation that provides a mechanism for multiple cellular processes 

including subcellular targeting of proteins (Aicart-Ramos et al., 2011). The palmitoyl moiety 

is initially bound by a thioester linkage to cysteine residues by members of a family of 

palmitoyl acyl transferases (PATs) (Mitchell et al., 2006). Palmitoyl groups are dynamically 

removed by depalmitoylating enzymes including acyl-protein thioesterases (APTs) and 

palmitoyl protein thioesterases (PPTs) (Conibear and Davis, 2010). This reversibility of 

palmitoylation provides cyclical membrane association functionally required for a diverse 

number of proteins.

Many proteins associated with neurotransmission are known to be palmitoylated, including 

some glutamatergic receptor subunits (Hayashi et al., 2005; Hayashi et al., 2009), GABA 

receptor subunits (Fang et al., 2006; Keller et al., 2004; Rathenberg et al., 2004), proteins 
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involved in release and recycling of neurotransmitters (El-Husseini and Bredt, 2002), and 

proteins associated with regulating trafficking to and stability of receptors at the synaptic 

membrane (Aicart-Ramos et al., 2011; Dejanovic et al., 2014; El-Husseini et al., 2000a; 

Huang and El-Husseini, 2005; Linder and Deschenes, 2007; Smotrys and Linder, 2004).

Interestingly, DiGeorge syndrome, associated with genetic deletion at 22q11.2, is associated 

with a 20–30 fold increase in risk of developing schizophrenia (Drew et al., 2011; Mukai et 

al., 2004). A mouse model for human 22q11 syndrome (Mukai et al., 2008; Mukai et al., 

2015) has been shown to exhibit palmitoylation abnormalities. One of the deleted genes at 

22q11.2 is a key palmitoyltransferase, ZDHHC8, which regulates proteins involved with 

axonal growth and arborization. ZDHHC8-deficient mice have impaired palmitoylation and 

axonal branching, which can be rescued by the reintroduction of active ZDHHC8 (Mukai et 

al., 2015). Palmitoylation has also been implicated in several neurodegenerative disorders 

(Antinone et al., 2013; Butland et al., 2014; Mitchell et al., 2014), but has yet to be well-

characterized in human brain or studied in schizophrenia.

Given the role of palmitoylation in subcellular localization, and growing evidence for 

abnormalities in trafficking and targeting of proteins that regulate neurotransmission in 

schizophrenia, we hypothesized that abnormal protein palmitoylation could be an underlying 

mechanism contributing to the pathophysiology of schizophrenia. To address this, we first 

developed an assay to characterize protein palmitoylation in postmortem human brain, based 

on a previously described acyl-biotinyl exchange (ABE) technique (Drisdel and Green, 

2004; Kang et al., 2008; Wan et al., 2007). Next, we studied extent of total protein 

palmitoylation in dorsolateral prefrontal cortex (DLPFC) in subjects with schizophrenia and 

paired comparison subjects. Given the integral roles palmitoylation plays in membrane 

targeting and interaction of proteins, we suggest that compromised protein palmitoylation 

may be a novel mechanism contributing to the abnormal subcellular targeting of proteins 

seen across multiple neurotransmitter pathways in schizophrenia brain.

2. Materials and methods

2.1 Human subjects

Samples of human brain used in this study were obtained from the Mount Sinai Medical 

Center brain collection (Table 1) as previously described (Davidson and Keefe, 1995; Funk 

et al., 2009; Harvey et al., 1992; Powchik et al., 1998). Schizophrenia patients had psychotic 

symptoms before the age of 40 and were hospitalized for at least 10 years. Patients were 

recruited prospectively and underwent extensive antemortem evaluation. Consent was 

obtained from the next of kin for each subject. Sixteen pairs of schizophrenia and 

comparison subjects were matched for sex, age, pH, and PMI (Table 1). All subjects were 

without a history of alcoholism, substance abuse, death by suicide, coma for more than 6 h 

before death, or any neuropathological evidence of any neurodegenerative disorders (Funk et 

al., 2009; Purohit et al., 1993). Comparison subjects were selected using a formal blinded 

chart review instrument. Assessment of subjects included the CERAD battery, the Clinical 

Dementia Rating Scale, and the Positive and Negative Symptom Scale (Powchik et al., 

1998).
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Brains were collected and cut coronally in 10 mm slabs. The DLPFC (Brodmann areas 9/46) 

was dissected from the coronal slabs, snap frozen, pulverized into powder, and stored at 

−80°C until used. Samples were reconstituted and homogenized in ice-cold buffer (5 mM 

Tris-HCl (pH 7.4), 0.32 M sucrose, with a protease inhibitor tablet (Complete Mini, Roche 

Diagnostics, Mannheim, Germany) using a Power Gen 125 homogenizer (Thermo Fisher 

Scientific, Waltham, MA). Protein concentration was determined using a bicinchoninic acid 

(BCA) assay kit (Thermo Fisher Scientific).

