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Summary

Neurodegenerative diseases are characterized by the formation and propagation of protein 

aggregates especially amyloid fibrils. However, what normally suppresses protein misfolding and 

aggregation in metazoan cells remains incompletely understood. Here we show that TRIM11, a 

member of metazoan tripartite motif (TRIM) family, both prevents formation of protein aggregates 

and dissolves pre-existing protein deposits, including amyloid fibrils. These molecular chaperone 

and disaggregase activities are ATP independent. They enhance folding and solubility of normal 

proteins and cooperate with TRIM11 SUMO ligase activity to degrade aberrant proteins. TRIM11 

abrogates α-synuclein fibrillization and restores viability in cell models of Parkinson’s disease 
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(PD). Intracranial adeno-associated viral delivery of TRIM11 mitigates α-synuclein-mediated 

pathology, neurodegeneration, and motor impairments in a PD mouse model. Other TRIMs can 

also function as ATP-independent molecular chaperones and disaggregases. Thus, we define 

TRIMs as a potent and multifunctional protein quality control system in metazoa, which might be 

applied to treat neurodegenerative diseases.

Introduction

Neurodegenerative diseases are associated with misfolding and aggregation of specific 

polypeptides and the ensuing loss of neurons (Chiti and Dobson, 2006). While some of these 

diseases are familial due to germline mutations that result in the production of defective 

proteins, the vast majority of diseases are sporadic and are caused by aggregation of normal 

proteins expressed at physiological levels. The predominant form of aggregates is amyloid 

fibril, which consists of β-strands that align perpendicularly to the fibril axis (cross-β 
structure) (Eisenberg and Jucker, 2012; Knowles et al., 2014). These highly ordered 

assemblies can emerge from de novo or seeded aggregation of endogenous soluble proteins. 

The focal formation of amyloid fibrils and their self-templating spread among functionally-

connected brain regions underlie the initiation and progression of lesions in human patients 

(Brettschneider et al., 2015; Jucker and Walker, 2013).

Among these diseases, Parkinson’s disease (PD) is the most common neurodegenerative 

movement disorder. PD is pathologically characterized by Lewy bodies (LBs) and Lewy 

neurites (LNs), which contain amyloid fibrils of α-synuclein (α-Syn), a normal protein 

abundantly expressed in neurons (Poewe et al., 2017; Surmeier et al., 2017). The emergence 

of α-Syn pathology is followed by progressive degeneration of dopaminergic neurons and 

motor symptoms including bradykinesia, rigidity, and resting tremor. In addition to PD, α-

Syn fibrillization is found in Lewy body dementia (LBD) and multiple system atrophy 

(MSA), collectively known as synucleinopathies (Goedert et al., 2013). While fatal and 

increasingly prevalent, PD and many other neurodegenerative diseases remain incurable, 

underscoring the need for a better knowledge of how metazoan cells including human cells 

normally prevent and reverse pathological protein fibrillization.

To maintain proteins in their functional soluble state, organisms in all kingdoms of life have 

evolved protein quality control (PQC) systems. These systems include molecular chaperones 

that prevent protein misfolding and aggregation, disaggregases that dissolve pre-existing 

protein deposits, and degradation pathways that recycle proteins by proteolysis (Doyle et al., 

2013; Kim et al., 2013; Mack and Shorter, 2016; Rubinsztein, 2006; Saibil, 2013; Tyedmers 

et al., 2010; Wolff et al., 2014). Molecular chaperones and disaggregases enable normal 

proteins to attain or regain their native conformations, while degradation pathways eliminate 

defective or terminally misfolded proteins. The repertoires of these systems in metazoans, as 

well as their functional coordination, remain incompletely understood. Most known 

chaperones and disaggregases are driven by energy derived from ATP hydrolysis and are 

either conserved from prokaryotes to eukaryotes (e. g., Hsp60, Hsp70, and Hsp90 families of 

molecular chaperones) or absent from metazoans (e.g., the Hsp104 disaggregase). Yet, 

compared to other organisms, metazoans contain proteins that have become substantially 
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longer and structurally more intricate, and they depend on post-mitotic cells such as neurons 

and cardiomyocytes that are irreplaceable. This complexity raises an important question as 

to whether metazoans employ additional specialized PQC machineries to meet the special 

demand of their life cycle.

Here, we present evidence that tripartite motif (TRIM) proteins may be a metazoan 

innovation with molecular chaperone and disaggregase activities that are mechanistically 

distinctive and functionally effective. TRIM proteins are defined by the TRIM/RBCC motif 

consisting of a RING domain, one or two B-boxes, and a coiled-coil region. These proteins 

are found only in metazoans and exist as a large number of distinct variants, with ~20 in the 

nematode Caenorhabditis elegans and over 70 in mice and humans (Hatakeyama, 2011; 

Ozato et al., 2008). We previously established that TRIM19 (also known as PML) and 

TRIM11 can mediate proteasomal degradation of defective proteins linked to familial 

neurodegenerative diseases, such as ataxin-1 with an expanded polyglutamine region (Atxn1 

82Q) (Chen et al., 2017; Guo et al., 2014). In the case of TRIM19, defective proteins are 

marked with poly-SUMO2/3 chains via its SUMO ligase activity, permitting their 

ubiquitination by SUMO-targeted ubiquitin ligases (STUbLs) and subsequent degradation 

by the proteasome (Guo et al., 2014). In this study, we show that TRIM11 and other TRIMs 

can act as ‘stand-alone’ chaperones and disaggregases that are independent of ATP. These 

TRIM activities suppress de novo and seeded fibrillization of normal proteins including α-

Syn in vitro and in cells, and can functionally cooperate with the SUMO ligase activity in 

the clearance of defective proteins including Atxn1 82Q. Using adeno-associated virus 

(AAV)-mediated gene transfer, we find that TRIM11 mitigates protein aggregation, 

neurodegeneration, and motor impairments in a PD mouse model. These findings suggest 

that TRIMs may comprise a multifunctional PQC system in metazoans with utility in 

treating various neurodegenerative diseases.

