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Abstract

Abnormalities of SNAP25 (synaptosome-associated protein 25) amount and protein-protein 

interactions occur in schizophrenia, and may contribute to abnormalities of neurotransmitter 

release in patients. However, presynaptic terminal function depends on multiple subcellular 

mechanisms, including energy provided by mitochondria. To explore the SNAP25 interactome in 

schizophrenia, we immunoprecipitated SNAP25 along with interacting proteins from the 

ventromedial caudate of 15 cases of schizophrenia and 13 controls. Proteins were identified with 

mass spectrometry-based proteomics. As well as 15 SNARE- (soluble N-ethylmaleimide-sensitive 

factor attachment protein receptor) associated proteins, we identified 17 mitochondria-associated 

and four other proteins. The mitochondrial small GTPase ARF1 (ADP-ribosylation factor 1) was 

identified in eight schizophrenia SNAP25 immunoprecipitates and none from controls (P = 0.004). 
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Although the ARF1-SNAP25 interaction may be increased, immunoblotting demonstrated 21% 

lower ARF1–21 (21 kiloDaltons) in schizophrenia samples (P = 0.04). In contrast, the 

mitochondrial protein UQCRC1 (ubiquinol-cytochrome c reductase core protein 1) did not differ. 

Lower ARF1–21 levels were associated with the previously reported increased SNAP25-syntaxin 

interaction in schizophrenia (r = 0.39, P = 0.04). Additional immunoprecipitation studies 

confirmed the ARF1–21-SNAP25 interaction, independent of UQCRC1. Both ARF1 and SNAP25 

were localized to synaptosomes. Confocal microscopy demonstrated co-localization of ARF1 and 

SNAP25, and further suggested fivefold enrichment of ARF1 in synaptosomes containing an 

excitatory marker (vesicular glutamate transporter) compared with synaptosomes containing an 

inhibitory marker (vesicular GABA transporter). The present findings suggest an association 

between abnormalities of SNARE proteins involved with vesicular neurotransmission and the 

mitochondrial protein ARF1 that may contribute to the pathophysiology of schizophrenia.
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INTRODUCTION

The pathophysiology of schizophrenia includes presynaptic mechanisms governing 

neurotransmitter release, as well as postsynaptic mechanism related to receptors and 

signaling pathways. The striatum is an important target for studies of these mechanisms 

(Perez-Costas et al., 2010). Striatal dopamine release in increased in the prodromal and 

acute phases of illness, and in patients who respond to antipsychotic drugs compared with 

those who do not (Abi-Dargham et al., 2009; Howes et al., 2009; Kegeles et al., 2010; 

Demjaha et al., 2012, 2014). As a potential correlate, studies of striatum using electron 

microscopy indicate greater numbers of corticostriatal synapses in anterior caudate in 

schizophrenia (Roberts et al., 2005, 2008).

Examination of presynaptic proteins in postmortem tissue allows characterization of the 

molecular abnormalities that may contribute to the findings in patients. In the ventromedial 

caudate (part of the associative striatum) we reported lower levels of SNAP25 and syntaxin 

in schizophrenia, with similar but smaller changes in the nucleus accumbens, and no 

differences in the dorsal caudate (Barakauskas et al., 2010). Examination of subregional 

variation in schizophrenia may have contributed to these findings, in contrast to another 

study where overall striatal levels of SNAP25 were found to be unchanged (Dean et al., 

2015). Differences in SNARE protein amount alone may not be central to the mechanism of 

illness, instead, interactions between the proteins may be more important (Katrancha and 

Koleske, 2015). In the same samples with low SNAP25 and syntaxin in ventromedial 

caudate, we observed increased SNAP25-syntaxin protein-protein interaction (Barakauskas 

et al., 2010). Subsequently, increased SNARE complex formation in orbitofrontal cortex was 

reported in this series of samples, and in a replication series (Ramos-Miguel et al., 2015a). 

The orbitofrontal cortex study used non-denaturing gel electrophoresis, allowing 

identification of multiple protein complexes containing canonical SNARE proteins as well 

as other partners. In an animal model with increased SNARE protein-protein interaction due 
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to a mutation in SNAP25, interesting phenotypic similarities with some aspects of 

schizophrenia were reported (Jeans et al., 2007; Oliver and Davies, 2009; Oliver et al., 

2012).

More detailed characterization of the diversity of protein content of synapses may allow 

identification of disease-related targets. The protein composition of rodent synapses was 

described in detail by using a fractionation protocol followed by proteomics (Wilhelm et al., 

2014). Protein-protein interactions in presynaptic terminals can be investigated by a range of 

techniques (Laßek et al., 2015). Once an illness-associated target protein is identified, 

broader investigation of potential interacting partners using immunoprecipitation of the 

target followed by mass spectrometry to identify potential binding partners can be a fruitful 

strategy (Martins-de-Souza et al., 2015). By first isolating cortical membranes, then 

immunoprecipitating with an antibody reactive with SNAP25, followed by mass 

spectrometry, multiple SNAP25 interacting proteins were described (Gorini et al., 2010). 

These included the expected interacting SNARE proteins syntaxin-1A and VAMP, as well as 

a host of novel interacting partners. An analogous study was carried out using human brain 

homogenates, with SNAP25 immunoprecipitation followed by mass spectrometry 

(Brinkmalm et al., 2014). While the focus of the latter study was measuring the amounts of 

co-immunoprecipitated syntaxin and VAMP in control and Alzheimer’s disease samples, 

multiple other interacting proteins were identified. The co-immunoprecipitated proteins 

included mitochondrial and other proteins involved with the high metabolic demand in 

synapses (SaiaCereda and Martins-de-Souza, 2017). Studies with electron microscopy in 

(understandably) small numbers of cases indicate fewer synaptic mitochondria in treatment 

responsive schizophrenia, but unchanged numbers in treatment resistant (Roberts, 2017). 