2.2 Antipsychotic treated rats

Fourteen male Sprague-Dawley rats (250 g) were housed in pairs during a 9 month course of 

treatment; seven were used for each treatment condition. Treatment was either with sesame 

oil (vehicle) or haloperidol decanoate (28.5 mg/kg) administered via intramuscular injection 

every 3 weeks, for a total of 12 injections. This dose and duration of treatment has been 

previously described (Harte et al., 2005; Kashihara et al., 1986). The animals were sacrificed 

by decapitation, and brains were immediately harvested; the right frontal cortex was 

dissected on wet ice, snap frozen in liquid nitrogen and stored at −80°C.

2.3 Effect of postmortem interval in mice

To determine the effects of PMI on palmitoylation, we modeled in mice conditions typically 

seen at the time of death in humans. Fifteen female C57BL/6 mice were used for this study. 

The animals were sacrificed by decapitation, and brains were immediately harvested. Hour 0 

samples (N=3) were immediately frozen in dry ice, and then stored at −80°C. Remaining 

brains were held at 4°C for progressively longer times (1 hour, 4 hours, 10 hours, N=4 at 

each time point), and then transferred to −80°C for storage. The right frontal cortex was 

dissected from each brain on wet ice and used for ABE assays. Rat and mice studies and 

procedures were approved by the Institutional Animal Care and Use Committee of the 

University of Alabama at Birmingham.

2.4 Acyl-Biotinyl-Exchange methodology

We modified a previously published ABE technique (Drisdel and Green, 2004; Kang et al., 

2008; Wan et al., 2007) for efficient biotinylation and resulting purification of proteins from 

small (50–200 µg) quantities of human postmortem brain (Figure 1). The ABE methodology 

employs a hydroxylamine (HA)-dependent biotin-switch assay which allows for the 

purification and identification of S-palmitoylated proteins from brain tissue. Free thiols are 

first blocked with N-ethyl maleimide (NEM), then S-palmitoyl thioester bonds are cleaved 

with HA, allowing the newly-exposed cysteinyl thiols to be labeled with HPDP-biotin and 

purified by binding to streptavidin conjugated magnetic beads. Negative controls were 

treated the same, substituting additional reaction buffer for HA. As an additional negative 

control, to confirm HPDP-biotin specificity for intact palmitoyl groups, we pre-incubated 

samples with HA; this cleaved all palmitoyl groups prior to total thiol blockage with NEM, 

preventing biotinylation of any endogenously palmitoylated thiols.

Homogenized brain samples (100 µg) were aliquoted on ice, and proteins were precipitated 

at room temperature (RT) using chloroform-methanol precipitation (Wan et al., 2007). When 

precipitating, a brief (~10 s) sonication pulse was used to facilitate washing of precipitated 
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proteins with methanol. Precipitated proteins were then resuspended in HEN/SDS buffer 

(250 mM HEPES, pH 7.7, 1 mM EDTA, 2% SDS, 10 mM NEM, 1XPI) and incubated at 

40°C for 60 min with occasional mixing. After blocking free thiols with NEM, any 

remaining NEM was removed by chloroform-methanol precipitation. Proteins were 

resuspended in −HA/SDS buffer (50 mM HEPES, pH 7.7, 1 mM EDTA, 0.2% SDS, 1XPI) 

and each sample was divided into two aliquots treated with or without HA. The +HA sample 

contained HA prepared in water (pH 7.7) to a final concentration of 0.7 M, while the −HA 

sample was treated with an equivalent volume of buffer. HPDP-biotin was added to both 

samples to a final concentration of 1 mM. Samples were incubated for 60 min RT, and then 

HA and unincorporated HPDP-biotin were removed by chloroform-methanol precipitation 

of proteins. These protein precipitates were resuspended in −HA buffer. To purify 

biotinylated proteins, samples from the previous step were diluted five times with −HA/

Triton buffer (50 mM HEPES, pH 7.7, 1 mM EDTA, 0.2% Triton-X, 1XPI) and incubated 

with rotation for 30 min at RT with Streptavidin Dynabeads M-280 (Invitrogen, Carlsbad, 

CA). The samples were incubated in 6× protein sample buffer (170 mM Tris pH 6.8, 36% 

glycerol, 4.5% SDS, 0.018% bromophenol blue, 2% β-mercaptoethanol (βME) at 70°C for 

10 min to elute bound proteins from the magnetic beads.

2.5 Western Blotting

After protein samples were denatured at 70°C for 10 min under reducing conditions, 

proteins were resolved with 4–12% gradient 1D-SDS-PAGE (Invitrogen, Carlsbad, CA), and 

transferred to 0.45 µm nitrocellulose (or PVDF) membranes (Bio-Rad, Hercules, CA) using 

a Bio-Rad semi-dry transblotter. The membranes were blocked in LiCor blocking buffer 

(LiCor, Lincoln, NE) and then incubated overnight at 4°C in LiCor blocking buffer with 

0.1% Tween 20 and the primary antibodies listed in Table 2. All antibodies were individually 

optimized to determine ideal conditions within the linear range of detection for each assay, 

and that the primary antibody was present in excess. After antibody incubations, the 

membranes were rinsed in phosphate-buffered saline with 0.1% Tween (PBST) and probed 

with IR-dye labeled secondary antibodies (Li-Cor; 1:10,000) for 1 h at RT. The membranes 

were rinsed again with PBST and then with deionized water. Immunoblots were scanned 

using a LiCor Odyssey near-infrared scanner using the Odyssey V3.0.16 software package.