Results

TRIM11 inhibits formation of amorphous aggregates

The role of TRIMs in the proteolysis of defective proteins (Chen et al., 2017; Guo et al., 

2014) prompted us to evaluate whether they have other functions in PQC. We primarily 

focused on human TRIM11 because of its potent effects (Chen et al., 2017). To test whether 

TRIM11 possesses molecular chaperone activity, we purified a glutathione S-transferase 

(GST) fusion of TRIM11 from bacteria (Figure S1A). When the model chaperone substrate 

firefly luciferase was treated at an elevated temperature (42 °C), it rapidly misfolded and lost 

its enzymatic activity (Figures 1A and 1B), and generated amorphous aggregates detectable 

by light scattering (Figure 1C). GST-TRIM11, but not GST, protected luciferase from the 

thermal inactivation over time and in a dose-dependent manner, similar to Hsp70 (Figures 

1A and 1B). GST-TRIM11, but not GST, also reduced luciferase aggregation by more than 

half at an equimolar ratio to luciferase and nearly abolished it at higher (2:1 and 4:1) molar 

ratios (Figures 1C, S1B, and S1C). Likewise, GST-TRIM11, but not GST, protected citrate 

synthase from heat-induced aggregation, reducing it by ~70% at a 2:1 molar ratio to citrate 

synthase (Figure 1D).
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To corroborate these results, we purified GST-TRIM11 from insect Sf9 cells and observed 

that it protected both luciferase and citrate synthase from heat-induced inactivation and 

aggregation (Figures S1D to S1F). We also generated 6xHis-tagged TRIM11 from bacteria. 

To ensure purification of the full-length protein, TRIM11 was fused with maltose-binding 

protein (MBP) at the N-terminus and the 6xHis tag at the C-terminus, and purified 

sequentially with amylose and Ni-NTA resins with the MBP moiety being cleaved off of 

TRIM11 in between (Figures S1G and S1H). The purified 6xHis-TRIM11 protein protected 

luciferase against heat inactivation, similar to Hsp70 plus its co-chaperone Hsp40 (Figures 

S1I). Together, these results indicate that the chaperone activity in vitro is intrinsic to 

TRIM11.

To evaluate the effect of TRIM11 in cells, we treated human HCT116 cells expressing 

exogenous luciferase at an elevated temperature and then allowed them to recover at 37 °C, 

under the condition where new protein synthesis was blocked by cycloheximide (CHX). 

Knockdown of endogenous TRIM11 by means of small interfering RNA (siRNA) resulted in 

lower luciferase activity upon heat shock and slower luciferase reactivation during recovery 

(Figure 1E). Conversely, stable overexpression of mCherry-TRIM11, but not mCherry, 

protected luciferase activity and promoted its reactivation (Figures 1F and S1J). Intracellular 

TRIM11 protein levels, even upon overexpression, were substantially lower than those of 

Hsp70 (Figure 1G). These results show that TRIM11 can function as a molecular chaperone 

in cells.

TRIM11 prevents formation of fibrillar aggregates

While amorphous aggregation often occurs upon acute proteotoxic stresses, accumulation of 

amyloid fibrils is a pathological hallmark of various chronic neurodegenerative diseases. To 

investigate whether TRIM11 can inhibit fibrillization of disease-associated proteins, we used 

α-Syn as a substrate. In vitro, soluble α-Syn monomers spontaneously assembled into 

amyloid fibrils, as indicated by a binding-assay with the amyloid-specific dye thioflavin-T 

(ThT) (Figure 1H, left) and negative-stain electron microscopy (EM) (Figure 1I). GST-

TRIM11, but not GST, suppressed de novo α-Syn fibrillization in a dose-dependent manner, 

reducing ThT fluorescence and increasing soluble α-Syn (Figure 1H). EM analysis 

confirmed that TRIM11 blocked the formation of mature fibrils (Figure 1I). Notably, a small 

amount of TRIM11 (0.1-0.5 μM) was able to prevent aggregation of α-Syn monomers at 

over 140-fold in excess (70 μM) (Figures 1H–1J).

Reflecting the self-templating assembly of amyloid fibrils, fibrillization of soluble α-Syn 

monomers was accelerated by α-Syn preformed fibrils (PFFs) in a real-time quaking-

induced conversion (RT-QuIC) assay (Figure 1K). GST-TRIM11 inhibited the PFFs-seeded 

fibrillization in a dose-dependent manner and near-completely blocked it at a higher dose 

(Figure 1K). 6xHis-TRIM11 also abrogated both spontaneous and seeded fibrillization of 

soluble α-Syn monomers (see below).

To extend these analyses, we used Atxn1 82Q, which causes spinocerebellar ataxia type 1 

(SCA1) (Orr and Zoghbi, 2007). Like α-Syn, recombinant Atxn1 82Q protein formed ThT-

reactive amyloid fibrils upon incubation (Figure 1L). 6xHis-TRIM11 prevented Atxn1 82Q 

fibrillization in a dose-dependent manner and reduced it by ~80% at a 4:1 molar ratio to 
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Atxn1 82Q (Figure 1L). We also performed a sedimentation assay and analyzed the pellet 

fraction by dot blot to detect the SDS-resistant (SR) fibrillar aggregates and by Western blot 

to detect the SDS-soluble (PE) amorphous aggregates (Wanker et al., 1999) (Figure 1M). 

GST-TRIM11, but not GST, blocked the formation of both SR and PE aggregates, keeping 

virtually all Atxn1 82Q molecules soluble in the supernatant (SN) even after a prolonged 

incubation (12 h; Figure 1M). Similarly, 6xHis-TRIM11 prevented the formation of these 

Atxn1 82Q aggregates. Collectively, these results indicate that TRIM11 suppresses 

fibrillization of disease-associated proteins.

In contrast to canonical chaperones such as Hsp70, TRIM11 prevented protein aggregation 

in the absence of ATP (Figures 1 and S1). TRIM11, like other TRIMs, does not contain a 

recognizable ATP-binding domain. In an in vitro assay, TRIM11 was unable to bind to ATP 

(Figure 1N).