Mitochondria are dynamic. According to tissue energy demands and stress responses, 

mitochondria may undergo fission (increasing copy number) or fusion (decreasing copy 

number). In schizophrenia, mitochondrial hyperplasia occurs in terminals contacting 

dopaminergic neurons (Roberts, 2017).

Non-denaturing, blue-native gels allowed targeted exploration of the SNAP25 interactome in 

schizophrenia, and in patients with age-related cognitive impairment (Ramos-Miguel et al., 

2015a, 2018). The present study was designed to use immunoprecipitation followed by mass 

spectrometry to assess the SNAP25 interactome in the same series of cases and controls 

where greater SNARE complex interactions were described in schizophrenia. Enough tissue 

from the ventromedial caudate was available to carry out the study in the same target region 

used previously. This proof-of-principle study was designed to characterize the SNAP25 

interactome in this series of samples, determine if there was preliminary evidence for a 

difference between schizophrenia and control samples, and then undertake an initial 

exploration of the amounts and co-localization of proteins showing differences between 

schizophrenia and control samples.

EXPERIMENTAL PROCEDURES

Human brain samples

Post-mortem brain samples of the ventromedial caudate (VMC) (Mai et al., 1997; 

Barakauskas et al., 2010) from 15 subjects with schizophrenia (SCZ) and 13 non-psychiatric 
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comparison subjects (NPC) were obtained from the Macedonian/New York State Psychiatric 

Institute Brain Collection (Table 1). Tissue collection, screening and post-mortem diagnosis 

are detailed elsewhere (Barakauskas et al., 2010). Informed consent was obtained from 

family members; tissue collection was approved by the Columbia/New York State 

Psychiatric Institute IRB.

All SCZ subjects had exposure to multiple antipsychotic agents, described in a chart review. 

Toxicological analyses for drugs of abuse and psychotropic agents were performed on each 

case. Caffeine and benzodiazepines (available without prescription in Macedonia) were 

detected during post-mortem toxicological analyses in both NPC and SCZ subjects. Only 

two SCZ subjects had detectable levels of antipsychotic medications (clozapine).

Immunoprecipitation of SNAP25 for mass spectroscopy

SNAP25 was immunoprecipitated from solubilized brain homogenates using a monoclonal 

antibody (SP12) that detects both isoforms (Honer et al., 1997; Barakauskas et al., 2010). 

Samples were coded to mask investigators to diagnosis and sample characteristics. Protocol 

details were previously published (Barakauskas et al., 2016), and are summarized briefly 

here. Human brain tissue homogenates (150 μg of crude protein) were solubilized in 0.1% 

(v/v) Triton X-100/TBS, pre-cleared with empty beads (beads that were not coupled with 

SP12) and then incubated with SP12-coupled beads for 10 hours. Specificity of 

immunoprecipitation was monitored by including samples incubated with empty beads. 

Immunoprecipitates were washed, beads resuspended in Laemelli sample buffer without 

reducing agent and then stored at −20 °C.

Sample processing for mass spectrometric analysis

Protein samples in Laemelli sample buffer were heated for 10min at ~95 °C, separated by 

SDS-PAGE and stained with colloidal Coomassie (Barakauskas et al., 2016). For each 

sample, the gel lane was divided into four segments, plus the 25-kDa area corresponding to 

SNAP25. The SNAP25 band was used for previously published isoform quantitation studies 

(Barakauskas et al., 2016). The remaining gel, limited to the area between 15-kDa and 75-

kDa size markers and corresponding to proteins which co-immunoprecipitated with 

SNAP25, was divided into four segments, each corresponding to a known molecular weight 

range (Fig. 1). The gel segments were cut into ~1 mm3 pieces placed into a 96-well plate, 

one segment per well and subjected to in-gel trypsin digestion (Kinter and Sherman, 2005; 

Cheng et al., 2012). Extracted peptides were lyophilized and stored at −20 °C. Prior to MS 

analysis, samples were resuspended in 8.5 μl of 1× MS buffer (1% v/v formic acid, 2% v/v 

acetonitrile).

MS instrumentation

All analyses were performed on a 4000 QTrap (Applied Biosystems/Sciex, Foster City, CA, 

USA) coupled to an Agilent 1100 Nano-HPLC (Agilent, SantaClara, CA, USA) using a 

nano-electrospray ionization interface. Samples were desalted online using a reverse-phase 

trap column (Agilent, Zorbax, 300SB-C18, 5 μm, 5 × 0.3mm) in solvent A (5% acetonitrile, 

0.1% formic acid) then directed onto a reverse-phase analytical column (75 μm × 15 cm, 

packed in-house with 3-μm diameter Reprosil-Pur C18; Dr. Maisch, Ammerbuch-Entringen, 
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Germany) coupled to an uncoated fused silica emitter tip (20-μm inner diameter, 10-μm tip; 

New Objective, Woburn, MA, USA). Chromatographic separation used a 300 nl/min flow 

rate and a linear gradient of 0–23% solvent B (90% acetonitrile, 0.1% formic acid) over 23 

min, 23–39% solvent B (over 9 min), and 39% to 80% solvent B (over 4 min).