2.6 Proteomic analysis

2.6.1 In-gel digestion—Samples from −HA and +HA eluates were resolved on 4–12% 

gradient 1D-SDS-PAGE gels (Invitrogen, Carlsbad, CA) and proteins visualized with 

SimplyBlue™ SafeStain (Invitrogen). Gel lanes for each sample were sequentially cut into a 

series of small sections to facilitate sample processing. Excess stain was removed from the 

gels sections with an overnight wash in 100 mM ammonium bicarbonate/acetonitrile 

(50:50). After destaining, disulfide bonds were reduced with 25 mM dithiothreitol at 50°C 

for 30 min; subsequently, free thiols group were alkylated with 55 mM iodoacetamide for 30 

min in the dark. Excess alkylating agent was removed and the gel pieces were washed twice 

in 100 mM ammonium bicarbonate for 30 min. The gel pieces were evaporated to dryness in 

a Savant SpeedVac (ThermoScientific, Waltham, MA) before the addition of 12.5 ng/µl 

Trypsin Gold Mass Spectrometry Grade (Promega, Madison, WI) to each gel sample and 

incubated overnight at 37°C. Proteins were extracted from the gel pieces with 5% formic 
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acid/ 50% aqueous acetonitrile (50:50) twice for 15 min each. Extracts were pooled and 

evaporated to dryness. The samples were then resuspended in 20 µl of 0.1% formic acid 

prior to mass spectrometry analysis.

2.6.2 Nano liquid chromatography-tandem mass spectrometry—An aliquot (4 µl) 

of each digest from the processed excised gel samples was loaded onto a Nano cHiPLC 200 

µm × 0.5 mm ChromXP C18-CL 3 µm 120 Å reverse-phase trap cartridge (Eksigent, Dublin, 

CA, USA) at 2 ml/min using an Eksigent autosampler. After washing the cartridge for 4 min 

with 0.1% formic acid in ddH2O, the bound peptides were flushed onto a Nano cHiPLC 

column 75 µm × 15 cm ChromXP C18-CL 3 µm 120 Å (Eksigent, Dublin, CA, USA) with a 

15 min linear (5–35%) acetonitrile gradient in 0.1% formic acid at 300 nl/min using an 

Eksigent Nano1D + LC (Eksigent, Dublin, CA, USA). The column was washed with 90% 

acetonitrile-0.1% formic acid for 5 min and then re-equilibrated with 5% acetonitrile—0.1% 

formic acid for 10 min. The Applied Biosystems 5600 Triple-Tof mass spectrometer (AB-

Sciex, Toronto, Canada) was used to analyze the protein digest. The IonSpray voltage was 

2300 V and the declustering potential was 60 V. Ionspray and curtain gases were set at 10 

psi and 20 psi, respectively. The interface heater temperature was 120°C. Eluted peptides 

were subjected to a time-of-flight survey scan from 400–1250 m/z to determine the top 

twenty most intense ions for MS/MS analysis. Product ion time-of-flight scans at 50 msec 

were carried out to obtain the tandem mass spectra of the selected parent ions over the range 

from m/z 400–2000. Spectra were centroided and de-isotoped by Analyst software, version 

TF (Applied Biosystems). A β-galactosidase trypsin digest was used to establish and 

confirm the mass accuracy of the mass spectrometer. In-house MASCOT database searches 

were carried out against the human genome on the UniProt database. The mass tolerances 

for precursor scans and MS/MS scans were set at 0.05 Daltons. One missed cleavage for 

trypsin was allowed. A fixed modification of carbamidomethylation was set for cysteine 

residues, and a variable mediation of oxidation was allowed for methionine residues.

2.7 Quantification of protein palmitoylation

2.7.1 Global protein palmitoylation—Humans and rat brain samples were assayed 

using the ABE methodology, where each of the biotinylated +HA and −HA samples were 

resuspended in −HA buffer, mixed with equal volumes of 6× protein sample buffer without 

β-mercaptoethanol, heated at 70°C for 10 min, and sample eluates were resolved on a 

gradient 1D-SDS-PAGE gel (Invitrogen, Carlsbad, CA). Proteins were then transferred to 

polyvinylidene fluoride (PVDF) membranes (Bio-Rad, Hercules, CA); membranes were 

blocked in LiCor blocking buffer (LiCor, Lincoln, NE) and then incubated with IR-dye 

labeled streptavidin (Li-Cor; 1:5,000) for 1h at RT. The membranes were rinsed three times 

for 15 min with PBST, briefly with deionized water, and then scanned. Blots were then 

reprobed with an anti-PSD-95 monoclonal antibody overnight at 4°C.

