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Abstract

In the brain, the Homer protein family modulates excitatory signal transduction and receptor 

plasticity through interactions with other proteins in dendritic spines. Homer proteins are 

implicated in a variety of psychiatric disorders such as schizophrenia and addiction. Since Homers 

serve as scaffolding proteins, identifying their interaction partners is an important first step in 

understanding their biological function and could help design novel therapeutic strategies. The 

present study set out to document Homer2-interacting proteins in the mouse brain using a co-

immunoprecipitation-based mass spectrometry approach. Homer2 knockout samples were used to 

filter out non-specific interactors. We found that in the brain, Homer2 interacts with a limited 
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subset of its previously reported interaction partners (3 out of 31). Importantly, we detected an 

additional 15 “novel” Homer2-interacting proteins, most of which are part of the N-methyl-D-

aspartate receptor signaling pathway. These results corroborate the central role Homer2 plays in 

glutamatergic transmission and expand the network of proteins potentially contributing to the 

behavioral abnormalities associated with altered Homer2 expression.

Graphical abstract

Keywords

Homer2; NMDAR; co-immunoprecipitation; mass spectrometry; MS1 full-scan filtering; Skyline

1. Introduction

In excitatory synapses of the central nervous system, Homer proteins constitute a family of 

adaptor/scaffolding proteins that regulate excitatory signal transduction and receptor 

plasticity in dendritic spines by tethering critical effectors into functional complexes at the 

postsynaptic density (PSD) (reviewed in [1]). Mammalian Homer proteins are the products 

of three independent genes, Homer1-3. Homers share two main structural features: a well 

conserved amino-terminal class II Enabled/vasodilator-stimulated phosphoprotein homology 

1 (EVH1) domain [2-6] and a less conserved carboxyl-terminal coiled-coil domain, which is 

absent from short isoforms (e.g., Homer1a) [4,5,7-11].

Each structural domain has well documented molecular functions: the EVH1 domain binds 

specific proline-rich consensus sequences (i.e. PPXXF and PXXF where X is any amino 

acid, as well as LPSSP) found in numerous proteins [6,12-17] and the coiled-coil domain 

facilitates longer Homer protein multimerization and the formation of protein scaffolds 

[4,5,7-11]. Long Homer proteins are constitutively expressed at different levels throughout 

the brain [4,18] and are concentrated at the PSD below the dense core [19]. In contrast, the 

short Homer1 proteins (Homer1a and Ania3) are expressed as delayed immediate early 

genes in an activity-dependent manner and disrupt the protein clusters formed by longer 

Homers at the PSD [2,3,20]. Homer proteins contribute to the formation and morphological 

plasticity of dendritic spines [21-24]. Also, by tethering metabotropic glutamate receptors to 
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intracellular signaling effectors and ion channels, Homers play a critical role in regulating 

signal transduction at the PSD [1,25]. At the behavioral level, Homer proteins have been 

implicated in a variety of pathological states such as neuropathic pain [26], schizophrenia 

[27], and addiction [28-32]. In particular, Homer2 proteins promote excessive alcohol 

consumption [33-37].

Since Homers function as scaffolding proteins, identifying their interaction partners is a 

crucial step in understanding the molecular mechanism by which they impact neuronal 

activity and behavior. For Homer2, a total of 31 interaction partners have been reported in 

the literature (Supplemental Table S1). However, the interactions of these proteins with 

Homer2 were characterized by various experimental approaches using different organisms 

and tissue types. In the present study, we sought to identify the proteins that specifically 

interact with Homer2 in the mouse brain. To this purpose, we performed Homer2 co-

immunoprecipitation (co-IP) experiments in whole brains collected from wild-type (WT) 

and Homer2 knockout (KO) mice, analyzed the samples by nano liquid chromatography-

tandem mass spectrometry (nLC-MS/MS) followed by MS1 full-scan filtering, and 

identified co-immunoprecipitated (co-IPed) proteins that were significantly enriched in WT 

versus KO samples (hereafter referred to as Homer2 co-IP experiment). Next, we verified 

the co-IPed proteins using selected reaction monitoring (SRM) mass spectrometry in a 

separate Homer2 co-IP experiment (hereafter referred to as Homer2 co-IP verification 
experiment). Overall, analyses revealed that the interactome of Homer2 proteins in the 

mouse brain minimally overlaps with the set of proteins that had been previously reported in 

the literature. Importantly, we identified 15 novel interactors that are part of the N-methyl-D-

aspartate receptor (NMDAR) signaling pathway, and that may, therefore, contribute to the 

effects of Homer2 deletion and overexpression on behavioral phenotypes.

2. Materials and methods

2.1 Mouse brain tissue

For the Homer2 co-IP experiment, whole brains were harvested from three male WT 

(background: 129X1/SvJ X C57BL/6J) and three Homer2 KO mice [38] (ages 1-5 months) 

bred in-house by Dr. Szumlinski. For the Homer2 co-IP verification experiment, whole 

brains were harvested from three male NIA C57BL/6 mice (3 months) purchased from 

Charles River Laboratories (Seattle, WA). All mice were handled and sacrificed by the 

guidelines provided by the Institutional Animal Care and Use Committees at the University 

of California, Santa Barbara and the University of Washington. All brains were stored at 

-80 °C before use.

2.2 Homer2 co-IP

For the Homer2 co-IP experiment (Figure 1A), whole brains were homogenized separately 

using a 15 ml Potter-Elvehjem tissue grinder with PTFE pestle (Wheaton Science Products, 

Millville, NJ) over wet ice in 12 ml of a co-IP buffer containing 20 mM Tris-Cl pH 7.4, 137 

mM NaCl, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 2 mM EDTA, and 1X Halt protease 

and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Rockford, IL). The 

homogenates were transferred to 15 ml conical tubes and mixed end-over-end for 30 min at 
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4 °C, then aliquoted into 1.7 ml tubes and centrifuged at 500 × g at 4 °C for 10 min to 

remove unlysed cells and nuclear material. The supernatants were recombined into new 15 

ml conical tubes, mixed by vortexing, and kept on wet ice while protein concentrations were 

assessed by DC protein assay (Bio-Rad Laboratories, Hercules, CA) according to 

manufacturer's recommendations. Next, 500 μg of each supernatant was added to 1.7 ml 

tubes and diluted to 500 μg/1,000 μl with co-IP buffer containing inhibitors. The samples 

were pre-cleared with 10 μg of an unconjugated rabbit anti-mouse IgG Fc secondary 

antibody (product # 31194, Thermo Fisher Scientific, Rockford, IL) and 100 μl of 

equilibrated Invitrogen Protein A-Sepharose 4B Conjugate beads (Life Technologies, Grand 