MS/MS acquisition and protein identification

MS/MS data were collected using a 400–1600 m/z Enhanced MS scan followed by an 

Enhanced Resolution scan to select the top five +2 and +3 ions for collision-induced 

dissociation and a final enhanced product ion (EPI) MS scan. M/z values corresponding to 

non-specific or contaminating proteins (as determined from control IP conditions) were 

excluded from EPI scans. Raw mass spectral data were analyzed using Mascot (ver.2.2.2; 

Matrix Science, Boston, MA, USA) searching against the European Bioinformatics Institute 

human International Protein Index (IPI) database. Searches were performed with 

carbamidomethylation of cysteine as a fixed modification, one missed cleavage and a 

peptide mass tolerance of 0.5 Da. Variable modification search parameters included: 

oxidation of methionine, deamidation (asparagine, glutamine) and phosphorylation (serine, 

threonine, tyrosine).

Screening identification of SNAP25 protein interactions in human VMC

Raw spectra from analysis of the gel lane of each sample (Fig. 1) were concatenated and 

searched against the Ensemble IPI human database (search parameters as outlined above) 

using Mascot, for each subject separately. In addition, search results for five samples (from 

five individual subjects) immunoprecipitated under control IP conditions at 2× scale were 

also processed. The lists of identified proteins were concatenated for the NPC, SCZ and 

control samples separately, and each list was processed using in-house software 

(SpecterWeb ver 1.0) by removing proteins identified using less than two peptides, and then 

removing those found in less than three samples. Additionally, proteins identified with a 

mean Mascot score <50 across all samples were excluded from further analysis. Filtered 

protein lists for NPC and SCZ groups were subtracted from each other to determine which 

proteins were identified in both groups, and which were identified in only one group. Non-

specific or contaminating proteins defined as proteins present in one or more control IPs, as 

well as keratin, were omitted.

Immunoprecipitation for detailed analysis of SNAP25-ARF1 interaction

Immunoprecipitation (IP) of target proteins and their interactive partners was performed 

using sheep antimouse IgG-coated (for mouse monoclonal primary antibodies) or protein G-

coated (for rabbit polyclonal primary antibodies) magnetic Dynabeads (Thermo Fisher 

Scientific, Waltham, MA, USA), as previously described (Ramos-Miguel et al., 2015a). 

Briefly, beads were incubated (2 h at room temperature) in the absence (negative control) or 

presence of primary antibodies (see Appendix Table S1) against SNAP25 (clone SP12), 

synataxin-1 (clone SP7), or ARF1 (clone ARFS 1A9/5, or rabbit polyclonal) (10 μg of 

antibody per mg of beads), and diluted in TBS supplemented with 0.1% Triton X-100. 

Antibody-bead conjugates were blocked for 1 h in TBS supplemented with 3% bovine 

serum albumin (BSA) and 0.1% Triton X-100. Before IP reactions, human ventromedial 

caudate (VMC) homogenates from three representative schizophrenia cases were solubilized 

Ramos-Miguel et al. Page 5

Neuroscience. Author manuscript; available in PMC 2020 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in lysis buffer (TBS supplemented with 1 mM ethylenediaminete-traacetic acid (EDTA), 1% 

protease inhibitor cocktail, and 0.5% Triton X-100), and tissue debris were removed by 

centrifugation at 16,000g for 30 min at 4 °C. Supernatants were precleared with 

unconjugated magnetic beads for 1 h at 4 °C. Brain samples (0.75 mg protein) were then 

combined with 0.15 mg of antibody-bead conjugates, and IP reactions were allowed 

overnight at 4 °C. Finally, IP products were eluted in loading buffer (50 mM Tris, pH 6.8, 

10% glycerol, 2% SDS, 100 mM β-mercaptoethanol, 0.01% bromophenol blue) and boiled 

for 5 min before immunoblotting assays.

Subcellular fractionation and purification of synaptosomes

The synaptosome-enriched fraction, and other subcellular compartments were obtained from 

human cortical samples (inferior temporal gyrus as VMC samples were limited) as 

previously described (Ramos-Miguel et al., 2015b). First, brain tissue was carefully 

homogenized using a motorized glass-Teflon Potter Elvehjem grinder, in a 0.32 M sucrose 

solution buffered at pH 7.4 with 4 mM hydroxyethylpiperazine ethane sulfonic acid IOD, 

integrated optical density (HEPES), and supplemented with 1% protease inhibitors. 

Separation of nuclei (together with tissue debris), cytosol, myelin fragments, synaptosomes 

and mitochondria was achieved by sequential centrifugation steps followed by resuspension 

in similar HEPES-buffered solutions with increasing sucrose concentrations (0.8 and 1.2 M) 

(Gray and Whittaker, 1962; Ramos-Miguel et al., 2015b). The pellets were resuspended in 4 

mM HEPES, pH 7.4, divided in appropriate working aliquots, and stored at −80 °C until 

assayed by immunoblotting and/or immunofluorescence.

Western blotting

We used standard sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis 

(PAGE), followed by Western immunoblotting (WB), to characterize immunoreactive bands 

in lysates from human ARF1 transfected and non-transfected 293T cells (see Appendix 

Table S1), to test IP extractions and subcellular fractionations, as well as to quantify the 

immunodensity of ARF1 and UQCRC1 in the VMC homogenates from schizophrenia cases 

and controls. The protocols were extensively detailed previously (Ramos-Miguel et al., 

2015b). Briefly, samples were mixed with equal volumes of 2× loading buffer (see above), 

and boiled for 5 min before loading into 12% minigels (Bio-Rad, Hercules, CA, USA). 