Palmitoylation of proteins was quantified by measuring intensity of biotinylated proteins 

within 17 rectangles associated with bands of discrete molecular weights for each human 

subject, and within 16 discrete bands for each rat. Biotinylation intensity values within each 

rectangle used to determine palmitoylation status were normalized to the protein expression 

of total PSD-95 (input PSD-95) within each lane. These samples were not purified with 
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streptavidin beads, therefore contained proteins that were both palmitoylated and un12 

palmitoylated. The input PSD-95 values were also used to normalize palmitoylated PSD-95 

on a separate set of blots; palmitoylated PSD-95 was purified with streptavidin beads along 

with other biotinylated/palmitoylated proteins. The normalized −HA and +HA data were 

used to calculate the fold increase (calculated as the ratio of intensity of bands in the +HA/

−HA lanes) of protein biotinylation in schizophrenia and comparison subjects, as well as in 

haloperidol vs. vehicle treated rats.

2.7.2 Statistical analysis—Statistical analyses were performed using the Statistica 

software package (Statsoft, Tulsa, OK). All dependent measures passed the D'Agostino-

Pearson normality test. No correlations were found between age, PMI and tissue pH and any 

dependent measures. Data were analyzed with two-tailed Student’s paired t-tests for human 

data, and unpaired t-tests for rat data. For all statistical tests, α= 0.05.

3. Results

3.1 Palmitoyl-proteins in human frontal cortex

To characterize and validate the palmitoylation assay, we first identified the population of 

candidate proteins that are palmitoylated in human frontal cortex using mass spectrometry to 

explore this modification in an unbiased fashion. We purified proteins that are selectively 

biotinylated in homogenates of human prefrontal cortex after ABE reactions with or without 

(+/−) HA on streptavidin-conjugated magnetic beads. Following elution from the beads and 

sample processing, proteins were identified using nanoscale liquid chromatography-tandem 

mass spectrometry (nano LC-MS/MS). All candidate palmitoyl-proteins were identified 

through analysis of the combined data sets of proteins identified in negative control (−HA) 

samples and in biotinylated samples (+HA). Proteins by MS in the −HA lanes were 

subtracted from the +HA lane, resulting in a total working list of 380 palmitoylated proteins 

in human DLFPC. Based on previously suggested criteria for the mouse brain 

palmitoproteome (Kang et al., 2008), we removed from the list likely false-positives. The 

sequence of each remaining palmitoyl-target protein was verified for presence of 

palmitoylatable cysteine residues with CSS-Palm 3.0 prediction program (http://

csspalm.biocuckoo.org)(Ren et al., 2008); candidates not containing any Cys residues are 

predicted to not be palmitoylated and were removed from the list as additional false 

positives, resulting in a final working list of 219 candidate palmitoyl-proteins. Consistent 

with previous findings in rodent brain (Kang et al., 2008), these palmitoylated proteins 

cluster into 7 groups: 1) receptors, channels, and transporters; 2) neuronal proteins; 3) small 

GTPases; 4) membrane associated proteins; 5) cell adhesion and cytoskeletal proteins; 6) 

myelin associated proteins; and 7) metabolic proteins and enzymes. A complete list of these 

219 proteins can be found in the supplemental table.

As a next step to characterize the ABE assay, we determined if we could detect 

palmitoylated forms of proteins that have been previously reported as substrates for this 

posttranslational modification. Proteins from −HA and +HA treated samples following 

affinity-purification of biotinylated proteins on streptavidin-magnetic beads were separated 

on SDS-PAGE and probed with antisera specific to GABAARγ2, PSD-95, EAAT1, 
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Rap1A/B, Ras, calnexin, myelin basic protein (MBP), and ZDHHC8 in +HA samples, 

consistent with each being endogenously palmitoylated in human brain as has been 

previously reported (Choy et al., 1999; Fukata and Fukata, 2010; Kang et al., 2008; Keller et 

al., 2004; Rathenberg et al., 2004; Yang et al., 2010) (Figure 2). We also found that 

VGLUT1 is palmitoylated (Figure 2).

3.2 Decreased protein S-palmitoylation in schizophrenia

We compared S-palmitoylation of proteins in patients with schizophrenia and pair-matched 

comparison subjects. We measured intensity of biotinylation of proteins within seventeen 

rectangles associated with palmitoylation of proteins of discrete molecular masses from the 

−HA and +HA treated samples for each of the schizophrenia and paired comparison 

subjects, following the ABE assay and Western blotting with IR-dye labeled streptavidin 

(Figure 3). Secondary unpaired analyses resulted in similar results, with palmitoylation in all 

but one molecular mass band (15) significantly decreased. Biotinylation levels of proteins 

within these rectangles were normalized to expression of PSD-95 detected by Western 

blotting in each sample. Neither the expression of input PSD-95 (total) (t=1.3, p=n.s.), or of 

palmitoylated PSD-95 (t=1.0, p=n.s.) were changed between groups. We found an 

approximately 20% decrease of biotinylation of proteins of most molecular mass clusters in 

schizophrenia (Figure 3).

We next sought to determine if S-palmitoylation was changed in several key candidate 

proteins known to be palmitoylated (Figure 4). Decreased palmitoylation of VGLUT1, Ras 

and MBP were found, consistent with the global deficit of protein palmitoylation we 

observed in schizophrenia.