Island, NY) by nutating at 4 °C for 30 min and 6 h, respectively. The beads were pelleted by 

centrifuging twice at 500 × g at 4 °C for 2 min, and the pre-cleared supernatants were 

transferred to new 1.7 ml tubes after each spin. The samples were co-IPed with 10 μg of a 

rabbit polyclonal anti-Homer2 antibody (catalog # 160 203, Synaptic Systems, Göttingen, 

Germany) and 100 μl Protein A-Sepharose 4B Conjugate beads by nutating at 4 °C for 12 h 

and 6 h, respectively. The beads were pelleted by centrifuging at 425 × g at 4 °C for 2 min, 

the supernatants were removed, and the beads were washed by nutating three times with 1 

ml of co-IP buffer without inhibitors at room temperature for 10 min. The co-IPed proteins 

were eluted by mixing the beads three times with 100 μl of 200 mM glycine pH 2.5 using a 

Labquake tube shaker/rotator (Thermo Fisher Scientific, Rockford, IL) at room temperature 

for 10 min. The eluates were transferred to new 1.7 ml tubes, and the pH was neutralized 

with equal volumes of 1 M Tris-Cl pH 8. During both washing and elution steps, the beads 

were pelleted by centrifuging at 425 × g at room temperature for 2 min. Finally, co-IPed 

proteins were purified by methanol/chloroform precipitation [39] and stored in methanol at 

-80 °C.

For the Homer2 co-IP verification experiment, the same procedure was used, but protein 

concentrations were assessed by BCA protein assay (Thermo Fisher Scientific, Rockford, 

IL) according to manufacturer's recommendations and WT negative control samples were 

co-IPed with 10 μg of a rabbit polyclonal anti-HA-tag antibody (catalog # 245 003, Synaptic 

Systems, Göttingen, Germany).

2.3 1-D and 2-D gel electrophoresis

The homogenate, supernatant (hereafter referred to as input fraction), pre-cleared input, and 

co-IP input fractions were purified by methanol/chloroform precipitation. All fractions, 

including the co-IP sample, were solubilized in 1% SDS by sonication and heating at 60 °C 

for 30 min. Protein concentrations were determined by DC protein assay (Bio-Rad 

Laboratories, Hercules, CA). Samples destined for 1-D gel electrophoresis were mixed with 

SDS gel-loading buffer to reach a final concentration of 50 mM Tris-Cl pH 6.8, 2% SDS, 

10% (v/v) glycerol, 0.1% (w/v) bromophenol blue, and 1.25% (v/v) β-mercaptoethanol, 

heated at 100 °C for 5 min, and stored at -20 °C. Samples destined for 2-D gel 

electrophoresis or mass spectrometry analysis were purified again by methanol/chloroform 

precipitation and stored in methanol at -80 °C.

For 1D gel electrophoresis, 10 μg of sample in SDS gel-loading buffer and 10 μl of the Bio-

Rad Kaleidoscope protein standard (Bio-Rad Laboratories, Hercules, CA) were loaded into 
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hand-poured 10% Tris-glycine SDS-polyacrylamide gels topped with a 5 % stacking gel and 

electrophoresed at 60 V and 100 V through the stacking and resolving gels, respectively, 

using a Mini-PROTEAN Tetra Cell electrophoresis apparatus (Bio-Rad Laboratories, 

Hercules, CA). The proteins were either transferred to a PVDF Immobilon-P membrane 

(Merck Millipore, Billerica, MA) using a Mini Trans-Blot cell (Bio-Rad Laboratories, 

Hercules, CA) running at 350 mA for 1 h for immunoblotting or prepared for silver staining.

For 2-D gel electrophoresis, proteins were prepared as described by Wu et al. [40]. Briefly, 

30 μg of protein was solubilized by vortexing in 75 μl of a solution containing 35 mM Tris-

base, 9 M urea, 4% (w/v) CHAPS, and 65 mM DTT and 75 μl of a second solution 

containing 7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 100 mM DTT, 2% (v/v) Pharmalyte 

broad range pH 3-10 carrier ampholytes (GE Healthcare Bio-Sciences, Pittsburgh, PA), and 

0.05% (v/v) bromophenol blue. Immobiline DryStrip gels (7 cm pH 3-10; GE Healthcare 

Bio-Sciences, Pittsburgh, PA) were rehydrated overnight at room temperature with the 

solubilized proteins and transferred to a Multiphor II electrophoresis system attached to a 

MultiTemp III thermostatic chiller and EPS 3501 power supply (GE Healthcare Bio-

Sciences, Pittsburgh, PA). The gel strips were covered with mineral oil and electrophoresed 

at 350 V, 750 V, 1200 V, 2000 V, and 3000 V for 1 h at each voltage then at 3500 V for 41 h 

at a constant temperature of 15 °C. Next, the gel strips were submerged for 10 min in 1 ml of 

a reducing solution containing 50 mM Tris-Cl pH 6.8, 6 M urea, 70 mM SDS, 15 % (v/v) 

glycerol, and 60 mM DTT. The gel strips were submerged for another 10 min in 1 ml of an 

alkylating solution containing 50 mM Tris-Cl pH 6.8, 6 M urea, 70 mM SDS, 15 % (v/v) 

glycerol, 68 mM 2-iodoacetamide, and 0.05% (v/v) bromophenol blue. The gel strips were 

loaded into hand-poured 10% Tris-glycine SDS-polyacrylamide gels topped with a 5 % 

stacking gel and electrophoresed at 60 V and 100 V through the stacking and resolving gels, 

respectively, using a Mini-PROTEAN Tetra Cell electrophoresis apparatus (Bio-Rad 

Laboratories, Hercules, CA). 10 μg of protein purified from the input fraction was included 

in a lane alongside the gel strips. The proteins were transferred to a PVDF Immobilon-P 

membrane (Merck Millipore, Billerica, MA) using a Mini Trans-Blot cell (Bio-Rad 

Laboratories, Hercules, CA) running at 350 mA for 1 h.