Prestained molecular markers (Bio-Rad) were loaded in all gels to approximate the 

molecular weight of the immunoreactive bands. In quantitative studies, all gels also 

contained a standard sample (pool of all VMC homogenates) in triplicate. After transferring 

brain proteins to polyvinylidene difluoride (PVDF) membranes (Bio-Rad), nonspecific 

binding sites were blocked for 1 h at room temperature in TBS containing 5% skim milk and 

0.1% Tween-20. Membranes were then incubated with the appropriate primary (overnight at 

4 °C; see Appendix Table S1), and horseradish peroxidase-conjugated secondary (1 h at 

room temperature; 1:5,000 dilution; Jackson ImmunoResearch, West Grove, PA, USA) 

antibodies, diluted in the same blocking solution. One milliliter of commercial 

chemiluminescence enhancers (ECL Plus; PerkinElmer, Waltham, MA, USA) was layered 

on top of the membranes 1 min before imaging the immunoreactive signal in a LAS-3000 

reader (Fujifilm, Tokyo, Japan). To control for total protein load, membranes were stripped 

and reprobed with anti-β-actin antibody. Quantification of the integrated optical density 
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(IOD) of the immunoreactive bands was done in ImageGauge software, v.4.22 (Fujifilm). 

The IOD of each of the target immunoreactive bands was first normalized by that of β-actin 

in the same sample, and then expressed as a percent relative to the mean of the triplicate in-

gel standard. Each sample was assayed in three or more different gels, and the mean across 

these values was taken as a final estimate.

Immunofluorescence and confocal microscopy

To investigate the spatial colocalization of SNAP25 and ARF1 in human presynaptic 

terminals, synaptosomal extractions were examined by confocal microscopy following 

double immunolabeling with antibodies against these molecules, essentially as described 

(Millán et al., 2002). In a poly-L-lysine-coated slide, a 2-by-4 grid of approximately 0.25 

cm2 squares was initially drawn using an ImmEdge hydrophobic barrier PAP pen (Vector 

Laboratories, Burlingame, CA, USA). In each square, 20 μl of synaptosomal fractions 

(containing 8 μg of total protein) were spotted, and dried for 30 min at 37 °C. Fixation was 

accomplished by layering 40 μl of 4% paraformaldehyde for 15 min at room temperature. 

Excess paraformaldehyde was removed with TBS, and samples were immediately blocked 

for 1 h in TBS supplemented with 3% BSA and 0.1% Triton X-100. Primary antibodies 

against SNAP25 (clone SP12; 1:1000), ARF1 (polyclonal; 1:500), vesicular GABA 

transporter (vGAT; 1:500), and/or vesicular glutamate transporter-1 (vGLUT1, 1:500) were 

diluted in blocking solution (see Appendix Table S1 for antibody details). Forty μl of these 

solutions was then added to each square, excluding the negative control(s). After overnight 

incubation at 4 °C, appropriate combinations of Alexa Fluor 488/555/647-conjugated 

secondary antibodies (Molecular Probes, Eugene, OR, USA), diluted 1:500 in blocking 

solution, were overlaid and incubated for 1 h at room temperature in the dark. After gentle 

washes in TBS, slides were dried for 5 min at 37 °C, overlaid with ProLong Gold Antifade 

mountant (Molecular Probes), and coverslipped. Samples were imaged in a Zeiss confocal 

microscope (LSM 5 Pascal; Zeiss, Jena, Germany) equipped with a 63×/1.2NA water 

immersion objective. Colocalization between the fluorescent probes was analyzed in ImageJ 

v2.0 (NIH, Bethesda, MA, USA), using unbiased built-in algorithms (Costes et al., 2004; 

Ramos-Miguel et al., 2015c).

Statistical analysis

Proteins identified in the screening MS/MS phase of the study were compared between the 

schizophrenia and control samples. A Chi-square test was used to estimate the statistical 

significance of differences between groups in proportions of samples testing positive for 

each potentially interacting protein. The P-value for significance (P < 0.05) was adjusted 

with the Bonferroni correction method. In subsequent quantitative studies, relationships 

between target protein amounts and age, postmortem interval, storage time and brain pH 

were analyzed with Pearson’s correlation. The distribution of measures was assessed for 

normality with the Shapiro-Wilk test. Comparisons between groups used t-tests. Cohen’s d 
was calculated to estimate effect size.
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RESULTS

Samples

Schizophrenia (n = 15) and non-psychiatric control (n = 13) ventromedial caudate samples 

were the same ones as previously reported to have lower levels of SNAP25, and greater 

SNAP25-syntaxin interactions in schizophrenia. As noted in Table 1, postmortem interval 

was longer in the control group, and storage time was longer in the schizophrenia group. 

These measures, and the others noted in Table 1 were examined for associations with the 

quantitative measures described below. No statistically significant findings were found, so 

covariates were not used in comparisons between groups.

SNAP25 protein interactions in human VMC

To explore the local SNAP25 interactome, proteins between ~20 and 75 kDa (Fig. 1) co-

immunoprecipitating with SNAP25, but excluding the gel region at 25 kDa, were analyzed 

by MS/MS. Proteins identified fell into three groups (Table 2). Most consistent, and 

identified in all samples, were the SNARE and related proteins including SNAP25A, 

syntaxin-1A and −1B, and VAMP2. Two other proteins, VAMP1 and synapsin-1 were 

identified as interacting with SNAP25 more frequently in schizophrenia samples. In this 

screening phase, these findings were not statistically significant after correction for multiple 

comparisons. Nine other proteins comprised this group, including representatives from 

syntaxin, synaptotagmin, synapsin and syntaxin-binding protein families. Proteins present in 

mitochondria (although not necessarily exclusive to mitochondria) were also well 

represented, with 17 proteins identified. These include VCP transitional endoplasmic 

reticulum ATPase, identified in all samples. The small GTP-binding protein ADP-

ribosylation factor 1 (ARF1) was identified in eight schizophrenia samples and no control 

samples, a difference that was statistically significant after correction for multiple 

comparisons (P = 0.0004). The third group was comprised of four proteins of mixed origins, 

with microfibrillar protein 2 (fragment) identified in all samples. Additional information on 

the immunoprecipitated proteins appears in Table 3, including a comparison with reports of 

similar studies using human and rodent brain samples.