3.3 Lack of effect of antipsychotic treatment on palmitoylation

To determine if this change in protein palmitoylation is associated with chronic 

antipsychotic exposure, we conducted parallel assays in cortical samples from rats following 

long-term treatment with haloperidol. Protein palmitoylation in haloperidol-treated rats was 

unchanged from control animals (Figure 5). As in the human experiments, PSD-95 was used 

for normalization: antipsychotic treatment did not affect either input PSD-95 (t=0.04, p=n.s.) 

or palmitoylation of PSD-95 (t=0.54, p=n.s.) in these rats. We also performed a secondary 

analysis of medication status for the schizophrenia (receiving antipsychotic medications at 

the time of death vs. drug-free for six weeks or more at the time of death). We did not find 

any effect of antipsychotic treatment on palmitoylation of proteins in schizophrenia in this 

post-hoc analysis.

3.4 No effect of postmortem interval on palmitoylation

To determine if PMI had an effect on palmitoylation, we modelled delays from time of death 

to freezer storage time typical of human autopsy. We used the ABE assay to measure protein 

palmitoylation in frontal cortex from mice at PMIs at 0, 1, 4 and 10 hours. PMI did not 

affect palmitoylation status (Figure 6), suggesting that the decreased palmitoylation 

observed in schizophrenia is not substantially affected by PMI.
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4. Discussion

Palmitoylation is a posttranslational modification (PTM) that plays a key role in subcellular 

protein localization by increasing protein hydrophobicity and thereby targeting proteins to 

membranes; its unique reversibility regulates intracellular membrane interactions, as well as 

stabilizing proteins at the synapse or other subcellular compartments (Fukata and Fukata, 

2010). In this study, we modified an Acyl-Biotinyl-Exchange (ABE) technique (Drisdel and 

Green, 2004; Kang et al., 2008; Wan et al., 2007) to assay S-palmitoylation of proteins in 

human postmortem brain (Figure 1). Using mass spectrometry, we identified 219 new and 

known palmitoylated candidate proteins. We then assayed protein S-palmitoylation in 

DLPFC in paired schizophrenia and comparison subjects, and found in schizophrenia a 20% 

decrease in palmitoylation across proteins of most molecular masses measured. Parallel 

studies in rodents treated chronically with haloperidol decanoate revealed that this drug did 

not change protein palmitoylation, suggesting that our findings in schizophrenia are not a 

medication effect. Thus, this widespread decrease in protein palmitoylation may be 

associated with the alterations of trafficking or stability of membrane proteins involved in 

neurotransmission or cell signaling events that have been hypothesized to be aspects of the 

pathophysiology of schizophrenia (Lewis and Gonzalez-Burgos, 2008). Abnormal 

palmitoylation can affect neurotransmission or cell signaling via altered protein localization. 

For example, PSD-95 palmitoylation stabilizes AMPA receptors at the synapse, while 

glutamate receptor activity triggers internalization of AMPA receptors by depalmitoylation 

of PSD-95 (El-Husseini et al., 2002). Since S-palmitoylation of AMPA and NMDA receptor 

subunits can regulate their trafficking, recycling and function (Yang et al., 2009), altered 

palmitoylation status is consistent with abnormalities of early endosomal expression of 

GluA1 (Hammond et al., 2010), as well as abnormal subcellular location of NR2B 

(Kristiansen et al., 2010) that we have previously reported in schizophrenia. Alterations in 

receptor localization in the cell may contribute to dysregulated excitatory synaptic 

transmission in schizophrenia.

A number of the palmitoyl-proteins identified by mass spectrometry in this study can be 

broadly classified as integral or peripheral membrane proteins. Integral membrane proteins 

such as G protein-coupled receptors (GPCR) are affected by palmitoylation in a receptor-

dependent manner; constitutive palmitoylation is involved with dimerization and targeting of 

GPCRs to their terminal locations, where palmitoylation also can influence GPCR mediated 

signaling (Bulenger et al., 2005; Goddard and Watts, 2012; Qanbar and Bouvier, 2003). 

Considerable evidence has implicated abnormal GPCR expression and regulation in 

schizophrenia; including dysregulation of dopaminergic, serotonergic, glutamatergic, and 

adrenergic receptors (Catapano and Manji, 2007). Given the roles palmitoylation plays in 

GPCR function (Chini and Parenti, 2009), multiple neurotransmitter pathways could be 

implicated by decreased cellular levels of protein palmitoylation.

Mass spectrometry also identified palmitoylated peripheral membrane proteins associated 

with transient protein-protein interactions. Examples of these proteins include the α-subunits 

of heterotrimeric G-proteins (Gα) (Linder et al., 1993) and GTPases such as cell division 

cycle 42 (CDC42) (Kang et al., 2008), both of which have been reported to be abnormally 

expressed in schizophrenia (Gilks et al., 2012; Ide and Lewis, 2010). Increased expression of 
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Gα and increased phosphoinositide signaling have been found in schizophrenia frontal 

cortex (Jope et al., 1998). Gα subunits require lipid modification by N-myristoylation and/or 

palmitoylation for membrane targeting and protein interactions (Chen and Manning, 2001), 

and altered palmitoylation may be associated with these findings of Gα abnormalities.