TRIM11 dissolves pre-existing amorphous aggregates

Compared to prevention of protein aggregates, dissolution of pre-existing protein deposits is 

a more challenging process. Besides energy derived from ATP hydrolysis, it often requires 

the coordinated action of multiple components (Doyle et al., 2013; Saibil, 2013). The best 

characterized disaggregase is perhaps the bi-chaperone system consisting of Hsp70/Hsp40 

and the Hsp104 AAA+-ATPase (Glover and Lindquist, 1998). This system is present in 

bacteria, fungi, and plants but absent in the cytoplasm and nucleus of animal cells (Doyle et 

al., 2013; Saibil, 2013). Mammalian Hsp110 family (an atypical Hsp70 family) can act 

together with the Hsp70 and Hsp40 families for disaggregation, although a combination of a 

specific member(s) from each family at a specific molar ratio(s) appears to be required for 

such activity (Gao et al., 2015; Nillegoda et al., 2015; Shorter, 2011).

To investigate whether TRIM11 can dissolve protein aggregates, we used amorphous 

aggregates formed by thermally denatured luciferase. GST-TRIM11, but not GST, purified 

from bacteria was able to dissolve misfolded luciferase molecules trapped in aggregates and 

restore their enzymatic activity in a dose- and time-dependent manner (Figures 2A and 2B). 

We also employed amorphous aggregates generated by heat-denatured green fluorescence 

protein (GFP) (DeSantis et al., 2012; Shorter, 2011). GST-TRIM11 dissolved GFP 

molecules trapped in aggregates and enabled them to reemit fluorescence (Figures 2C and 

2D).

Similarly, GST-TRIM11 purified from insect Sf9 cells could dissolve and reactivate 

luciferase aggregates (Figures S2A and S2B). 6xHis-TRIM11 was also able to solubilize 

aggregated luciferase, GFP (see below), and citrate synthase (Figure 2E). A GFP fusion of 

TRIM11 (GFP-TRIM11) purified from human embryonic kidney 293T (HEK293T) cells 

could dissolve luciferase aggregates as well (Figures S2C and S2D).

TRIM11 dissolves preformed amyloid fibrils

To test whether TRIM11 can disassemble amyloid fibrils, we examined its activity on α-Syn 

PFFs. As a positive control, Hsp70/Hsp40 plus Hsp104A503S, an enhanced version of 

HSP104 (Jackrel et al., 2014), disaggregated α-Syn PFFs in the presence of ATP (Figures 

2F–2H). Interestingly, GST-TRIM11, but not GST, was also capable of disaggregating α-
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Syn PFFs, reducing their binding to ThT in a dose-dependent manner (Figure 2F) and 

converting them to the soluble form (Figure 2G). This effect was verified by EM analysis 

(Figure 2H). Likewise, 6xHis-TRIM11 was able to dissolve α-Syn PFFs (Figures S2E–

S2G).

6xHis-TRIM11 also disassembled Atxn1 82Q fibrils in a dose-dependent manner leading to 

near-complete dissolution at a molar ratio of 5:1 or higher to Atxn1 82Q (Figure 2I). In 

addition, GST-TRIM11, but not GST, disaggregated SR and PE aggregates of Atxn1 82Q 

(Figure 2J). Under conditions where virtually all Atxn1 82Q proteins coalesced into SR 

aggregates, GST-TRIM11 was still able to solubilize the majority of them (Figure 2K, lane 

3). In comparison, Hsp70/Hsp40 turned SR aggregates only into the PE form (lane 4), while 

Hsp104 showed no activity on its own (lane 5). To convert SR aggregates all the way to the 

supernatant, both Hsp70/Hsp40 and Hsp104 were required (lane 6). TRIM11-mediated 

disaggregation occurred in the absence of ATP (Figures 2 and S2A to S2G), and was not 

affected upon treatment with apyrase to degrade ATP (Figure S2G).

Atxn1 82Q formed nuclear inclusions when overexpressed in mammalian cells (Guo et al., 

2014; Skinner et al., 1997). To evaluate the effect of TRIM11 in cells, we first expressed 

Atxn1 82Q in human HeLa cells and then introduced recombinant TRIM11 protein by using 

HIV TAT peptide-mediated protein transduction (Nagahara et al., 1998) (Figure S2H). The 

TAT-TRIM11 fusion protein entered cells in a time- and concentration-dependent manner 

(Figures S2I–S2K). It not only prevented further accumulation of Atxn1 82Q aggregates but 

also largely reduced pre-existing Atxn1 82Q inclusions (Figures S2L and S2M), suggesting 

that TRIM11 can function as both a molecular chaperone and a disaggregase for disease-

associated proteins in the cellular milieu.

Structural determinants of TRIM11 chaperone and disaggregase activities

To determine which domains are required for TRIM11’s chaperone and disaggregase 

activities, we generated a panel of deletion mutants that either lacked the RING, B-Box, or 

coiled-coil domain (∆R, ∆B, and ∆CC, respectively), or contained only the N-terminal 

RBCC (N) or the C-terminal PRY-SPRY/B30.2 (C) region (Figure 3A). These mutants were 

purified as 6xHis-tagged recombinant proteins (Figure S3A), as for the wild-type TRIM11 

(Figure S1G). Among them, only TRIM11∆R retained molecular chaperone activity. 

Specifically, TRIM11∆R suppressed heat-induced aggregation of luciferase (Figure S3B), as 

well as de novo and PFFs-induced fibrilization of α-Syn (Figures 3B and 3C). TRIM11∆R 

also prevented aggregation of Atxn1 82Q into ThT-reactive fibrils (Figures 3D and 3E) and 

PE/SR aggregates (Figure 3F). In contrast, none of the other mutants (∆B, ∆CC, N, and C) 

showed molecular chaperone activity (Figures 3B–3F and S3B).

Similarly, TRIM11∆R retained disaggregase activity. TRIM11∆R solubilized luciferase and 

GFP aggregates (Figures 3G and 3H), α-Syn PFFs (Figure 3I and 3J), and Atxn1 82Q fibrils 

and PE/SR aggregates (Figures 3K to 3M). None of the other mutants displayed 

disaggregase activity (Figures 3G–M). Therefore, with the exception of the RING domain, 

the other regions of TRIM11 are required for the chaperone and disaggregase activities.
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An analysis of TRIM11 amino acid sequence revealed that it contains more leucine than any 

other amino acid (~13%; Figures S3C and S3D). We mutated 44 leucine residues outside the 

RING domain to alanine (TRIM11LA, Figure S3C). TRIM11LA neither prevented nor 

reversed protein aggregation (Figures S3E–S3G). Thus, the compositional bias for leucine 

residue appears to be important for the function of TRIM11, although TRIM11LA might not 

acquire the native conformation.