2.4 Western blotting

Membranes were blocked for 1 h at room temperature in a buffer containing 10 mM Tris-Cl 

pH 8, 150 mM NaCl, 0.05% (v/v) Tween 20, and 5 % (w/v) nonfat instant dry milk, then 

incubated overnight at 4 °C in blocking buffer containing 0.02% (v/v) sodium azide and a 

1:1,000 dilution of rabbit anti-Homer2 antibody (catalog # 160 203, Synaptic Systems, 

Göttingen, Germany) from a 1 μg/μl stock. Next, the membranes were washed at room 

temperature three times 10 min with blocking buffer, incubated for 2 h at room temperature 

in blocking buffer containing a 1:20,000 dilution of anti-rabbit IgG (H+L) horseradish 

peroxidase-conjugated antibody (catalog # W4011, Promega, Madison, WI) from a 1 μg/μl 

stock, then washed at room temperature three times 10 min with blocking buffer without 

milk. Finally, membranes were bathed with 1 ml of SuperSignal West Pico 

Chemiluminescent Substrate (Thermo Fisher Scientific, Rockford, IL), exposed onto Classic 

BX Autoradiography Film (MIDSCI, St. Louis, MO), and developed using an SRX-101A 

Film Processor (Konica Minolta, Ramsey, NJ).
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2.5 Silver staining

After 1-D gel electrophoresis, the gel was rinsed in water for 5 min and soaked overnight at 

room temperature in a fixing solution containing 40% (v/v) methanol and 10% (v/v) acetic 

acid. The gel was rinsed in water for 5 min, soaked for 15 min in a solution containing 0.5 M 

sodium acetate and 0.16% (v/v) glutaraldehyde, then rinsed three times in water for 10 min. 

Subsequently, the gel was soaked twice for 15 min in a solution containing 1.5 mM 2,7-

naphthalenedisulfonic acid then rinsed four times in water for 10 min. Next, the gel was 

soaked for 30 min in a silver solution containing 47 mM silver nitrate, 0.4% (v/v) 

ammonium hydroxide, and 0.024 N sodium hydroxide, then rinsed four times with water for 

5 min. Finally, the gel was soaked in a developing solution containing 0.26 mM citric acid 

and 0.037% (v/v) formaldehyde before the reaction was quenched by soaking the gel for 5 

min in a solution containing 0.41 M Tris-base and 2% (v/v) acetic acid.

2.6 Sample digestion

For the Homer2 co-IP experiment, proteins were digested as previously described [41]. 

Briefly, 25 μg of each sample was solubilized in 0.2% RapiGest buffered with 50 mM 

ammonium bicarbonate pH 7.8 by heating at 100 °C for 5 min followed by sonication. The 

samples were reduced at 60 °C for 30 min with 5 mM DTT, alkylated with 15 mM 2-

iodoacetamide at room temperature for 30 min under darkness, and mixed with 1 mM 

CaCl2. Porcine sequencing grade modified trypsin endoproteinase (Promega Corporation, 

Madison, WI) was added at a 1:100 enzyme to protein ratio and samples were incubated at 

37 °C for 18 h. RapiGest was hydrolyzed with 120 mM hydrochloric acid, and samples were 

centrifuged three times 45 min at 20,000 × g to remove immiscible RapiGest by-products. 

The resulting digests were subjected to a peptide cleanup step using Pierce C-18 Spin 

Columns (Thermo Fisher Scientific, Rockford, IL) according to manufacturer's instructions. 

Peptides were dried using a CentriVap vacuum concentrator, suspended at 0.2 μg/μl in 

acidified water (0.1% v/v formic acid), and stored at -20 °C.

For the Homer2 co-IP verification experiment, the same procedure was used, but 250 ng 

15N-labeled human Apolipoprotein A-I (Cambridge Isotope Labs, Inc., Tewksbury, MA) 

was added to a 5 ng/μl final concentration.

2.7 Nano liquid chromatography-tandem mass spectrometry (nLC-MS/MS)

For the Homer2 co-IP experiment, protein digests were analyzed by nLC-MS/MS using an 

EASY-nLC 1000 (Thermo Scientific, San Jose, CA) chromatography system coupled online 

via thermostated electrospray ionization to an Orbitrap Elite Hybrid Ion Trap-Orbitrap Mass 

Spectrometer (Thermo Scientific, San Jose, CA). Randomized injections of 1 μg of peptide 

preparations were resolved on a 75 μm id × 30 cm long fused silica analytical column 

(Polymicro Technologies, Phoenix, AZ) slurry-packed in-house with Aqua C18 (5 μm/

125Å) stationary phase (Phenomenex, Torrance, CA). Peptides were eluted from the column 

at a constant flow rate of 200 nl/min using a linear 90 min gradient of 3-33% B (A = 98% 

water/2% ACN/0.1% formic acid; B = 99.9% ACN/0.1% formic acid). The column was 

heated at 40 °C to enhance the detection of hydrophobic peptides [42,43]. MS1 spectra were 

collected from m/z 400-1400 at a resolving power of 60,000 at 400 m/z, and precursor ion 

counts of 1,000,000 were acquired with a maximum injection time of 200 ms. The ten most 
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abundant precursor ions (excluding +1 precursor ions) were selected for fragmentation in the 

linear ion trap, and product ion counts of 10,000 were acquired with a maximum injection 

time of 100 ms. Dynamic exclusion was enabled with a repeat count of 1, and a 30 sec 

exclusion window and monoisotopic precursor selection was enabled.