The mechanisms driving this significant change in palmitoylation in schizophrenia are not 

known. Lipid modifications by N-terminal myristoylation and/or C-terminal prenylation 

frequently precede and may even be required for S-palmitoylation to occur (Aicart-Ramos et 

al., 2011). The pathways involved with these lipid modifications may be abnormal and 

underlie the palmitoylation findings we now report in schizophrenia. We previously reported 

that protein expressions of the key enzymes responsible for N-myristoylation are not 

changed in schizophrenia (Pinner et al., 2014). We hypothesize that prenylation 

abnormalities may contribute to palmitoylation deficits in schizophrenia. The 

palmitoylation/depalmitoylation cycle is mediated not only by its constitutive enzymes and 

receptor activation, but can also be influenced by other cell signaling events through S-

nitrosylation. Evidence for a competitive relationship between S-palmitoylation and S-

nitrosylation was first suggested when the presence of NO donors decreased palmitoylation 

of the neuronal growth cone proteins GAP- 43 and SNAP-25, resulting in growth cone 

collapse. A similar collapse was seen after use of an inhibitor of palmitoylation (Hess et al., 

1993). It is likely that other posttranslational modifications are dysregulated in 

schizophrenia, and defining these and elucidating associated mechanisms is a current area of 

active study.

A reduction in number of dendritic spines on pyramidal cells has been reported in 

schizophrenia brain (Glausier and Lewis, 2013). Interestingly, spine density and number of 

excitatory synaptic networks are decreased by reduced palmitoyltransferase activity of 

ZDHHC8 in a mouse model of the human 22q11 syndrome (Mukai et al., 2015), particularly 

relevant given that 22q11 increases the risk of schizophrenia 20 to 30-fold (Drew et al., 

2011). Alterations of spine morphology found in ZDHHC8-deficient neurons are thought to 

be mediated by one of its substrates, CDC42 (Mukai et al., 2015). CDC42 is a Rho GTPase 

associated with dendritic morphogenesis and implicated in the dendritic spine pathology 

found in schizophrenia (Glausier and Lewis, 2013). Expression of CDC42 in the dendritic 

spine is associated with its palmitoylation status and exogenous glutamate levels; in cortical 

neurons, CDC42 is rapidly depalmitoylated and redistributes from dendritic spines in 

response to high levels of exogenous glutamate, resulting in spine collapse (Kang et al., 

2008). Less palmitoylation of proteins involved in the formation of neuronal processes and 

spines may not only contribute to loss of pyramidal neuron dendritic spines, but also alter 

the maturation of excitatory and inhibitory synapses (El-Husseini et al., 2000b; Schweizer et 

al., 2003), which in turn could be linked to cognitive deficits in schizophrenia (Glausier and 

Lewis, 2013). Palmitoylation has also been found to be critical for sorting to the myelin 

membrane in oligodendrocyte cultures (Schneider et al., 2005). Accordingly, abnormal 

palmitoylation could be associated with the downregulation of myelin basic protein 

previously observed in schizophrenia (Martins-de-Souza et al., 2009) and contribute to 

oligodendroglial abnormalities implicated in schizophrenia (Davis et al., 2003; 

McCullumsmith et al., 2007).
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Our characterization of the human palmitoyl-proteome resulted in a list of palmitoylated 

proteins that overlap with a previous study of protein palmitoylation in rat (Kang et al., 

2008). While there are differences in proteins noted in our study and this earlier work, the 

most likely explanation for these differences is one of sample composition. Our study was 

conducted in homogenized human frontal cortex, which includes all cell types: glia, neurons, 

and extracellular proteins. Data in the earlier rat characterization were generated specifically 

from cultured rat embryonic cortical neurons and synaptosomal membrane fractions 

extracted from rat brain (Kang et al., 2008). Despite these substantial differences in starting 

material, there is significant overlap in the list of proteins identified in these studies.

Postmortem brain studies in schizophrenia have common limitations. Our subjects were 

aged and these results may not generalize to younger subjects. This study was performed in 

DLPFC and it is not yet known if these changes are region-specific. The effects of chronic 

antipsychotic treatment are a confound in these types of studies. Given that rats chronically 

treated with haloperidol did not exhibit changes in S-palmitoylation, the finding of 

decreased S-palmitoylation in schizophrenia is likely not due to antipsychotic treatment.

These data reflect changes in the extent of S-palmitoylation of many proteins in the frontal 

cortex in schizophrenia. Given the roles of functional effects for this lipid modification, 

these data suggest a potential mechanism underlying previous observations of abnormal 

intracellular targeting and subcellular location of cell surface expressed proteins in this 

illness.
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Figure 1. Purification of palmitoylated proteins from human brain samples
A) The acyl-biotinyl exchange (ABE) approach uses substitution of biotin for palmitoyl 

modifications through a sequence of three chemical steps: (1) unmodified cysteine thiols are 

blocked with N-ethyl maleimide (NEM), (2) palmitoyl thioester linkages are cleaved with 

hydroxylamine (HA), and (3) newly-exposed cysteinyl thiols are marked with a thiol-

specific biotinylation reagent (Biotin-HPDP). (4) Biotinylated proteins are then affinity-

purified on magnetic beads conjugated to streptavidin (5) and eluted with β-mercaptoethanol 

(β-ME). B) A representative streptavidin-blot to visualize biotinylated proteins after 

biotinylation in the presence (+HA) or absence (−HA) of hydroxylamine. Pre-incubation of 

the samples with HA (Pre-HA) resulted in disappearance of biotinylation of proteins in the 

+HA samples. C) A representative SDS-PA gel stained with SimplyBlue™ SafeStain 

(Invitrogen) to visualize palmitoylated proteins purified using the ABE method.