TRIM11 recognizes misfolded proteins and responds to proteotoxic stress

The molecular chaperone and disaggregase activities of TRIM11 prompted us to test 

whether it can recognize misfolded proteins. When expressed alone in cells, TRIM11 

localized predominantly to the cytoplasm (Chen et al., 2017) (Figure S4A). However, in the 

presence of Atxn1 82Q, TRIM11 translocated to the nucleus and accumulated in Atxn1 82Q 

inclusions (Figures 4A and S4A), parallel to the movement of Hsp70 (Figure S4B). Also 

similar to Hsp70, both endogenous and exogenous TRIM11 interacted with Atxn1 82Q in 

cells (Figures 4B and 4C). In vitro, TRIM11 bound directly with ataxin 1 proteins and 

preferentially with the pathogenic form (Atxn1 82Q) over a non-pathogenic form (Atxn1 

30Q) (Figures 4D and S4C). TRIM11 also bound to urea-denatured, but not native, 

luciferase (Figure 4E). Therefore, TRIM11 can distinguish misfolded states from the native 

state of the same protein.

TRIM11∆R, like TRIM11, co-localized and interacted with Atxn1 82Q in cells, while the 

other mutants (∆B, ∆CC, N, and C) did not (Figures 4F and 4G). TRIM11LA, which showed 

a cytoplasmic localization pattern (Figure S4D), also failed to co-localize or interact with 

Atxn1 82Q (Figures S4E and S4F). Thus, the regions of TRIM11 beyond the RING domain 

are required for the interaction with misfolded proteins.

Levels of molecular chaperones and disaggregases often increase in response to proteotoxic 

stresses. Upon heat shock, endogenous TRIM11 mRNA and protein, along with those of 

Hsp70, were up-regulated in several human cell lines including HCT116, HeLa, and A549 

(Figures 4H, S4G, and S4H) as well as in mouse primary cortical and hippocampal (HC) 

neurons (Figures 4I and S4I). In contrast, levels of exogenous TRIM11 stably expressed 

from a heterologous promoter remained unchanged in HCT116 cells (Figure S4J). Thus, 

endogenous TRIM11 is responsive to proteotoxic stresses, underscoring another parallel 

with canonical molecular chaperones and disaggregases.

Chaperone and disaggregase activities of other TRIM proteins

TRIM proteins constitute a large family in metazoans (Hatakeyama, 2011; Ozato et al., 

2008). To evaluate whether other TRIMs can function similarly to TRIM11, we analyzed 

human TRIM21 and TRIM19, both of which can mediate the degradation of Atxn1 82Q 

(Guo et al., 2014) (Figure S4K). TRIM21 is a cytoplasmic receptor for antibodies (Keeble et 

al., 2008) and, similar to TRIM11, contains a PRY-SPRY/B30.2 region (Ozato et al., 2008). 

Purified recombinant TRIM21 protein prevented heat inactivation of luciferase (Figure 4J), 

and solubilized and reactivated previously denatured luciferase (Figure 4K). TRIM21 bound 

to urea-denatured luciferase more strongly than native luciferase (Figure 4L), indicating its 

ability to discern misfolded proteins.
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TRIM19 is a nuclear protein implicated in diverse cellular processes (Bernardi and Pandolfi, 

2007) and, unlike TRIM11 and TRIM21, contains no recognizable C-terminal domain 

(Ozato et al., 2008). Still, purified recombinant TRIM19 protein re-activated thermally 

denatured GFP in vitro (Figures 4M and S4L). In cells, knockdown of TRIM19 accelerated 

the inactivation of a nucleus-localized luciferase upon heat shock and delayed its 

reactivation during the recovery (Figure 4N and S4M), whereas forced expression of 

predominantly protected luciferase and promoted its reactivation (Figure 4O). TRIM19 

interacts with misfolded proteins including Atxn1 82Q (Guo et al., 2014) and forms 

proteinaceous nuclear bodies (Bernardi and Pandolfi, 2007) that partially co-localize with 

Atxn1 82Q (Guo et al., 2014) (Figure 4P, top panels). Interestingly, Atxn1 82Q molecules 

within TRIM19 nuclear bodies were soluble and could be extracted by a non-denaturing 

detergent at low concentrations (Figure 4P, bottom panels), suggesting that TRIM19 can 

function as a disaggregase in cells. Similar to TRIM11, both TRIM21 and TRIM19 

prevented and reversed protein aggregation in an ATP-independent manner (Figures 4J, 4K, 

and 4M).

Functional cooperation of TRIM11 chaperone/disaggregase and SUMO ligase activities in 
the removal of defective proteins

TRIM19 and some other TRIMs possess SUMO ligase (E3) activity (Chu and Yang, 2011). 

Moreover, TRIM19 mediates degradation of defective proteins such as Atxn1 82Q through 

sequential TRIM19-mediated SUMOylation and STUbL-mediated ubiquitination (Guo et 

al., 2014). Therefore, we examined whether TRIM11 has SUMO ligase activity and, if so, 

whether the chaperone/disaggregase activities of TRIM11 functionally cooperate with the 

SUMO E3 activity to remove defective proteins. In cells, TRIM11 promoted SUMOylation 

of Atxn1 82Q in the presence or absence of exogenous SUMO2 (Figures 5A to 5C), with an 

activity that appeared to be stronger than that of TRIM19 (Figure 5B). In vitro, purified 

recombinant TRIM11 enhanced SUMOylation of Atxn1 82Q (Figure S5A). In contrast, 

TRIM11 did not promote the ubiquitination of soluble α-Syn stably expressed in HEK293T 

cells (Figure 5D). Atxn1 82Q is an aberrant protein that easily misfolds and aggregates in 

cells and in vitro, whereas α-Syn is a normal protein. These results suggest that TRIM11 

possesses SUMO ligase activity that may be dependent on the folding state of the substrate.