2.8 Nano liquid chromatography-selected reaction monitoring (nLC-SRM)

For the Homer2 co-IP verification experiment, protein digests were analyzed by nLC-SRM 

using an EASY-nLC 1000 (Thermo Scientific, San Jose, CA) chromatography system 

coupled online via electrospray ionization to a TSQ Quantiva Triple Quadrupole Mass 

Spectrometer (Thermo Scientific, San Jose, CA). Randomized injections of 1.5 μg of peptide 

preparations including 15 ng of 15N-labeled human Apolipoprotein A-I were trapped using 

a 150 μm id × 3 cm long fused silica trapping column (Polymicro Technologies, Phoenix, 

AZ) slurry-packed in house with Jupiter C12 (4 μm/90Å) stationary phase (Phenomenex, 

Woburn, MA) then resolved on a 75 μm id × 20 cm long PicoFrit fused silica analytical 

column (Phenomenex, Woburn, MA) slurry-packed in-house with Aqua C18 (5 μm/125Å) 

stationary phase (Phenomenex, Torrance, CA). Samples were trapped with 9 μl of buffer A 

at 2 μl/min then peptides were eluted from the column at a constant flow rate of 200 nl/min 

using a linear 90 min gradient of 0-30% B (A = 94.9% water/0.1% formic acid/5% ACN; B 

= 4.9% water/0.1% formic acid/95% ACN). Ions were isolated in both Q1 and Q3 with 

resolutions of 0.7 FWHM and peptide fragmentation was performed in Q2 at 1.5 mTorr 

using peptide-specific collision energies. Monoisotopic +2 charge state fully-tryptic 

proteotypic peptides from 7 to 21 amino acids in length were monitored and data was 

collected using a scheduled data acquisition method with a 12 min retention time window, 

and a 10 ms dwell time. A static modification for cysteine carbamidomethylation 

(monoisotopic m/z = 57.021464) was included. Only peptides that were previously detected 

by nLC-MS/MS and used for MS1 full-scan filtering in the other Homer2 co-IP experiment 

were selected for nLC-SRM analysis. This enabled us to predict peptide elution times for 

scheduled data acquisition and to validate peak identity using an iRT calculator [44] that was 

calibrated against peptides from two external proteins: Ig gamma chain C region (UniProt 

identifier: P01870) and 15N-labeled human Apolipoprotein A-I. We also use a dot product 

similarity metric [45] to validate peak identity by comparing relative fragment ion intensities 

from spectral library data to SRM measurements. Only peptides with an average dot product 

(dotp) score ≥ 0.80 were reported (scored from 0 to 1, where 1 is the highest possible score). 

All SRM data acquisition methods and data analysis were performed using Skyline (daily 

version 3.1.1.7383) [46].

2.9 Database search pipeline

For the Homer2 co-IP experiment, peptide identifications were obtained by analyzing nLC-

MS/MS data using a bioinformatic pipeline that consisted of: (1) the conversion of RAW 

data to compact text files using MSConvert [47], (2) the assignment of MS2 peptide features 

to deconvoluted MS1 peptide isotope distributions using Bullseye [48] and Hardklör [49], 

respectively, (3) real and decoy (randomized target database) database searches using 

SEQUEST (version 2.04) [50], and (4) the assignment of peptide-spectrum match false 

discover rate (FDR) using Percolator [51]. Triplicate biological and quadruple technical 

replicate injections of the input fraction and co-IP samples were searched independently and 
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together against a reviewed UniProt Knowledgebase/Swiss-Prot mouse proteome 

(07/09/2014 release, 24,679 sequences) combined with seven rabbit Ig proteins (UniProt 

identifiers: P01838, P01839, P01840, P01841, P01847, P01870, and P03984). An FDR 

threshold of 1% was used for peptide-spectrum matches. Additional search parameters 

included trypsin (arginine/lysine) enzyme specificity allowing for two missed cleavages, a 

static modification for cysteine carbamidomethylation (monoisotopic m/z = 57.021464), 10 

parts per million (ppm) precursor ion mass tolerance, and 0.36 amu product ion mass 

tolerance. The results from the database search are included in Supplemental Table 4.

To assess if adding experimentally derived contaminants to the database altered the search 

results, we performed a database search with pig Trypsin (UniProt identifier: P00761), 

Staphylococcus aureus Immunoglobulin G-binding protein A (UniProt identifier: P38507), 

and 16 cutaneous human Keratin proteins (UniProt identifiers: O43790, O76009, O76011, 

O76013, O76013-2, O76014, O76015, P78385, P78386, Q14525, Q14532, Q14533, 

Q15323, Q92764, Q9NSB2, and Q9NSB4) included in the mouse proteome. The addition of 

these contaminants did not alter the list of significantly enriched Homer2-interacting 

proteins (data not shown). We also included the results of another database search including 

variable posttranslational modifications for methionine oxidation (monoisotopic m/z = 

15.994915), asparagine/glutamine deamidation (monoisotopic m/z = 0.984016), as well as 

serine, threonine, and tyrosine phosphorylation (monoisotopic m/z = 79.966331) with up to 

two differential modifications allowed per peptide, using the database that included 

experimentally derived contaminants. The addition of these contaminants did not alter the 

list of significantly enriched Homer2-interacting proteins (data not shown). The results from 

the database search with variable modifications are in Supplemental Table 5.

2.10 Skyline MS1 full-scan filtering

For the Homer2 co-IP experiment, MS1 full-scan filtering was performed using Skyline 

(daily version 2.5.1.6157) with an approach similar to those described by Schilling et al. 
[52]. Briefly, MS1 full-scan settings were configured to count three isotope peaks (M, M+1, 

and M+2) for +2, +3, +4, +5, +6, and +7 precursor ions with a resolving power of 60,000 at 

400 m/z for an Orbitrap mass analyzer. Retention time prediction was set to use scans within 

2 min of MS/MS peptide identification events, and a background proteome was created from 

the same mouse/rabbit Ig proteome that was used for the database searches. The background 

proteome was digested with Trypsin (Arginine/Lysine|Proline) and missed cleavages were 

excluded. RAW data was filtered against the spectral library built with peptide search results 

from the database search pipeline. A structural modification for cysteine 

carbamidomethylation was included in the spectral library, ion match tolerance was set to 

0.5 m/z, and the ten most intense product ions were filtered with an FDR cut-off score of 

0.99 (q < 0.01) for peptides between 5 and 50 residues excluding potentially ragged ends. 