ARF1 immunoblotting

Additional studies were carried out to assess ARF1 immunoreactive bands, and quantify 

ARF1 in total homogenate samples. Lysate from a 293T cell line transfected with human 

ARF1 displayed an immunoreactive band at approximately 18 kDa (lower than the 

theoretical molecular weight of 20.7 kDa), detected with a polyclonal antibody and two 

monoclonal antibodies (Fig. 2A). Samples of human and rat brain homogenates displayed 

immunoreactive bands at approximately 21 kDa (one polyclonal and one monoclonal 

antibody), and 17 kDa (one polyclonal and two monoclonal antibodies). The polyclonal 

antibody was directed at the central region of ARF1, the monoclonal antibodies at the C-

terminal region. The immunoreactive bands will be referred to subsequently as ARF1–21 

and ARF1–17. These antibodies also reacted with other antigens of higher molecular sizes 

(37–150 kDa), either corresponding to SDS-resistant oligomers, or spurious bands, which 

were not considered relevant for the present study. As seen in Fig. 2B, the mean value of 

ARF1–21 in schizophrenia VMC (87.24, standard deviation (SD) 26.25) was lower than 
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control samples (110.35, SD 28.94), representing a statistically significant difference (−21%, 

P = 0.04, Cohen’s d = 0.84). In contrast, ARF1–17 immunodensities did not differ across the 

diagnostic groups (schizophrenia: 120.87, SD 32.72; NPC: 116.36, SD 28.40). Comparing 

the ARF1–21 immunodensity between schizophrenia and control using ARF1–17 as a 

covariate, the lower level of ARF1–21 in the schizophrenia samples remained statistically 

significant (P = 0.01).

For comparison with ARF1 (Fig. 2B), the mitochondrial marker UQCRC1 (ubiquinol-

cytochrome c reductase core protein 1) was also quantified. The mean value in schizophrenia 

VMC (94.18, SD 22.10) did not differ from the control value (107.47, SD 17.84). As 

previously reported (Barakauskas et al., 2010), in schizophrenia these same samples had 

lower SNAP25, and higher SNAP25-syntaxin interactions than control samples. These two 

measures were inversely correlated - a low level of SNAP25 was associated with a high 

SNAP25-syntaxin protein-protein interaction (Table 4). Neither of these measures showed 

an association with the level of the mitochondrial protein UQCRC1. Lower ARF1–21 was 

associated with greater SNAP25-syntaxin interaction. Levels of ARF1–17 were positively 

correlated with ARF1–21, but not with SNAP25 or with the SNAP25-syntaxin interaction. 

There was a positive association between the mitochondrial protein UQCRC1 and ARF1–

21, but no association with ARF1–17.

Characterization of ARF1-SNAP25 interaction

To confirm and further characterize the ARF1-SNAP25 interaction, we co-

immunoprecipitated these (and other synaptic) targets from a pool of three schizophrenia 

VMC homogenates, where this interaction was previously identified in MS/MS experiments. 

Interestingly, IP assays using anti-SNAP25 and antisyntaxin-1 antibodies revealed that only 

ARF1–21, but not ARF1–17, precipitated along with the SNARE proteins (Fig. 3A). 

However, both SNARE proteins were pulled down in ARF1-IP assays, regardless of the anti-

ARF1 antibody used. The latter observation indicates that the anti-ARF1 monoclonal 

antibody may recognize the ARF1–21 epitope only under native conditions, but not 

following SDS-PAGE. Furthermore, ARF1-IP reactions were highly enriched in other 

synaptic structural proteins known to play a role in SNARE-mediated exocytosis, such as 

septin 5 (SEPT5, also called CDCrel-1) (Fig. 3A). This finding may raise the question of 

whether the ARF1-SNAP25 interaction occurs directly or via intermediate partners such as 

SEPT5. Of note, the above protein-protein interactions were not the result of whole 

organelle precipitation during IP assays, as the mitochondrial marker UQCRC1 was not 

present in either IP reaction (Fig. 3A).

Subcellular fractionation experiments showed that the ARF1-SNAP25 association is 

anatomically relevant, as both ARF1 species were present in the synaptosomal preparations 

(Fig. 3B). Of interest, ARF1–21 was relatively enriched in the synaptic compartment 

compared to the cytosolic fraction. The presence of ARF1 species in the nucleus could not 

be confirmed, since large amounts of post-mortem tissue debris containing proteins from all 

compartments precipitate along with the nuclear fraction under the present assay conditions.

The colocalization between ARF1 and SNAP25 within the synaptosomes was further 

confirmed by confocal microscopy (Fig. 3C). Indeed, the vast majority of ARF1 signal was 
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detected within SNAP25-positive particles, suggesting that this molecule is mainly 

expressed in the presynaptic, rather than postsynaptic terminals. Remarkably, in the same 

synaptosomal preparations, the distribution of ARF1 across the terminal subtypes was also 

unbalanced. ARF1 expression in vGLUT1-positive (i.e. excitatory) synaptosomes was 

fivefold greater compared with expression in vGAT-positive (i.e. inhibitory) particles (Fig. 