Given that the in vitro chaperone/disaggregase assays were performed in the absence of ATP 

or any other SUMOylation reaction components (Figures 1-3 and S1-S3), these activities of 

TRIM11 occur independently of its SUMO ligase activity. Nevertheless, in cells these 

activities may cooperate with SUMO ligase activity to remove defective proteins, which in 

the aggregated state cannot be effectively recycled by the proteasome (Bence et al., 2001). 

To test this notion, we generated missense mutants of TRIM11 that were defective in SUMO 

ligase activity, but retained chaperone and disaggregase activities. We replaced six conserved 

zinc-chelating His or Cys residues in the RBCC region with Ala (Chu and Yang, 2011), or 

two Glu residues proximal to the RING domain with Ala (Li et al., 2014), TRIM11M6 and 

TRIM112EA, respectively (Figure 3A). Both mutants failed to SUMOylate Atxn1 82Q 

(Figures 5A, 5B, and S5A). Nevertheless, TRIM11M6 was as active as TRIM11 in 

preventing and dissolving amorphous aggregates formed by luciferase and GFP, as well as 

fibrillar aggregates formed by α-Syn and Atxn1 82Q (Figures 3B to 3M, and S5B). 
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TRIM11M6 also co-localized and interacted with Atxn1 82Q in cells (Figures 4F and 4G). 

Similarly, TRIM112EA was fully active as a molecular chaperone and disaggregase (Figures 

S5C to S5E). TRIM112EA also interacted with Atxn1 82Q in cells and in vitro (Figures 4C 

and S5F) and bound to denatured, but not native, luciferase in vitro (Figure S5G). Therefore, 

the RING domain of TRIM11, which is dispensable for molecular chaperone and 

disaggregase activities (Figures 3 and S3), is essential for SUMO ligase activity. 

Consistently, TRIM11∆R, which retained chaperone/disaggregase activities, failed to 

SUMOylate Atxn1 82Q (Figure 5A). Therefore, TRIM11’s chaperone and disaggregase 

activities are structurally separable from its SUMO ligase activity.

We compared TRIM11 and TRIM112EA for the ability to remove defective proteins in cells. 

When Atxn1 82Q was transiently or stably overexpressed, it readily generated amorphous/

fibrillar aggregates in cell lysates (Figures 5E, S5H, and S5I) in addition to nuclear 

inclusions in cells (Figure 4A), indicating that intracellular levels of Atxn1 82Q far exceeded 

its solubility limit. TRIM11 strongly reduced levels of both overall and aggregated Atxn1 

82Q (Figures 5E, S5H, and S5I). TRIM112EA displayed a weaker inhibitory effect (Figures 

5E, S5H, and S5I). Amyloid fibril is a generic conformation that can be adopted by many 

proteins regardless of primary sequence (Eisenberg and Jucker, 2012; Knowles et al., 2014). 

TRIM11 reduced levels of intracellular amyloid aggregates (Figure 5F). TRIM112EA could 

elicit a similar effect, but only when it was expressed at substantially higher levels (Figure 

5F). Moreover, while wild-type TRIM11 accelerated Atxn1 82Q degradation, neither 

TRIM11M6 (which lacked SUMO ligase activity) nor TRIM11∆B (which lacked chaperone/

disaggregase activities) showed such an effect (Figure 5G). Together, these results suggest 

that both chaperone/disaggregase and SUMO ligase activities are required for the effective 

clearance of defective proteins.

TRIM11 abrogates α-Syn pathology and restores cell viability

While Atxn1 82Q is associated with an inherited disorder, most neurodegenerative diseases 

are sporadic in which normal proteins expressed at physiological levels assemble into self-

templating fibrillar aggregates. To evaluate the role of TRIM11 in suppressing α-Syn 

fibrillization in cells, we used a PD model where a small amount of recombinant α-Syn 

PFFs taken up by cells can convert soluble endogenous α-Syn into LB/LN-like inclusions 

(Luk et al., 2009; Volpicelli-Daley et al., 2011). We first evaluated whether TRIM11 

suppresses the seeding capability of recombinant α-Syn. Recombinant α-Syn pre-incubated 

alone or with GST or GST-TRIM11 (Figures 1H to 1J) was used to treat primary HC 

neurons isolated from wild-type mice. Upon incubation alone or with GST, recombinant α-

Syn, which formed amyloid fibrils (Figures 1H to 1J), strongly induced α-Syn aggregation 

in primary HC neurons. This aggregation was reflected by the appearance of LB/LN-like 

inclusions in the cytosol containing α-Syn phosphorylated at Ser129 (pSyn; Figures 6A and 

6B), a highly specific marker of α-Syn pathology (Fujiwara et al., 2002), and by the 

formation of various α-Syn species in cell lysates that were insoluble in the non-denaturing 

detergent Triton-X100 (Figure 6C). In contrast, recombinant α-Syn acquired minimal 

activity to induce α-Syn pathology upon incubation with TRIM11 (Figures 6A–6C), which 

prevented its assembly into amyloid fibrils (Figures 1H to 1J). The pathogenic species of α-

Syn are not fully defined, but short α-Syn fibrils elicit the most robust PD phenotypes in 
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mice (Froula et al., 2019). Our results indicate that TRIM11 effectively eliminates the α-Syn 

species responsible for corrupting its soluble endogenous counterpart.

To assess whether TRIM11 also affords protection within the cell, we used PFFs of a human 

α-Syn variant (α-SynS87N), which displays an increased pathogenicity (Luk et al., 2016), to 

treat QBI-293 cells stably expressing exogenous α-Syn in a soluble state (QBI-Syn cells) 

(Luk et al., 2009). SynS87N PFFs induced pSyn-containing LB/LN-like inclusions in QBI-

Syn cells (Figures 6D and 6E). Forced expression of TRIM11 dramatically reduced SynS87N 

PFFs-induced pathology (Figures 6D, 6E, and S6A). To extend this analysis, we generated 

human neuroblastoma SH-SY5Y cells stably expressing α-Syn (SH-SY5Y-Syn) (Figure 

S6B), in which α-Syn was soluble (Figure 6F, lane 1) and elicited no apparent detrimental 

effects (Figure S6C). α-SynS87N PFFs induced aggregation of intracellular α-Syn in SH-

SY5Y-Syn cells, as shown by the appearance of pSyn and various insoluble α-Syn species, 

as well as a reduction of soluble α-Syn, in cell lysates (Figures 6F, lane 2, and S6D). This 

process was accompanied by a decrease in cell viability (Figures 6G and S6E). Forced 

expression of TRIM11 had no effect on the proliferation of SH-SY5Y-Syn cells in the 

absence of PFFs (Figures S6F and S6G). However, it inhibited PFFs-induced α-Syn 

aggregation (Figures 6F, lane 3, and S6D) and restored cell viability (Figures 6G and S6E). 

