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Abstract
The E3 ubiquitin ligase TRIM67 is enriched in the central nervous system and is required for proper neuronal development.
Previously we demonstrated TRIM67 coordinates with the closely related E3 ubiquitin ligase TRIM9 to regulate cytoskeletal
dynamics downstream of the netrin-1 during axon guidance and axon branching in early neuronal morphogenesis.
Interestingly, loss of Trim67 impacts cognitive flexibility in a spatial learning and memory task. Despite this behavioral
phenotype, it was previously uninvestigated if TRIM67 was involved in synapse formation or function. Here we demonstrate
TRIM67 localizes to the post-synaptic density (PSD) within dendritic spines. Furthermore, we show that loss of Trim67
significantly changes a subset of proteins within the PSD proteome, including changes in the regulation of the actin and
microtubule cytoskeletons. Collectively, our data propose a synaptic role for TRIM67.
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Figure 1. Loss of the E3 ubiquitin ligase TRIM67 alters the proteome of the post-synaptic density.:
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(A) Enrichment of the post-synaptic density (PSD) fraction by differential centrifugation and downstream proteomic steps. (B)
Immunoblotting of fractions from the PSD-enrichment of 3 week old mice. Syn: synaptosome. Pre: pre-synaptic fraction. (C)
Immunoblotting of starting homogenate and PSD-enriched fractions from 3 week old, 5 week old, and 8 month old mice. (D)
STRING analysis of statistically significantly changed proteins in Trim67-/- mice compared to Trim67+/+ littermates. Lines
represent published interactions between proteins. Protein color corresponds to log2fold change of protein levels. Only
proteins demonstrated to interact with at least one other significantly changed protein are visualized here. (E) Gene ontology
analysis of significantly changed proteins by biological process.

Description
Ubiquitination is a post-translational modification that influences protein degradation, localization, and function. E3 ubiquitin
ligases add the 8 kDa ubiquitin protein onto a substrate. There are more than 600 mammalian E3 ligases encoded in the
genome; research unveiling novel functions of each ligase and their substrate specificity across cell types is ongoing. The
brain-enriched class I TRIM ligase TRIM67 has been implicated in neuronal development, particularly in early stages of
neuronal shape change. For example, knockdown of TRIM67 in immortalized neuroblastoma cells reduces neurite formation
(Yaguchi et al. 2012). Furthermore, cortical neurons from Trim67-/- mice have shorter axons that do not respond to the axon
guidance cue netrin-1 and display dysregulated dynamics of the actin cytoskeleton (Boyer et al. 2020). The Trim67-/- mouse
displays brain hypotrophy, as well as reduced axon fiber thickness in the corpus callosum and hippocampus (Boyer et al.
2018). Lastly, loss of murine Trim67 results in several behavioral phenotypes, including reduced cognitive flexibility in the
Morris Water Maze test (Boyer et al. 2018), an experiment designed to measure spatial memory and learning.

Recently, we demonstrated that TRIM9, the gene paralog of TRIM67, localizes to the synapse and is required for netrin-1-
dependent signaling in dendritic spines. Furthermore, loss of Trim9 altered synaptic protein levels in vitro and in vivo
(McCormick et al. 2024). Notably, TRIM9 and TRIM67 are independently required for morphogenetic responses to netrin-1
during axon pathfinding and share a multitude of interaction partners (Menon et al., 2015; Boyer et al. 2020; Menon et al.
2021). These similar, but non-redundant functions, combined with the behavioral phenotypes of Trim67-/- mice (Boyer et al.
2018) led us to hypothesize TRIM67 may also localize to the synapse and influence synaptic function. To determine if
TRIM67 localizes to the pre- or post-synapse, we utilized differential centrifugation of murine forebrains to enrich for the
synaptosome fraction. The synaptosome is further separated into the presynaptic and post-synaptic density (PSD) enriched
fractions (Fig 1A). The PSD is a specific component of dendritic spines containing a multitude of proteins essential for
neurotransmitter reception and the concomitant postsynaptic response (Gonzalez-Lozano et al. 2016). Like the essential post-
synaptic scaffolding protein PSD-95, we observed enrichment of TRIM67 in the PSD fraction of juvenile (3-week-old) mice
(Fig 1B). Consistent with TRIM67 expression patterns in forebrain homogenate, we saw a decrease in the abundance of
TRIM67 in the PSD as mice progressed into adulthood (Fig 1C).