Repeated as well as non-proteotypic peptides were removed and all Skyline integrated 

peptide peaks were manually verified. Peptides that fell outside the integration boundary or 

had less than two peptides per protein were excluded from the analysis.
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2.11 Statistical analyses

Protein level relative quantification and enrichment were performed using MSstats (daily 

version 2.3.5) [53-55] and implemented in RStudio (version 0.98.1102). For the Homer2 co-

IP experiment, a 10-column MSstats readable file was exported from Skyline and pre-

analyzed by normalizing proteins in this dataset to one rabbit Ig protein using the following 

four peptides: GYLPEPVTVTWNSGTLTNGVR, DTLMISR, EQQFNSTIR, and 

LSVPTSEWQR (Ig gamma chain C region; P01870). Pre-analysis to Ig peptides served as a 

loading control [56]. A model-based analysis was performed between conditions (i.e. WT 

versus Homer2 KO co-IP samples) with the following settings: expanded scope of biological 

replication, restricted scope of technical replication, interference set to false, and equal 

feature variation set to true. The data was exported with positive log2 values representing 

enrichment in the WT versus KO co-IP samples, and proteins were deemed significantly 

enriched at an adjusted p-value of q ≤ 0.10.

For the Homer2 co-IP verification experiment, the presence or absence of the Homer2-

interacting proteins detected by MS1 full-scan filtering were manually verified. A protein 

was deemed “verified” if at least one +2 peptide used for MS1-full scan filtering was 

detected by SRM in anti-Homer2 IP versus anti-HA-tag IP control samples.

2.12 Data visualization

MS1 full-scan filtering and SRM data were visualized using Skyline.

3. Results and Discussion

3.1 Validation of an anti-Homer2 antibody for co-IP experiments

Alternative splicing produces multiple mammalian Homer gene products (e.g. mouse 

Homer1b/c, Homer2a/b, and Homer3 Isoforms 1/2) [57]. Therefore, we selected a purified 

anti-Homer2 antibody that recognized a conserved amino acid sequence (i.e. amino acids 

121-176) specific to both murine Homer2 gene products [58]. To determine if the antibody 

would co-IP intact Homer2 complexes in mouse brain tissue, we performed Homer2 co-IP 

experiments on whole-brain post-nuclear supernatants (i.e. the input fraction for later 

enrichment steps) harvested from WT and Homer2 KO mice.

It was previously reported that Homer2 proteins are posttranslationally modified [59,60]. 

Therefore, we used 2-D western blotting to determine if the anti-Homer2 antibody 

recognized and immunoprecipitated (IPed) posttranslationally modified Homer2 protein 

species. We observed similar spot distributions for Homer2 around 47 kDa in the input 

fraction and the co-IP sample, demonstrating that the antibody IPed the majority of Homer2 

protein species detected in the input fraction (Figure 1B). The two bands corresponding to 

Homer2a and Homer2b were observed around 47 kDa and 48 kDa, which is higher than 

their respective predicted molecular masses of 39.5 kDa and 40.6 kDa, but consistent with 

posttranslational modifications adding mass and with other Homer2 western blotting data 

from the rat brain (e.g. [4]).
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Next, we used a 1-D western blot to assess the specificity of the anti-Homer2 antibody for 

immunoprecipitation (IP) purposes. Homer2 was detected in the WT IP sample, but not in 

the KO IP sample, indicating that our antibody selectively IPed Homer2 from the mouse 

brain (Figure 1C, Lane 6).

Finally, we used a silver stained 1-D gel to determine if the antibody would successfully co-

IP Homer2 protein complexes. We observed more extensive staining in the WT versus KO 

co-IP samples (Figure 1D, Lane 6), which is consistent with the enrichment of Homer2-

interacting proteins in WT versus KO samples.

3.2 The majority of previously reported Homer2-interacting proteins were not identified in 
co-IP samples from the mouse brain

To characterize Homer2-interacting proteins in the mouse brain, we used mass spectrometry 

and MS1 full-scan filtering. With this approach, we detected 11 of the 31 previously 

reported Homer2-interacting proteins in the mouse whole-brain input fractions (Figure 2A; 

Figure 3A; Supplemental Data 1). Surprisingly, none of these proteins were detected in the 

co-IP samples, suggesting that these proteins do not interact with Homer2 in the mouse brain 

(Supplemental Data 1). Nonetheless, 6 of the 31 previously reported Homer2-interacting 

proteins were detected in the co-IP samples (Figure 2A; Figure 3A; Supplemental Data 2). 

We were unable to detect the remaining 14 previously reported Homer2-interacting proteins 

in either dataset (Figure 2A; Figure 3A).

Since we detected 11 of the 31 previously reported Homer2-interacting proteins only in the 

input fraction, our data argues against interactions of Homer2 with PIKE, APP751, PMCA1, 

PMCA4, CDC42, Drebrin, Dynamin-3, IP3R1, PLC-β-1, RhoA, and 2B28, at least in a 

mouse whole-brain post-nuclear supernatant. Of these 11 proteins, five were not previously 

reported to interact with Homer2 in mouse brain tissue (Supplemental Table 1). Using 

immunoprecipitation (IP) assays, APP751 [61] was shown to interact with Homer2 in 

HEK-293 cells while PMCA1 and PMCA4 [62] were shown to interact with Homer2 in the 

mouse parotid gland. APP751was also shown to interact with Homer2 in vitro using a 

human-protein microarray [63]. Moreover, Homer2 was shown to interact with RhoA [64] 

and 2B28 [65] in E. coli using ligand overlay and pull-down assays, respectively. A different 

set of previously reported Homer2-interacting proteins were characterized in the brain, but 

not in mouse brain tissue: IP and pull-down assays were used to document interactions 

between Homer2 and PIKE [15], PLC-β-1 [38], and Dynamin-3 [12,66] in different rat brain 

tissues, including the whole brain, forebrain, and cerebellum. Although we were unable to 

detect these proteins, it is possible that these interactions are organism-specific. Work by 

Salanova et al. demonstrated that murine Homer2 GST-fusion proteins interact with IP3R1 

[67] in mouse cerebellar extracts. IP experiments performed by Shiraishi-Yamaguchi et al. 
revealed that Homer2 interacts with CDC42 [64] and Drebrin/E2 [11] in the mouse 

cerebellum; however, Drebrin/E2 was identified using a pan-specific Homer antibody. 