Despite the potent effect on α-Syn aggregation, TRIM11 did not alter overall levels of 

intracellular α-Syn in QBI-Syn or SH-SY5Y-Syn cells (Figures S6A and S6F), suggesting 

that TRIM11 suppresses α-Syn fibrillization without targeting it for degradation.

To further evaluate the role of different TRIM11 activities, we examined various TRIM11 

mutants. Like TRIM11, TRIM112EA strongly inhibited PFFs-induced α-Syn aggregation in 

QBI-Syn and SH-SY5Y-Syn cells and restored their viability (Figures 6D, 6E, S6D, and 

S6E), without altering levels of intracellular α-Syn (Figures S6A and S6F). Likewise, the 

other two SUMO ligase-defective mutants, TRIM11M6 and TRIM11∆R, suppressed α-Syn 

aggregation and restored cell viability (Figures 6F and 6G). In contrast, the chaperone/

disaggregase-defective TRIM11∆B and TRIM11∆CC showed virtually no effect (Figures 6F 

and 6G). Collectively, these results indicate that the effect of TRIM11 on α-Syn pathology 

and cytotoxicity is largely due to its chaperone activity, disaggregase activity, or both.

To evaluate the role of endogenous TRIM11, we knocked it down in SH-SY5Y cells using 

independent small interfering RNAs (siRNAs, Figures 6H and S6H). This led to ~20% 

increase in intracellular amyloid-like aggregates (Figure 6H). Expression of an siRNA-

resistant form of TRIM11 not only reversed the increase of amyloid-like aggregates in 

TRIM11-knockdown cells, but also further reduced these aggregates to levels ~30% below 

those in control cells (Figure 6H). Knocking down TRIM11 in HCT116 cells led to a similar 

increase in amyloid-like aggregates, which again could be reversed and further reduced by 

the siRNA-resistant TRIM11 (Figure S6I). Moreover, knocking down TRIM11 in mouse 

primary HC neurons decreased cell viability in the absence of α-Syn PFFs and dramatically 

sensitized these cells to PFFs-mediated cytotoxicity (Figure 6I). Collectively, these results 

indicate that TRIM11 affords protection to neurons and other cells under unstressed 

conditions and especially under proteotoxic stress conditions.
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TRIM11 suppresses α-Syn pathology, neurodegeneration, and motor impairments in a 
mouse PD model

To evaluate the effect of TRIM11 in mammals, we employed a PD mouse model in which a 

single stereotaxic injection of α-Syn PFFs targeting the striatum induces LB/LN-like 

aggregates at the injection site as well as brain regions that are connected to the striatum, 

including piriform cortex (Pir) and frontal cortex (Fc). The appearance of α-Syn pathology 

is followed by progressive loss of dopaminergic neurons in the substantial nigra (SN) (Luk 

et al., 2012). Thus, this model recapitulates the two cardinal features of PD: LB/LN-like 

aggregates and neurodegeneration. We cloned TRIM11 and a control protein (GFP) in 

adeno-associated virus 9 (AAV9), a serotype that efficiently targets cells in the central 

nervous system (CNS) (Foust et al., 2009). We injected PFFs generated from recombinant 

mouse α-Syn protein, together with AAV9-TRIM11 or AAV9-GFP, unilaterally into dorsal 

striatum of young wild-type mice (C57BL6/C3H) (Figure 7A). At 120 days post injection 

(dpi), expression of GFP and TRIM11 was detected in the injected side of striatum and the 

ipsilateral Pir and Fc regions (Figures 7B and S7A). By then, LB/LN-like α-Syn aggregates 

were evident at the injection site and especially in the ipsilateral Pir and Fc regions in mice 

injected with AAV9-GFP, as assayed by both immunofluorescence (Figures 7B and S7A) 

and immunoperoxidase staining (Figures 7C, 7D, and S7B). Interestingly, mice injected with 

AAV9-TRIM11 displayed a strong reduction in α-Syn pathology (Figures 7B–7D, S7A, and 

S7B), with ~80% and ~65% decrease in the Pir and Fc regions, respectively (Figure 7D). 

Moreover, while α-Syn pathology was commonly present in GFP-expressing neurons, it was 

rarely detectable in TRIM11-expressing neurons (Figures 7B and S7A), further indicating 

that TRIM11 inhibits α-Syn aggregation.

Dopaminergic neurons, which project from the SN to the striatum, degenerate during the 

progression of PD (Poewe et al., 2017; Surmeier et al., 2017). As previously observed (Luk 

et al., 2012), inoculation of PFFs at the striatum led to formation of pSyn-containing 

inclusions inside SN dopaminergic neurons (Figure S7C). At 180 dpi, mice co-injected with 

AAV9-GFP exhibited significant loss of dopaminergic neurons, as shown by 

immunohistochemistry (IHC) analysis of tyrosine hydroxylase (TH) (Figures 7E and 7F), 

the rate-limiting enzyme in dopamine synthesis. The neuronal loss was restricted to the SN 

ipsilateral to the injection site, due to the exclusive unilaterality of the nigrostriatal pathway. 

TRIM11 noticeably protected TH-positive neurons, reducing their loss from ~47% to < 30% 

(Figures 7E and 7F).