To gain insight into the synaptic role of TRIM67, we performed proteomic analysis on the PSD-enriched fractions of
Trim67+/+ and Trim67-/- littermates. More than 7,000 proteins were detected in the PSD and we identified 149 statistically
significant proteins (p <0.05) that were changed between the two genotypes (Fig 1D). Gene Ontology (GO) analysis of these
hits demonstrated that several categories of cytoskeletal proteins were changed, including 17 proteins associated with peptidyl-
amino acid modifications, six proteins involved in microtubule dynamics, and five proteins associated with negative regulation
of Ras signal transduction (Fig 1E, Extended Data).

Although the changes in these proteins still require validation by additional methods, these data suggest that TRIM67 may
influence cell signaling and cytoskeletal dynamics at the synapse. Interestingly, we observed changes in numerous proteins
classified as peptidyl-amino acid modifiers (Fig 1E, Extended Data). This broad group includes numerous kinases and
proteases, along with other protein modifying enzymes. Although no previous work has linked TRIM67 to these protein
families, these proteomic results may suggest that TRIM67 is required for proper signal transduction.

Furthermore, the alteration of several proteins involved in microtubule organization (Fig 1E, Extended Data)—including 𝜸-
tubulin (log2FC(-0.34))—is consistent with previously published literature on Class I TRIM proteins. The COS domain within
Class I TRIM proteins mediates microtubule binding (Short and Cox 2006). In mammalian neurons, Class I TRIM46 regulates
microtubules at the axon initial segment (van Beuningen et al. 2015; Harterink et al. 2019) and the single Class I TRIM
ortholog in Drosophila helps orient new microtubule polymerization (Feng et al. 2021). As microtubules enter dendritic spines
to deliver cargo in response to synaptic activity (Hu et al. 2008; McVicker et al. 2016; Schätzle et al. 2018), TRIM67 may be
required for proper regulation of this polymerization in dendritic spines.

We also observed that several proteins associated with the negative regulation of Ras signal transduction were bidirectionally
changed in the Trim67-/- PSD (Fig 1E, Extended Data). Along with other small GTPases, Ras signaling is essential for the
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actin cytoskeleton remodeling that occurs in response to synaptic activity (Penzes and Rafalovich 2012; Zhu et al. 2002).
Interestingly, previous work showed TRIM67 ubiquitinates Protein kinase C substrate 80K-H (80K-H) in the Ras pathway and
reducing TRIM67 levels by siRNA increased Ras activity in a neuroblastoma cell line (Yaguchi et al. 2012). Furthermore, we
observed protein level changes in five proteins associated with cerebral cortex cell migration (Fig 1E, Extended Data),
including additional actin and microtubule regulators, as well as the morphogens that initiate their reorganization. As TRIM67
is required for morphological changes downstream of netrin-1 in the growth cone (Boyer et al. 2020), it is reasonable to
hypothesize that the ligase is a necessary component for cytoskeletal signaling pathways at the synapse as well.

Lastly, we observed enrichment of five proteins involved in binding of sperm to zona pellucida and the positive regulation of
telomere maintenance/protein localization to the telomere. Upon examination of the results, we discovered that these were the
same five proteins—five of the eight subunits of the T-complex polypeptide-1 (TCP1) chaperone (Fig 1E, Extended Data).
Strikingly, TCP1 serves as a multi-faceted regulator of the cytoskeleton. In addition to folding actin and ɑ/β tubulin (Sternlicht
et al. 1993; Yaffe et al. 1992), TCP1 binds and inhibits the activity of gelsolin, an actin capping and severing protein (Brackley
and Grantham 2011; Svanström and Grantham 2016). Furthermore, certain TCP1 subunits bind and reduce huntingtin
aggregation in vitro (Behrends et al. 2006; Tam et al. 2006) and in cultured neurons (Zhao et al. 2016). In our results, we
observe small (log2FC (0.04-0.11)) increases in TCP1 subunits. If TCP1 level changes are validated in future work, it will be
imperative to determine if this is a direct effect of Trim67 loss or a compensatory mechanism downstream of other protein
level changes.