Results from our study suggest that Drebrin/E2 may not interact with Homer2 in the mouse 

brain. Interestingly, IP3R1, CDC42, and Drebrin/E2 were all previously reported to interact 

with Homer2 in the cerebellum, a brain region with an especially low abundance of Homer2 

[19,59]. Although the cerebellum comprises approximately 12% of the mouse brain by mass 
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[68], the total abundance of Homer2 in complex with cerebellar proteins may be so small 

that it is masked in the context of a whole-brain co-IP experiment. Alternatively, our 

inability to detect these proteins could result from technical limitations. For example, labile 

or transient interactions may not be retained under our co-IP conditions.

The absence of 14 of the 31 previously reported Homer2-interacting proteins from both 

datasets could result from their lack of expression in the brain (Figure 2A; Figure 3A; 

Supplemental Table 1). Consistent with this possibility, some of these proteins are 

predominantly expressed outside of the brain. For example, Myo18b has been shown to 

develop and maintain the structure of muscle cells [69], as well as function as a tumor 

suppressor in human carcinomas [70,71], while the RyR1 protein functions as a calcium ion 

channel in the sarcoplasmic reticulum of muscle tissue [72]. Moreover, the VKORC1 protein 

is an essential component of the blood coagulation system [73-75]. Finally, IFT57 has been 

shown to modulate intraflagellar transport in photoreceptor cells [76,77]. Since we 

performed co-IP using mouse whole-brain post-nuclear supernatants, it is understandable 

that we did not detect the nuclear transport protein Importin α-P1 [78], the activated 

NFATc1, NFATc2, and NFATc4 transcription factor proteins (reviewed in [79]), or CSPP1, 

which is involved in mitotic progression, cytokinesis, and ciliogenesis [80-82]. It is also 

possible that other undetected proteins, which included DGL-α, eEF-2k, mGluR1-α, Rac1, 

and TrpC1 were not detected due to their physical properties or because additional 

enrichment strategies were not employed. DGL-α, mGluR1-α, and TrpC1 are integral 

membrane proteins, which are notoriously difficult types of proteins to detect by traditional 

shotgun proteomics approaches [83]; moreover, unlike the highly abundant mGluR5 protein, 

an integral membrane protein and previously reported Homer2-interacting protein 

[4,5,12,13,38,84,85] that was detected in the input fraction, global mGluR1-α expression is 

much lower, at least in the rat brain [86]. A search of the PeptideAtlas compendium (build: 

Mouse 2016-01) [87,88] revealed that eEF-2k, Rac1, and TrpC1 proteins were detected by 

mass spectrometry in mouse brain fractions or neural cell lines, which could indicate that 

our protein solubilization procedure was too mild to solubilize these proteins. Interestingly, 

we previously detected peptides corresponding to DGL-α and mGluR1-α in mouse brain 

tissue, but after an enrichment for PSD proteins [89].

Overall, these data indicate that interactions between Homer2 and a subset of previously 

reported Homer2-interacting proteins might be organism-, cell line-, or even tissue-specific.

3.3 Enrichment analysis identifies novel Homer2-interacting proteins in the mouse brain

MS1 full-scan filtering enabled us to measure relative quantitative differences in protein 

abundance between samples that do not share identical peptide identification events [89]. 

Accordingly, we used this method to detect Homer2-interacting proteins that were enriched 

in WT versus Homer2 KO co-IP samples.

Altogether, 144 proteins were detected by MS1 full-scan filtering in WT and Homer2 KO 

co-IP samples (Supplemental Table 2, Tab 1). After checking the CRAPome (database 

version 1.1), a repository for contaminants commonly identified in mass spectrometry-based 

co-IP experiments [90], we flagged and discarded co-IP proteins that were identified more 

than 50 times. This resulted in the removal of half (72) of the proteins from the dataset 
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(Supplemental Table 2, Tab 2). Even though this strategy runs the risk of excluding truly 

interacting proteins, like β-actin, a previously reported Homer2-interacting protein [64], this 

strategy reduces the potential for false positives.

Next, we assessed protein enrichment by comparing the remaining 72 proteins between WT 

and Homer2 KO co-IP samples. At a 10% false discovery rate (FDR), a less stringent cutoff 

value facilitating the validation of more proteins by SRM, 22 proteins were significantly 

enriched in WT co-IP samples, including four previously reported Homer2-interacting 

proteins (Figure 2B; Figure 3B; Supplemental Table 2, Tab 3). Furthermore, we were able to 

detect 19 of the 22 significantly enriched proteins using SRM in a second Homer2 co-IP 

verification experiment (Figure 3B; Supplemental Figure 1; Supplemental Data 3). Together, 

these data indicate that in the mouse brain Homer2 proteins mostly interact with a different 

subset of proteins than those previously reported in the literature.

The results of our Homer2 co-IP experiments are consistent with the molecular properties of 

Homer2 proteins, namely their ability to bind specific proline-rich motifs (e.g. PPXXF and 

PXXF where X is any amino acid) found in several proteins [6,12-15] and to multimerize 

with longer (constitutively expressed) Homer proteins [4,5,7-11]. The majority of the 

proteins contained at least one proline-rich Homer binding motif (Supplemental Table 2, Tab 

3). This includes Shank3, a previously reported Homer2-interacting protein with the PPXXF 

motif [13]. Out of the 19 SRM-verified proteins, only four proteins that were significantly 

enriched in WT samples did not contain a proline-rich motif. These proteins were: BAIAP2, 

CaMKII-α, CaMKII-β, and ZC2HC1A. Each of these four proteins interacts with other 

significantly enriched proteins that have a proline-rich binding motif, suggesting that they 

are second-order interactors (Figure 4). In stark contrast, a majority of the unenriched 

proteins that lack a Homer binding motif do not interact with proteins containing a Homer 

binding motif or collectively form a signaling pathway. Two notable exceptions were: 

CaMKII-δ and CaMKII-γ because both of these proteins likely form heteromultimeric 

holoenzymes with the significantly enriched CaMKII-α and CaMKII-β proteins [91]. 