3D, E).

DISCUSSION

In the series of ventromedial caudate schizophrenia samples with lower levels of SNAP25, 

and greater SNAP25-syntaxin interaction, SNAP25 immunoprecipitation and mass 

spectrometry demonstrated the expected interactions between SNAP25 and other SNARE-

related proteins. Detection of these interactions was somewhat more frequent in 

schizophrenia compared with control samples, consistent with the previous report of a 

quantitative increase in SNAP25-syntaxin interaction in these samples (Barakauskas et al., 

2010). Associations between SNAP25 and proteins also found in mitochondria were 

observed. Specifically, the interaction between SNAP25 and the mitochondrial small 

GTPase ARF1 appeared to be more frequently detected in co-immunoprecipitates from the 

schizophrenia samples. Independent assessment of ARF1 levels in brain homogenates using 

immunoblotting showed lower levels in the schizophrenia samples. Fractionation studies and 

co-localization using confocal microscopy supported the immunoprecipitation evidence for 

SNAP25-ARF1 protein-protein interaction.

The SNARE complex was initially characterized with immunoaffinity purification 

techniques (Söllner et al., 1993a,b). Subsequent studies expanded characterization of 

SNARE interacting and modulating proteins, and demonstration of the importance of the 

SNARE complex in neurotransmission suggested SNARE and interacting proteins as targets 

for investigation in schizophrenia (Katrancha and Koleske, 2015). As well, converging 

evidence from screening studies of gene expression using microarray techniques indicated 

the importance of changes in the presynaptic compartment to the pathophysiology of the 

illness (Mirnics et al., 2000). Meta analysis of presynaptic proteins in schizophrenia 

provides evidence for lower levels of synaptophysin (Osimo et al., 2018), a protein present 

in most if not all synapses, but enriched in glutamatergic synapses (Grønborg et al., 2010). 

For SNARE and SNARE-interacting proteins, the findings related to protein levels in 

schizophrenia are more variable (Egbujo et al., 2016; Osimo et al., 2018). This is not 

surprising, as even in age-related cognitive impairment and frank Alzheimer’s disease, 

presynaptic protein changes are heterogeneous, showing relationships to extent of pathology, 

acting as part of neural reserve, and having variable associations depending on brain region 

(Minger et al., 2001; Honer, 2003; Boyle et al., 2013; Ramos-Miguel et al., 2017).

SNARE protein-protein interactions may be more informative than protein levels, as seen in 

studies of schizophrenia and of age-related cognitive impairment (Honer et al., 2002; 

Barakauskas et al., 2010; Ramos-Miguel et al., 2015a). An animal model with a dominant 

isoleucine-to-threonine mutation in the SNAP25 protein has increased interaction between 

SNAP25 and syntaxin, and demonstrates phenotypic features consistent with some aspects 

of schizophrenia (Jeans et al., 2007; Oliver and Davies, 2009; Oliver et al., 2012). 
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Interactions between SNARE and related proteins may also be increased, including 

complexes containing syntaxin-binding protein-1 and complexin-1 (Ramos-Miguel et al., 

2015a). As expected, the immunoprecipitation and mass spectrometry results from the 

present study identify multiple interacting proteins, also reported in studies of human or 

rodent SNAP25 interactomes (Gorini et al., 2010; Brinkmalm et al., 2014). Most of these 

proteins, and their interactions with SNAP25, are not yet studied in schizophrenia samples, 

and could be targets for future investigation.

As well as interactions with proteins directly involved in neurotransmission, constituents of 

the mitochondrial proteome were also immunoprecipitated along with SNAP25. 

Mitochondrial proteins are identified as being dysregulated in proteomic studies of 

depression and schizophrenia (Pennington et al., 2008; Saia-Cereda and Martins-de-Souza, 

2017). Studies have not yet focussed on synaptic mitochondria specifically; the proteome of 

mitochondria in the presynaptic compartment may differ quantitatively from non-synaptic 

mitochondria (Stauch et al., 2014; Völgyi et al., 2015; Villa et al., 2017). The interpretation 

of the SNAP25 co-immunoprecipitation findings is complex. Proteins enriched in 

presynaptic terminal organelles such as vesicles are also present in mitochondria (Burré and 

Volknandt, 2007; Barth and Volknandt, 2011; Völgyi et al., 2015). Mitochondrial fragments 

could co-immunoprecipitate, providing the possibility of detection due to proximity. Studies 

using electron microscopy sometimes demonstrate mitochondria attached to active zone 

membranes (Laßek et al., 2015). Direct interactions between proteins usually categorized as 

synaptic, and those assigned to mitochondria may occur, as well as detection of apparent 

interactions due to proximity of localization.