Cumulatively, our results demonstrate that TRIM67 localizes to the synapse and its loss alters the protein composition of the
PSD. Of note, these studies were completed with equal numbers of male and female mice. Recently, our investigation of
TRIM9 at the synapse revealed sex-dependent differences in Arp2/3 levels in Trim9-/- mice (McCormick et al. 2024). Due to
the high conservation between TRIM9 and TRIM67, it will be crucial to determine if TRIM67 displays these disparities as
well.

Methods
DATA AVAILABILITY

The proteomics dataset generated and analyzed in this study is available in the Proteomics Identification Database (PRIDE)
repository (Perez-Riverol et al. 2016, 2022) under project identifier PXD048045. This dataset also includes proteomic results
of Trim9+/+ and Trim9-/- mice previously published (McCormick et al. 2024).

METHODS

Animals

All mouse lines were on a C57BL/6J background and bred at the University of North Carolina with approval from the
Institutional Animal Care and Use Committee. Creation of the Trim67-/- mouse line was previously described (Boyer et al.
2018).

Subcellular Fractionation

Three-week old Trim67+/+ and Trim67-/- littermates were identified by genotyping mice from Trim67+/- breeding pairs. After
sacrifice, the forebrain (cortex and hippocampus) was dissected in ice-cold dissection media; 10 mM HEPES (Corning
MT25060CI) in 1x Hank’s Buffered Saline Solution (without calcium, magnesium or sodium bicarbonate, Sigma-Aldrich
H4641), transferred to an Eppendorf and flash frozen in liquid nitrogen. Tissue was stored at –80°C until use.

Isolation of the PSD-enriched fraction was previously described (McCormick et al. 2024). Briefly, tissue was homogenized in
ice cold homogenization buffer (10 mM HEPES pH 7.4, 320 mM sucrose, 1 mM EDTA, 5 mM sodium pyrophosphate, 1 mM
sodium vanadate, 150 µg/mL PMSF, 2 µg/mL leupeptin, 2 µg/mL aprotinin, and 50 µM PR-619). After clearing the nuclear
fraction (800 x g , 10 min), the total membrane fraction was pelleted (16,000 x g , 20 min). After resuspension in fresh
homogenization buffer, the pellet was loaded onto a discontinuous sucrose gradient containing 1.2 M, 1 M or 0.8 M sucrose, as
well as the inhibitors listed above. Following centrifugation in a SW-41 rotor (82.5 k x g , 90 min), the synaptosome fraction
(the 1M/1.2M interface) was collected and pelleted at 100k x g (30 min). The synaptosome pellet was resuspended in 50 mM
HEPES buffer with 0.5% Triton (plus inhibitors), rotated for 15 min, and centrifuged at 32k x g (20 min). The pellet (post-
synaptic density-enriched fraction) was resuspended in 50 mM HEPES and flash frozen in liquid nitrogen.

Following protein concentration quantification by Bradford, 100 µg of protein was aliquoted from each PSD-enriched sample.
Two PSD samples of each condition (genotype x sex) were combined and a total of four replicates (from eight mice) for each
condition were submitted to the UNC Hooker Proteomics Core.
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Proteomics

Proteomic methods were previously described (McCormick et al. 2024). Lysates (0.2 mg per sample; 4 replicates per
condition) were precipitated using 4x cold acetone and stored at -20ºC overnight. The next day, samples were centrifuged at
15000xg at 4 ºC for 15 min, then protein pellets were reconstituted in 8M urea. All samples were reduced with 5mM DTT for
45 min at 37ºC, alkylated with 15mM iodoacetamide for 30 min in the dark at room temperature, then diluted to 1M urea with
50mM ammonium bicarbonate (pH 7.8). Samples were digested with LysC (Wako, 1:50 w/w) for 2 hr at 37ºC, then digested
with trypsin (Promega, 1:50 w/w) overnight at 37ºC. The resulting peptide samples were acidified, desalted using desalting
spin columns (Pierce™ Peptide Desalting Spin Columns, 89852), then the eluates were dried via vacuum centrifugation.
Peptide concentration was determined using Quantitative Colorimetric Peptide Assay (Pierce).