Interestingly, neither significantly enriched nor unenriched proteins contained the LPSSP 

motif despite its presence in five previously reported Homer2-interacting proteins, including: 

PIKE [15], eEF-2k [17], Myo18b [71], NFATc4 [84], and TrpC1 [16]. Moreover, all three 

proteins that were not verified by SRM only contained the PXXF motif (Supplemental Table 

2, Tab 3). Thus, the fact that none of the verified interactors of Homer2 contained the LPSSP 

or PXXF motifs suggest that Homer2 protein binding interactions favor the PPXXF motif.

Homer1 and Homer3 were also significantly enriched in WT co-IP samples (Figure 3B; 

Supplemental Table 2, Tab 3). We believe this observation confirms that longer 

(constitutively expressed) Homer proteins multimerize with Homer2 through their carboxyl-

terminal coiled-coil domains, although it is possible that Homer1 and Homer3 co-IP with 

Homer2 indirectly though one or more undetermined mutual interacting proteins. This is the 

first time interactions between Homer2, Homer1, and Homer3 were found in mouse brain 

tissue. Previous experiments documenting Homer2 homomultimerization and 

heteromultimerization used fusion proteins expressed in E.coli [4,5,11], and an attempt to 

co-IP Homer2 using anti-Homer1b/c and anti-Homer3 antibodies did not succeed in rat 

brain cerebellar extracts [4] (probably because of the low abundance of Homer2 in the 
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cerebellum). More recently, an affinity purification based mass spectrometry experiment 

found an interaction between Homer2 and Homer1, but this was documented in HEK-293 

cells [92]. Furthermore, the significant enrichment of Homer1 and Homer3 confirms the 

specificity of the anti-Homer2 antibody used in our co-IP experiments; if antibody cross-

reactivity had occurred, Homer1 and Homer3 proteins would not be significantly enriched in 

WT versus KO co-IP samples.

These results are also consistent with the subcellular localization of Homer2 proteins at the 

PSD. An elegant study by Tao-Cheng et al. demonstrated by electron microscopy that 

Homer2 is evenly distributed along the lateral axis directly below the PSD core in the mouse 

cerebral cortex and rat dissociated hippocampal cultures [19]. Coupled with observations 

that some previously reported Homer2-interacting proteins are located outside of the PSD 

core, specifically Group I mGluRs (i.e. mGluR1-α and mGluR5) (reviewed in [93]), and 

IP3Rs (except in the cerebellum [94]), the authors hypothesized that spatial proximity could 

limit interactions between Homer proteins and their interacting partners. In other words, 

proteins must be very close to interact with each other. Our data support this hypothesis 

since mGluR1-α, mGluR5, and IP3R1 were not enriched in WT co-IP samples, but Shank 

proteins, which share the same space as Homer2 in the PSD core [10,19,95], were enriched 

in WT samples (Figure 3B; Supplemental Table 2, Tab 3). Moreover, different electron 

microscopy experiments revealed that PSD structure is retained after detergent solubilization 

in a buffer similar to our co-IP buffer (i.e. 1% Triton X-100) [96,97], and a comparative 

analysis of data collected from several proteomics studies proposed that the PSD contains 

approximately 466 “consensus” proteins [98]. Since we only detected 72 proteins (excluding 

contaminants) in our co-IP samples after MS1 full-scan filtering (Supplemental Table 2, 

Tabs 3/4), these data indicate that we co-IPed specific Homer2-interacting proteins, not the 

entire PSD.

Furthermore, the overlap between the Homer2-interacting proteins and recent proteomic 

characterizations of the PSD suggests that most of the Homer2-interacting proteins we 

detected are components of the PSD. Only three (i.e. RhoGEF33, PITRM1, and ZC2HC1A) 

of the 18 Homer2-interacting proteins we verified were not in the “high-confidence PSD 

dataset” reported by Distler et al. [99]. Additionally, six (RhoGEF33, PITRM1, and 

ZC2HC1A as well as Homer3, LRRC7, and PITRM1) of the 18 Homer2-interacting proteins 

were not found in the data acquired by Föcking et al. [100]. We co-immunoprecipitated from 

whole brain post-nuclear supernatants, but Distler et al. and Föcking et al. examined the 

mouse hippocampus and human anterior cingulate cortex, respectively. So, the different 

overlap between our data and theirs could be attributed to brain region specific PSD 

proteins.

Altogether, our data provide novel insight into the function of Homer2 in the mouse brain, as 

the majority of the interactors we identified are part of the NMDAR signaling pathway. 

These include two NMDAR subunits: GluN1 and GluN2B. Interestingly, both proteins have 

proline-rich Homer binding motifs (Supplemental Table 2, Tab 3), which suggests that 

GluN1 and GluN2B co-IP with Homer2 through direct protein-protein interactions. We also 

detected four proteins that indirectly link NMDARs to the actin cytoskeleton: PSD-95, 

Shank1, Shank2, and Shank3 [13,101]. Theoretically, these interactions could mediate the 
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trafficking of NMDAR subunits to the plasma membrane. They could also further establish a 

link between Homer2 proteins, NMDAR signaling events, and alcohol addiction (reviewed 

in [31,32]).

Most notably, and consistent with the hypothesis that NMDAR activation initiates cellular 

learning and memory mechanism that could reinforce the rewarding effects of alcohol 

consumption, two key proteins involved in NMDAR-mediated long-term potentiation (LTP) 

were significantly enriched in WT samples: CaMKII-α and CaMKII-β [102]. While these 

proteins do not contain any proline-rich Homer binding motifs, they were reported to 

interact with NMDAR subunits [102] and other co-IPed proteins (Supplemental Table 3), 

including: LRRC7, ANKS1B, and SYNGAP1. Interestingly, CaMKII-α activity, specifically 

CaMKII-α autophosphorylation, was shown to modulate the development of alcohol-

induced conditioned place preference in mice [103]. Consistent with this observation, single 

nucleotide polymorphisms (SNPs) in the Camk2a gene have been associated with alcohol 

dependence, and one of these SNPs was observed in an area of the gene related to 

autophosphorylation [103].

Furthermore, our Homer2 co-IP experiments identified three Homer2-interacting proteins 

without any known NMDAR affiliation. These proteins were: PITRM1, RhoGEF33, and 

ZC2HC1A. A literature review did not reveal any previously reported association with 

Homer2 proteins, but an SNP was reported in the human Pitrm1 gene in a genome-wide 

association study of alcohol dependence [104].