To evaluate the effect of TRIM11 on motor functions, we performed an open-field test 

(Brooks and Dunnett, 2009). Animals in the AAV9-TRIM11 group showed greater 

locomotor activity and less anxiety compared to those in the AAV9-GFP group, with ~50% 

longer distance travelled around the center or the sides (Figure 7G) or in the whole field 

(Figure 7H). Sudden and transient loss of movement is a characteristic of PD patients. This 

loss of movement was also observed in GFP-injected mice, as shown by their relatively long 

freezing time (Figure 7I). In comparison, TRIM11-injected mice showed ~60% reduction in 

freezing time (Figure 7I). These data indicate that TRIM11 rescues α-Syn aggregation-

mediated motor impairments.
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Intracranial delivered AAV9-TRIM11 did not affect overall levels of α-Syn (Figure S7D). 

Moreover, when introduced into cultured hippocampus and cortical neurons, AAV-TRIM11 

did not alter the abundance of endogenous α-Syn (Figure S7E). Collectively, these results 

indicate that TRIM11 inhibits the seeding and cell-to-cell transmission of α-Syn fibrils and 

protects animals against neurodegeneration and motor impairments, likely through its 

molecular chaperone activity, disaggregase activity, or both.

DISCUSSION

The late onset of PD and other neurodegenerative diseases suggest the existence of a 

metazoan system(s) that can suppress protein fibrilization at a younger age. Our studies 

suggest that metazoan TRIM proteins may comprise a distinctive and multifunctional PQC 

system that is neuroprotective (Figure 7J). Individual TRIMs such as TRIM11, TRIM19, and 

TRIM21 can function as molecular chaperones, impeding amorphous aggregation of model 

substrates and fibrillar aggregation of proteins associated with neurodegenerative diseases. 

This chaperone activity is independent of ATP, distinguishing TRIMs from canonical 

chaperones. This activity is highly effective, as TRIM11 prevents fibrillization of α-Syn 

monomers that are ~140-fold higher in molar concentration. The underlying mechanisms 

remain to be determined. TRIMs recognize misfolded, but not native, proteins (Guo et al., 

2014) (Figures 4 and S4). In the case of TRIM19, this specificity is mediated by at least two 

substrate recognition sites, each discerning a different feature on misfolded proteins (Guo et 

al., 2014). We envision a scenario in which TRIMs might provide a platform that recruits an 

unfolded or partially folded protein, enables it to attain the native conformation, and then 

releases the folded protein. This mechanism would be similar to that used by a small ATP-

independent chaperone, Spy, from E. coll (Stull et al., 2016), although the function of Spy in 

PQC appears to be limited as a molecular chaperone.

Individual TRIMs can also dissolve amorphous aggregates and amyloid fibrils without the 

energy derived from ATP hydrolysis. TRIM11 operates at a concentration close to their 

client proteins and thus may function as a “dissolvase”. This would be analogous to nuclear-

import receptors (NIRs) such as karyopherin-β2 (Kapβ2), which reverse fibrillization of 

RNA-binding proteins (RBPs) in an ATP-independent manner (Guo et al., 2018; Hofweber 

et al., 2018; Yoshizawa et al., 2018). Kapβ2 stably binds to the nuclear localization signal of 

an RBP, which permits additional weak and dynamic interactions involving other regions of 

both proteins leading to the dissolution of higher-order RBP assemblies (Yoshizawa et al., 

2018). The stable interaction of a TRIM with a misfolded protein might also enable similar 

weak and dynamic interactions for disaggregation. Nevertheless, in contrast to NIRs, TRIMs 

likely have a broad repertoire of client proteins. It is possible that TRIMs employ a similar 

mechanism to prevent and reverse protein fibrillization. In this scenario, TRIMs might 

selectively act on the small amounts of oligomers or amyloid fibrils that are initially 

generated and dissolve them, hence blocking the rate-limiting nucleation step.

TRIM11 displays a potent activity in suppressing α-Syn fibrillization in cell culture and 

animal models of PD. This potent activity appears to be in contrast to the Hsp70 

disaggregase system consisting of members of Hsp70, Hsp40, and Hsp110 families, which 

can fragment large fibrils into smaller fibrils that seed further fibrillization (Tittelmeier et al., 
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2020). The extent to which TRIM11 chaperone or disaggregase activity contributes to the in 
vivo effect is unclear. Molecules within amyloid fibrils can exchange with those in solution 

in a biologically-relevant time scale (Carulla et al., 2005), which could blur the functional 

demarcation of these activities in cells. Nevertheless, given their large number, potent 

activities, and responsiveness to proteotoxic stresses, TRIM proteins likely constitute an 

important family of molecular chaperones and disaggregases that maintain metazoan 

proteins in their functional soluble states.

The molecular chaperone and disaggregase activities of TRIMs may aid in the recycling of 

aberrant proteins, which in their aggregated form cannot be effectively degraded by the 

proteasome, and instead may impair proteasome function (Bence et al., 2001). These 

activities may keep aberrant proteins soluble so that they can be SUMOylated via the ligase 

activity, ubiquitinated by STUbLs, and subsequently degraded in the proteasome (Figure 7J). 

TRIMs appear to play a broad role in maintaining protein hemostasis. For example, TRIM11 

stimulates proteasome function by counteracting the proteasome-associated deubiquitinase 

USP14 (Chen et al., 2018), and TRIM25 maintains protein quality in the ER compartment 

by activating the antioxidant transcription factor Nrf2 (Liu et al., 2020). The 

multifunctionality of individual TRIMs could be highly advantageous. The ability to 

chaperone and disaggregate clients and promote their degradation provides several 

safeguards that may combine or synergize to buffer proteotoxicity.

The potency and multifunctionality of TRIM11 and other TRIMs likely make them valuable 

for treating neurogenerative diseases. While small compounds that bolster the TRIM system 

can be beneficial, direct expression of individual TRIMs may offer an attractive alternative. 

Gene transfer mediated by AAVs has become an important approach for treating CNS 

disorders (Deverman et al., 2018), and its potential is emphasized by recent positive 

outcomes in clinical trials (Mendell et al., 2017). Our study provides a proof-of-concept for 

using TRIMs as transgenes to treat neurodegenerative diseases. By suppressing α-Syn 

fibrillization, a common player in the disease pathogenesis of synucleinopathies, TRIM11 is 

likely suitable for treating both familial and sporadic diseases of different etiologies. A 

recent study revealed that single nucleotide polymorphisms (SNPs) in the TRIM11 gene are 

associated with progressive supranuclear palsy (PSP), the most common form of atypical 

parkinsonism characterized by the accumulation of fibrillary tau aggregates (Jabbari et al., 

2018). This finding, along with the effects of TRIM11 on diverse substrates, indicates a 

potential link between TRIM11 and other diseases. Moreover, the very large number of 

human TRIMs likely allows for the identification of an optimal TRIM(s) for any given 

misfolded protein associated with neurodegenerative diseases.