The small GTPase ARF1 has multiple cellular functions and distribution (Bottanelli et al., 

2017), and was recently reported to be a constituent of mitochondria (Ackema et al., 2014; 

Rabouille, 2014; Spang, 2015). Detection of ARF1 in schizophrenia but not control SNAP25 

immunoprecipitates was followed up by measuring ARF1 levels in homogenates. ARF1 was 

detected in all samples, and ARF1–21 was found by immunoblotting to be 21% lower in 

schizophrenia. Another study reported higher ARF1 levels in depression with psychosis 

compared with depression free of psychosis, however samples from depression as a whole 

did not differ from control samples (Martins-de-Souza et al., 2012). The discordance 

between the lower level and the possibly greater interaction in schizophrenia is similar to the 

effect of this illness on SNAP25 and syntaxin levels (lower) and the interaction between 

these proteins (greater) (Barakauskas et al., 2010). Lower ARF1–21 levels were statistically 

associated with greater SNAP25-syntaxin interaction. A novel finding was the presence of at 

least two ARF1 immunoreactive protein bands co-occurring in human brain tissue, as 

resolved by SDS-PAGE followed by immunoblotting. ARF1 is subject to post-translational 

modification through myristoylation, and also demonstrates dimerization, properties that can 

alter the distribution of immunoreactive bands following electrophoresis (Beck et al., 2008). 

Whether ARF1–21 and 17 represent different variants of the same gene, or are the result of 

post-translational modifications was beyond the scope of the present study. However, taking 

into account their differential binding profiles (only ARF1–21 appeared to interact with the 

SNARE proteins), as well as their subcellular distributions (ARF1–21 mainly in synaptic 

fractions and ARF1–17 being more abundant in the cytosol), it is tempting to speculate that 

these ARF1 species might be involved in different cellular processes in the brain. 
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Interestingly, the levels of ARF1–21 were correlated with levels of the mitochondrial protein 

UQCRC1, while those of ARF1–17 were not. ARF1 immunoprecipitates contained the 

protein SEPT5, a GTP-binding protein reported to be enriched in docked synaptic vesicle 

fractions (Boyken et al., 2013). SEPT5 levels were reported to be elevated in prefrontal 

cortex in bipolar disorder and schizophrenia (Pennington et al., 2008), and relatively lower 

in neurodegenerative disease (Marttinen et al., 2015). The present immunocytochemical 

studies showed more ARF1 in glutamatergic human synaptosomes than in GABAergic, 

consistent with findings in rodents (Grønborg et al., 2010; Boyken et al., 2013).

Outside of the SNARE-associated and mitochondrial proteins, several of the proteins with 

preliminary evidence (Table 2) for being present in SNAP25 immunoprecipitates are of 

interest for neuropsychiatric illness. As examples:

MAP1B interacts with the mGluR4 presynaptic receptor (Moritz et al., 2009).

FHL1 (four and a half LIM domains 1 isoform 5) is associated with X-linked myopathies 

(Shathasivam et al., 2010).

VCP transitional endoplasmic reticulum ATPase is associated with Paget’s disease, 

amyotrophic lateral sclerosis, has mutations in some types of fronto-temporal dementia and 

interacts with mitochondrial proteins (Zhang et al., 2017).

The primary limitation of the present study is the small sample size. The results must be 

considered preliminary, and hypothesis-generating, requiring replication in an independent 

series of samples. None the less, the observation of a possible connection between 

abnormalities of presynaptic protein-protein interactions, and synaptic mitochondria 

supports a new research strategy of including studies of mitochondria as part of the 

evaluation of presynaptic terminals in schizophrenia. More detailed studies of the individual 

proteins identified here are needed to determine the extent to which the protein-protein 

interactions are specific (Li et al., 2012). While multiple negative controls were used, and 

additional work with independent assays was carried out for ARF1 and SNAP25, more 

definitive studies are needed for the full range of putative targets identified. These could 

include electron microscopy, to help discern the likelihood of adhesion of mitochondria to 

the presynaptic membrane, leading to immunoprecipitation by proximity, rather than a 

specific protein-protein interaction (Boyken et al., 2013).

CONCLUSIONS

The present findings support previous studies demonstrating the importance of the SNAP25 

interactome in schizophrenia and in neurodegenerative disease (Katrancha and Koleske, 

2015; Ramos-Miguel et al., 2015a, 2018). Expanding investigation of the interactome 

beyond SNARE proteins, to include mitochondrial proteins and function, offers a new 

strategy to characterize the origins and mechanism of presynaptic dysfunction in 

schizophrenia.
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Abbreviations:

ARF1 ADP-ribosylation factor 1

ARF1–17 ARF1 17 kiloDaltons

ARF1–21 ARF1 21 kiloDaltons

BSA bovine serum albumin

DSM-IV Diagnostic and Statistical Manual for Mental Disorders, 

4th Edition

EPI enhanced product ion

FHL1 four and a half LIM domains 1 isoform 5

GABA gamma-aminobutyric acid

IP immunoprecipitation

IPI International Protein Index

MAG myelin-associated glycoprotein

MAP1B microtubule-associated protein 1B

MS mass spectroscopy

NPC non-psychiatric comparison

PAGE polyacrylamide gel electrophoresis

PMI postmortem interval

PVDF polyvinylidene difluoride

SCZ schizophrenia

SDS sodium dodecyl sulfate

SEPT5 septin 5

SNAP25 (or S25) synaptosome-associated protein 25
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SNARE soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor

TBS Tris-buffered saline

UQCRC1 ubiquinol-cytochrome c reductase core protein 1

VAMP vesicle-associated membrane protein

VCP valosin-containing protein transitional endoplasmic 

reticulum ATPase

vGAT vesicular GABA transporter

vGLUT1 vesicular glutamate transporter-1

VMC ventromedial caudate

WB Western immunoblotting
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Fig. 1. 
Gel sampling for MS/MS analysis. Example of the landmarks used to cut gel lanes of 

Coomassie-stained SNAP25 immunoprecipiates. The band containing SNAP25 was omitted 

in the present analysis (outlined in black). For MS/MS analysis, the remaining gel was 

assayed between the 75-kDa and 15-kDa markers (dashed lines) and each sample lane was 

divided into four pieces (white boxes and dashed lines) for processing, digestion and 

MS/MS analysis. Raw spectra from the four gel pieces were combined then searched using 

Mascot to identify proteins that co-immunoprecipitate with SNAP25. An example of a 

control immunoprecipitation is also given, and illustrates non-specific bands, and the 

absence of SNAP25 under control conditions. Higher molecular weight bands (>100 kDa) 

consist of antibody and material from the beads. Abbreviations: IP, immunoprecipitation; S, 

schizophrenia; C, non-psychiatric comparison subject; MWM, molecular weight marker.