Pinner et al. Page 16

Schizophr Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Confirmation of palmitoylation of selected candidate palmitoyl-proteins in human 
brain
Western blotting was performed after ABE assay of palmitoylation status in human brain for 

selected proteins previously reported to be palmitoylated, including GABAARγ2, PSD-95, 

EAAT1, VGLUT1, Rap1A/B, Ras, Calnexin, myelin basic protein (MBP), and ZDHHC8. 

As can be seen by substantial enrichment in the +HA lanes, all of these proteins are 

palmitoylated.
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Figure 3. Decreased protein palmitoylation in schizophrenia DLPFC
ABE assay and western blotting were used to quantify protein palmitoylation in DLPFC in 

schizophrenia. A) Palmitoylation of proteins was analyzed by measuring intensity of 

biotinylation of proteins within seventeen bands representing palmitoylated-proteins of 

different molecular weights.

B) Representative western blots from a paired schizophrenia (S) and comparison subject (C) 

probed with streptavidin and PSD-95.
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C) Biotinylation levels of proteins within each of the rectangles were normalized to 

expression of input PSD-95 present in each sample, detected by subsequent western blotting. 

Normalized −HA and +HA data were used to calculate fold increase (+HA/−HA ratios) in 

protein biotinylation within the seventeen +HA samples compared to the corresponding 

−HA samples for each subject pair (N=16 pairs). Data are presented as the ratio of 

palmitoylation in each schizophrenia case divided by the matched comparison subject for 

each molecular weight band for each subject pair, with means ± SEM overlayed. *p<0.05
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Figure 4. Protein palmitoylation of candidate proteins in schizophrenia
ABE assay and western blotting were used in schizophrenia (SCZ) and comparison (C) 

subjects, to quantify protein palmitoylation of key proteins known to be palmitoylated, 

VGLUT1, MBP and Ras. Palmitoylation of each protein was decreased, consistent with the 

pattern of global decrease of protein palmitoylation in schizophrenia.
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Figure 5. Protein palmitoylation is not affected by chronic antipsychotic treatment
Rats treated for 9 months with haloperidol decanoate did not exhibit changes in 

palmitoylation, suggesting that decreased palmitoylation in schizophrenia is not likely due to 

antipsychotic treatment. ABE assay and western blotting were used to quantify protein 

palmitoylation in rat frontal cortex. A) Palmitoylation of proteins was analyzed by 

measuring intensity of biotinylation of proteins within sixteen bands representing 

palmitoylated-proteins of different molecular weights. B) Representative western blots 

probed with streptavidin and PSD-95 from haloperidol (H) and vehicle (C) treated rats.
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C) Biotinylation levels of proteins within each of the rectangles were normalized to 

expression of PSD-95 present in each sample. Data are presented as the ratio of 

palmitoylation in frontal cortex from rats treated with haloperidol decanoate divided by 

values from control rats for each molecular weight band with means ± SEM overlayed. For 

no bands were there significant differences in palmitoylation between vehicle and 

haloperidol treated animals.
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Figure 6. Protein palmitoylation is not affected by postmortem interval
Frontal cortex from brains of mice held at 4°C for 0, 1, 4, and 10 hours postmortem did not 

affect protein palmitoylation status, suggesting that palmitoylation changes in schizophrenia 

are not affected by PMI. Palmitoylation status was determined from duplicate samples from 

each animal of total lane biotinylation intensity values normalized to an intralane loading 

control (PSD-95). Each dot represents the mean of duplicate samples from each animal. 

Spearman ρ=0.20, p=n.s.

Pinner et al. Page 23

Schizophr Res. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pinner et al. Page 24

Ta
b

le
 1

Pa
ir

ed
 s

ub
je

ct
 d

em
og

ra
ph

ic
s.

P
ai

r
Su

bj
ec

t
Se

x
A

ge
pH

P
M

I
R

x
C

au
se

 o
f 

de
at

h

1
C

om
pa

ri
so

n
F

73
6.

3
3.

4
A

c.
 M

yo
ca

rd
ia

l I
nf

ar
ct

io
n

Sc
hi

zo
ph

re
ni

a
F

74
6.

3
7

O
n

C
ar

di
op

ul
m

on
ar

y 
A

rr
es

t

2
C

om
pa

ri
so

n
F

74
6.

0
3

C
ar

di
o 

re
sp

ir
at

or
y 

fa
ilu

re

Sc
hi

zo
ph

re
ni

a
F

76
6.

1
8.

5
O

n
C

ar
di

op
ul

m
on

ar
y 

ar
re

st
, c

an
ce

r 
of

 b
re

as
t

3
C

om
pa

ri
so

n
F

83
6.