A total of 16 samples (50 µg each) were labeled with 200 µg TMTpro reagents (Thermo Fisher) for 1 hr at room temperature.
Prior to quenching, the labeling efficiency was evaluated by LC-MS/MS analysis. After confirming >98% efficiency, samples
were quenched with 50% hydroxylamine to a final concentration of 0.4%. Labeled peptide samples were combined 1:1,
desalted using Thermo desalting spin column, and dried via vacuum centrifugation. The dried TMT-labeled sample was
fractionated using high pH reversed phase HPLC (Mertins et al. 2018). Briefly, the samples were offline fractionated over a 90
min run, into 96 fractions by high pH reverse-phase HPLC (Agilent 1260) using an Agilent Zorbax 300 Extend-C18 column
(3.5-µm, 4.6 × 250 mm) with mobile phase A containing 4.5 mM ammonium formate (pH 10) in 2% (vol/vol) LC-MS grade
acetonitrile, and mobile phase B containing 4.5 mM ammonium formate (pH 10) in 90% (vol/vol) LC-MS grade acetonitrile.
The 96 resulting fractions were then concatenated in a non-continuous manner into 24 fractions and 5% of each were
aliquoted, dried down via vacuum centrifugation and stored at -80ºC until further analysis.

The 24 TMT labeled proteome fractions were analyzed by LC/MS/MS using an Easy nLC 1200-Orbitrap Fusion Lumos
(Thermo Scientific). Samples were injected onto an Easy Spray PepMap C18 column (75 μm id × 25 cm, 2 μm particle size)
(Thermo Scientific) and separated over a 120 min method. The gradient for separation consisted of 5–42% mobile phase B at a
250 nl/min flow rate, where mobile phase A was 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid
in 80% ACN. The Lumos was operated in SPS-MS3 mode (McAlister et al. 2014), with a 3s cycle time. Resolution for the
precursor scan (m/z 400–1500) was set to 120,000 with a AGC target set to standard and a maximum injection time of 50 ms.
MS2 scans consisted of CID normalized collision energy (NCE) 32; AGC target set to standard; maximum injection time of 50
ms; isolation window of 0.7 Da. Following MS2 acquisition, MS3 spectra were collected in SPS mode (10 scans per
outcome); HCD set to 55; resolution set to 50,000; scan range set to 100-500; AGC target set to 200% with a 100 ms
maximum inject time.

Raw data files were processed using Proteome Discoverer version 2.5, set to ‘reporter ion MS3’ with ‘16pex TMT’. Peak lists
were searched against a reviewed Uniprot mouse database (downloaded Feb 2021 containing 17,051 sequences), appended
with a common contaminants database, using Sequest HT within Proteome Discoverer. Data were searched with up to two
missed trypsin cleavage sites, fixed modifications: TMT16plex peptide N-terminus and Lys, carbamidomethylation Cys,
dynamic modification: N-terminal protein acetyl, oxidation Met. For the SPS-MS3 method, the linear ion trap MS2 spectra
with precursor mass tolerance of 10 ppm and the fragment mass tolerance of 0.5 Da. Peptide false discovery rate was set to
1%. Reporter abundance was calculated based on intensity; for MS3 data, SPS mass matches threshold was set to 50 and co-
isolation threshold was set to 100. Razor and unique peptides were used for quantitation. Proteins with >50% missing TMT
intensities across samples were removed. Student’s t-tests were conducted within Proteome Discoverer, and a p-value <0.05
was considered significant. Log2fold change ratios were calculated for each pairwise comparison.

Protein-protein interactions were visualized with Cytoscape (Shannon et al. 2003). Enrichment of biological processes in
significantly changed proteins was identified using Gene Ontology analysis (Ashburner et al. 2000; The Gene Ontology
Consortium et al. 2023; Thomas et al. 2022).
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Extended Data
Description: Proteomic Data Set, includes: sheet 1: All proteins detected in the PSD fraction, sheet 2: Significantly changed
proteins in the PSD fraction, and sheet 3: Gene Ontology Analysis Categories of significantly changed proteins.. Resource
Type: Dataset. File: ExtendedDataTable1.xlsx. DOI: 10.22002/vx37g-6wz68
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