Ramos-Miguel et al. Page 18

Neuroscience. Author manuscript; available in PMC 2020 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Characterization of ARF1 imunoreactivity, and quantification of immunoreactivity in control 

and schizophrenia ventromedial caudate samples. (A) Immunodetection of ARF1 in non-

transfected 293T cells (negative control NC) and human ARF1 transfected cells (positive 

control PC), followed by 4 human brain homogenate samples (HB) and rat brain 

homogenate (RB). A polyclonal (upper panel) and two monoclonal antibodies were used. 

Molecular masses (in kDa) of prestained standards are shown on the left. (B) Boxplots show 

ARF1–21, ARF1–17 and the mitochondrial protein UQCRC1 normalized to beta-actin, and 

expressed as a percentage relative to the mean of the triplicate in-gel standards. Filled boxes 

in the schizophrenia plots represent samples that showed SNAP25– ARF1 interaction in the 

mass spectroscopy study. *Difference between control (Con) and schizophrenia (Sch) 

samples, P < 0.05.
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Fig. 3. 
Characterization of SNAP25-ARF1 interaction. (A) Co-immunoprecipitation (IP) assays of 

SNAP25, syntaxin-1 (STX1), and ARF1 (monoclonal and polyclonal antibodies) confirmed 

SNAP25 interaction with ARF1–21 but not ARF-17 in VMC homogenates from three 

representative subjects with schizophrenia. Additionally, ARF1 appears to interact with 

other SNARE proteins (STX1) and partners (septin 5; SEPT5). The SNAP25-ARF1 

interaction does not involve full mitochondria pull-down, as the mitochondrial marker 

UQCRC1 (ubiquinol-cytochrome c reductase core protein 1; a core component of the 

Complex III) did not precipitate along with the SNAREs or ARF1. Black arrowheads 

indicate specific protein targets whereas gray arrowheads indicate bands matching the 

immunoglobulins used in IP assays. The band adjacent to the asterisk was not observed 

Ramos-Miguel et al. Page 20

Neuroscience. Author manuscript; available in PMC 2020 November 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



consistently and may be an artifact. (B) Sequential fractionation of subcellular 

compartments in postmortem human brain samples (three different subjects were tested with 

similar results) revealed a relative enrichment of ARF1–21 in the synaptosomal extractions, 

compared to ARF1–17. The ARF1–21 and 17 images for the polyclonal antibody were 

chosen from the same blot at different exposure times to maximize visualization. 

Membranes were also immunoblotted for UQCRC1 and myelin-associated glycoprotein 

(MAG) as markers of the myelin and mitochondrial extractions, respectively. (A, B) 

Molecular masses (in kDa) of prestained standards are shown on the left. (C) Confocal 

microphotographs of human synaptosomal extractions co-immunolabeled with SNAP25 

(clone SP12; red) and ARF1 (polyclonal; green) antibodies, showing the positive 

colocalization of both molecules at synaptic terminals. (D) Microphotographs obtained as 

above following triple co-immunostaining with antibodies against ARF1 (polyclonal; red), 

vesicular GABA transporter (vGAT; green), and vesicular glutamate transporter-1 (vGLUT1; 

blue). (C, D) The insets magnify the dotted areas in the merged images. Scale bars: 10 μm 

(large images), 2 μm (inset image in C), and 1 μm (inset image in D). (E) Quantitative 

analysis of ARF1 colocalization with either vGLUT1- or vGAT-positive synaptosomes. 

After filtering the triple-channel microphotographs with the same lower threshold value, all 

images were converted to binary bitmaps. The total ARF1-immunolabeled area overlapping 

with that of vGLUT1 (purple) or vGAT (yellow) was calculated in percentage of total 

ARF1-positive area. For each channel pair, bars represent the mean overlap value ± standard 

error across 15 different images obtained from the same synaptosomal extraction.

Ramos-Miguel et al. Page 21

Neuroscience. Author manuscript; available in PMC 2020 November 10.

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

Ramos-Miguel et al. Page 22

Table 1.

Tissue sample characteristics. Diagnoses were established using DSM-IV criteria using all available 

information. Two subjects had a diagnosis of schizoaffective disorder. Post-mortem interval (PMI) and sample 

storage time were different between groups (P < 0.001, t-test). PMI was unavailable for one individual. 

Detailed sample information was previously described (Barakauskas et al., 2010)

Controls mean (SD) Schizophrenia mean (SD)

Age (years) 51.4 (18.8) 53.6 (12.1)

Postmortem interval (hours) 16.6 (7.1) 8.8 (3.2)

Sample storage time (weeks) 196 (77) 316 (74)

Brain pH 6.16 (0.33) 6.32 (0.22)

n n

Gender (Male: Female) 10:3 9:6

Smoker (yes:no:unknown) 8:4:1 9:4:2

Cause of death

Cardiac 4 6

Accidental 6 2

Homicide 3 0

Gastrointestinal 0 3

Pulmonary 0 3

Undetermined 0 1
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