8
6.

2
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

Sc
hi

zo
ph

re
ni

a
F

79
6.

8
9.

9
O

ff
C

ar
di

ac
 A

rr
es

t

4
C

om
pa

ri
so

n
F

92
6.

2
3.

5

Sc
hi

zo
ph

re
ni

a
F

89
6.

2
9.

6
O

n
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

5
C

om
pa

ri
so

n
F

82
6.

1
5.

7
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

Sc
hi

zo
ph

re
ni

a
F

81
5.

9
12

.5
O

ff

6
C

om
pa

ri
so

n
F

74
6.

3
4.

8
C

ar
di

op
ul

m
on

ar
y 

ar
re

st

Sc
hi

zo
ph

re
ni

a
F

76
6.

1
21

.2
O

n
C

ar
di

og
en

ic
 s

ho
ck

7
C

om
pa

ri
so

n
F

75
6.

0
6.

5

Sc
hi

zo
ph

re
ni

a
F

76
6.

0
9.

7
O

n
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

8
C

om
pa

ri
so

n
M

58
6.

7
12

.3
A

rt
er

io
sc

le
ro

tic
 h

ea
rt

 d
is

ea
se

Sc
hi

zo
ph

re
ni

a
M

58
6.

9
13

.3
O

n
C

ar
di

op
ul

m
on

ar
y 

fa
ilu

re

9
C

om
pa

ri
so

n
M

59
6.

7
20

.4
C

ar
di

op
ul

m
on

ar
y 

ar
re

st

Sc
hi

zo
ph

re
ni

a
M

56
6.

5
13

.5
O

ff

10
C

om
pa

ri
so

n
M

65
6.

8
3.

8
R

en
al

 F
ai

lu
re

Sc
hi

zo
ph

re
ni

a
M

68
6.

8
5.

6
O

n
C

ar
di

o 
re

sp
ir

at
or

y 
fa

ilu
re

11
C

om
pa

ri
so

n
M

64
6.

3
4.

2

Sc
hi

zo
ph

re
ni

a
M

63
6.

3
6.

2
O

n
C

ar
di

op
ul

m
on

ar
y 

ar
re

st

12
C

om
pa

ri
so

n
M

75
6.

3
16

Sc
hi

zo
ph

re
ni

a
M

73
6.

5
7.

9
O

n
C

ar
di

o 
re

sp
ir

at
or

y 
fa

ilu
re

13
C

om
pa

ri
so

n
M

92
6.

4
20

Sc
hi

zo
ph

re
ni

a
M

93
6.

6
17

.7
O

ff
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

14
C

om
pa

ri
so

n
M

60
6.

6
28

.7

Sc
hi

zo
ph

re
ni

a
M

57
6.

4
20

.7
O

n
A

cu
te

 m
yo

ca
rd

ia
l i

nf
ar

ct
io

n,
 A

SH
D

Schizophr Res. Author manuscript; available in PMC 2017 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pinner et al. Page 25

P
ai

r
Su

bj
ec

t
Se

x
A

ge
pH

P
M

I
R

x
C

au
se

 o
f 

de
at

h

15
C

om
pa

ri
so

n
M

76
6.

3
2.

9
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

Sc
hi

zo
ph

re
ni

a
M

77
6.

4
24

O
ff

16
C

om
pa

ri
so

n
M

73
6.

2
14

.9
C

ar
di

o 
re

sp
ir

at
or

y 
fa

ilu
re

Sc
hi

zo
ph

re
ni

a
M

73
6.

2
8.

8
O

n
C

ar
di

op
ul

m
on

ar
y 

A
rr

es
t

C
om

pa
ri

so
n

M
ea

n:
73

 ±
 1

0.
5

6.
4 

±
 0

.3
9.

8 
±

 8
.0

Sc
hi

zo
ph

re
ni

a
73

 ±
 1

0.
6

6.
4 

±
 0

.3
12

.3
 ±

 5
.7

A
bb

re
vi

at
io

ns
: F

em
al

e 
(F

);
 M

al
e 

(M
);

 P
os

tm
or

te
m

 I
nt

er
va

l (
PM

I,
 h

ou
rs

);
 M

ea
n 

(g
ro

up
 m

ea
n 

w
ith

 S
D

);

Schizophr Res. Author manuscript; available in PMC 2017 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Pinner et al. Page 26

Table 2

Antibodies used for Western blot analysis

Antibody Species Catalog # Company

PSD-95 Rabbit 3450 Cell Signaling (Danvers, MA)

Rap1A/Rap1B Rabbit 2399 Cell Signaling (Danvers, MA)

Ras Rabbit 3965 Cell Signaling (Danvers, MA)

VGLUT1 Rabbit 135302 Synaptic Systems (Goettingen Germany)

EAAT1 Rabbit ab416 Abcam (Cambridge, MA)

GABARγ2 Goat sc-131935 Santa Cruz (Dallas, TX)

ZDHHC8 Goat NBP100-57849 Novus Biologicals (Littleton, CO)

Calnexin Rabbit 208880 EMD Millipore (Billerica, MA)

MBP Mouse SMI-99P Covance (Princeton, NJ)
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