4. Conclusions

Previous studies identified 31 interaction partners of Homer2 in a wide variety of organisms, 

tissues, and cell lines. However, the results of our Homer2 co-IP experiments in mouse 

whole-brain tissue revealed a different list of interactors: of the 31 previously reported 

Homer2-interacting proteins, 11 proteins were only detected in the input fractions used for 

co-IP, 6 proteins were detected in the co-IP samples, and 14 proteins were not detected in 

either sample set. Strikingly, only 3 of the 6 previously reported Homer2-interacting proteins 

detected in co-IP samples were significantly enriched in WT versus KO samples (this 

excludes Homer2 because our co-IP experiments cannot differentiate Homer2 proteins 

directly bound by the antibody from Homer2 homomultimers). However, we detected 18 

additional “novel” Homer2-interacting proteins. Since we were unable to verify 3 of these 

proteins by SRM using a different cohort of mice, we only report 18 proteins as high-

confidence Homer2-interacting proteins in the mouse brain (Figure 4). The majority of these 

18 proteins participate in NMDAR signal transduction, which further implicates the Homer2 

protein in signaling events that mediate glutamatergic transmission and synaptic plasticity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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EVH1 Enabled/vasodilator-stimulated phosphoprotein homology 1

PPXXF Proline-Proline-X-X-Phenylalanine, where X is any amino acid

PXXF Proline-X-X-Phenylalanine, where X is any amino acid

LPSSP Leucine-Proline-Serine-Serine-Proline

PSD Postsynaptic density

WT Wild-type

KO Knockout

MS1 Precursor mass spectrum

SRM Selected reaction monitoring

XIC Extracted ion chromatogram

ppm Parts per million

FDR False discovery rate

co-IP Co-immunoprecipitation

co-IPed Co-immunoprecipitated

IP Immunoprecipitation

IPed Immunoprecipitated

LTP Long-term potentiation
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HEK-293 Human Embryonic Kidney 293 cells
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Highlights

• Homer2 interacts with a limited subset of previously reported interaction 

partners

• We detected 3 of 31 previously reported Homer2-interactors in the mouse 

brain

• We detected 15 “novel” Homer2-interactors in the mouse brain

• The majority of Homer2-interactors participate in NMDAR signal 

transduction
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Significance

Homer proteins are scaffolding proteins that regulate signal transduction in neurons. 

Identifying their interaction partners is key to understanding their function. We used co-

immunoprecipitation in combination with mass spectrometry to establish the first 

comprehensive list of Homer2-interacting partners in the mouse brain. The specificity of 

interactions was evaluated using Homer2 knockout brain tissue as a negative control. The 

set of proteins that we identified minimally overlaps with previously reported interacting 

partners of Homer2. In particular, we identified novel interactors that are part of the 

signaling cascade activated by glutamatergic transmission, which improves our 

mechanistic understanding of the role of Homer2 in behavior.
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Figure 1. Validation of an anti-Homer2 antibody for co-IP experiments
(A) Workflow of the Anti-Homer2 co-IP experiment. The different WT and KO fractions are 

colored in blue and red, respectively. (B) 2-D western blot images of a representative input 

fraction (top) and a representative co-IP sample (bottom) blotted for Homer2a and Homer2b 

proteins. (C) 1-D western blot image of fractions collected from a representative co-IP 

experiment performed using WT (left) and KO (right) mouse whole-brain samples and 

blotted for Homer2 proteins. (D) 1-D silver stained gel image of fractions collected from a 

representative co-IP experiment performed using WT (left) and KO (right) mouse whole-

brain samples. Lanes in (A), (C), and (D) correspond to: (L), ladder; (1), Homogenate; (2), 

Pellet; (3), Supernatant (input fraction); (4), Pre-cleared supernatant; (5), Post-co-IP 

supernatant; and (6) co-IP sample. MW = molecular weight
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Figure 2. Detection of previously reported and enrichment of novel Homer2-interacting proteins
(A) Of the 31 previously reported Homer2-interacting proteins, 11 were detected by MS1 

full-scan filtering in the mouse whole-brain fractions used to co-IP Homer2 (yellow), 6 were 

detected in the co-IP samples (blue), and 14 proteins were not detected in either dataset 

(gray). (B) A total of 22 proteins were significantly enriched at a 10% FDR in WT co-IP 

samples. In addition to the four previously reported Homer2-interacting proteins (green), 18 

novel proteins co-IPed with Homer2 (orange). FDR = false discovery rate.
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Figure 3. Detection of previously reported and enrichment of novel Homer2-interacting proteins
(A) Detection of previously reported Homer2-interacting proteins in the input fractions and 

co-IP samples. (B) Enrichment of previously reported and novel Homer2-interacting 

proteins in co-IP samples. Previously reported Homer2-interacting proteins that were 

detected in the input fractions and co-IP samples are colored yellow and blue, respectively. 

Previously reported and novel Homer2-interacting proteins that were significantly enriched 

in WT samples are colored green and orange, respectively. Table headers correspond to: 

(UniProt ID), mouse UniProt protein identifier; (Indistinguishable Group), proteins that 

contain peptides expressed in more than one gene product; (Gene) common gene name; 

(Protein Description) protein name; (Common Name) short protein name or alternative 

protein name; (FC Log2) Log2 transformed fold change; (FDR) false discovery rate (q ≤ 

0.10) ; [SRM Verified (+2 peptides)], whether or not the protein was verified by SRM mass 

spectrometry using +2 charged peptides in a second co-IP experiment. N/A = not applicable.
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Figure 4. Homer2-interacting proteins in the mouse brain
Cartoon depiction of a neuronal post-synapse. Previously reported Homer2-interacting 

proteins that were significantly enriched in WT samples are colored green and novel proteins 

are colored orange. The majority of Homer2-interacting proteins are NMDAR subunits or 

part of the NMDAR signaling pathway (gray area). Homer2 is not included as an interacting 

protein because our co-IP experiments cannot differentiate Homer2 proteins directly bound 

by the antibody from Homer2 homomultimers. Literature references for the involvement of 

these proteins in the NMDAR signaling pathway are included in Supplemental Table 3.
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