STAR*METHODS

RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Xiaolu Yang 

(xyang@pennmedicine.upenn.edu).
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Materials Availability—All unique/stable reagents generated in this study are available 

from the Lead Contact with a completed Materials Transfer Agreement.

Data and Code Availability—This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

cell culture—HEK293T, HeLa cells, HCT16, A549, and SH-SY5Y cells were purchased 

from ATCC, QBI-293 cells were purchased from QBiogene. QBI-293 cells stably expressing 

wild-type human α-Syn (QBI-WT-Syn, called QBI-Syn in the current study) were 

previously described (Luk et al., 2009). To generate SH-SY5Y cells stably expressing 

human α-Syn without any tag (SH-SY5Y-Syn) and HCT116 cells stably expressing Atxn1 

82Q, pTRPE-α-Syn and pTRPE-GFP-Atxn1 82Q, respectively, were transfected into 

HEK293T together with the packing plasmids Gag, VSVG, and REV to generate lentiviral 

vectors expressing α-Syn. 48 h after transfection, the vector-containing medium were 

harvested, centrifuged at 1,200 rpm for 5 min, filtered through 0.45 μm filters (Millipore), 

and concentrated by centrifugation at 10,000 rpm for 20 h at °C. SH-SY5Y and HCT116 

cells were then transduced with the concentrated lentiviral vectors in the presence of 8 μg/ml 

polybrene (Sigma-Aldrich).

HEK293T and HeLa cells were cultured in DMEM medium, HCT116 cells in McCoy’s 5A 

medium, A549 cells in RPMI1640 medium, SH-SY5Y and SH-SY5Y-Syn cells in 

DMEM:F12 (1:1 mix) medium plus GlutaMAX, and QBI-Syn in DMEM medium 

supplemented with G418 (1000 g/mL; Gibco), penicillin/streptomycin, and L-glutamine. All 

medium contained 10% FBS. Cells were cultured at 37 °C in a humidified 5% CO2 

atmosphere unless otherwise indicated.

Mouse primary cortical and hippocampal neurons were obtained from Penn Neuron Culture 

Service Center or isolated in our own lab and were cultured as previously described 

(Volpicelli-Daley et al., 2014).

Mice—Wild-type male C3H/HeJ (8-10 weeks of age) were purchased from Jackson 

Laboratories and housed at 22 - 24 °C on a 12 hr light/dark cycle with ad libitum access to 

water and a standard diet (LabDiet 5010). All procedures involving animals were approved 

by the Institutional Animal Care and Use Committee (IACUC) of the University of 

Pennsylvania.

METHOD DETAILS

Plasmids—TRIM11 mutations were: ∆R (a. a. 1-55 deleted), ∆B (a. a. 88-127 deleted), 

∆CC (a. a. 128-207 deleted), N (a. a. 1-286 retained), C (a. a. 287-468 retained), M6 (six 

zinc-chelating residues within the RBCC region, or two in each of the RING, B1-box, and 

B2-box domains, were replaced: C16R, C19R, C92A, H95A, C111A, and C114A), 2EA 

(two conserved residues proximal to the RING domain were mutated: E12A and E13A), and 

LA (44 Leu residues were mutated to Ala, Figure S3C). These mutants were generated by 

PCR expect for LA, which was synthesized by Gene Universal Inc. (Newark, DE).
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For transient expression of protein in mammalian cells, Flag-TRIM11 and Flag-TRIM11 

mutants (each with the FLAG epitope at the N-terminus) were cloned into pcDNA3.1. GFP-

Hsp70, GFP-TRIM11, GFP-Flag-TRIM11, and GFP-TRIM11LA were made in pEGFP-C1 

(Clontech). mCherry-TRIM19 (isoform VI) was cloned in pRK5. For stable expression in 

mammalian cells, TRIM11, TRIM112EA, and α-Syn were cloned into lentiviral vector GFP-

T2A-mCherry/pTRPE (Posey et al., 2016) (kindly provided by J. L. Riley).

For expression in bacteria, GST-TRIM11 and GST-TRIM11 mutants were constructed in 

pGEX-1ZT, a derivative of pGEX-1λT with additional cloning sites. To generate proteins 

fused with maltose-binding protein (MBP) and 6xHis, TRIM11 and its mutants were 

inserted into pMAL-c2X (which contains an N-terminal MBP, a gift of Dr. Paul Riggs, 

Addgene plasmid #75286), with the 6xHis tag introduced to C-terminus through a PCR 

reaction. TAT-TRIM11 was cloned into pTAT-HA, a gift from S. Dowdy (Addgene plasmid 

#35612), in which TRIM11 was N-terminally fused sequentially with the 6xHis tag, an HIV-

TAT peptide (YGRKKRRQRRR), and the HA epitope.

For expression in Sf9 cells, TRIM11 was cloned into pFastBac vector containing an N-

terminal GST tag. All constructs made for this study were confirmed by DNA sequencing.

The following plasmids (all in pRK5) were previously described: Flag-TRIM19 (isoform 

VI) (Chu and Yang, 2011); GFP-Atxn1 82Q, Flag-Atxn1 82Q, HA-Atxn1 82Q-Flag, Flag-

Atxn1 30Q, 6xHis-SUMO2, Flag-Luciferase, and Flag-NLS-Luciferase (Guo et al., 2014); 

pTRPE-mCherry and pTRPE-mCherry-TRIM11 (Chen et al., 2017); and pPROEX 

HTb-6xHis-TEV-GFP (Jackrel and Shorter, 2014). Luciferase-6xHis (a Photinus pyralis 
luciferase variant) was a gift from P. Goloubinoff (Sharma et al., 2010).

DNA and siRNA transfection—DNA plasmids were transfected using Lipofectamine 

2000 (Invitrogen). For transfecting TRIM11 siRNA, mouse hippocampal neuron cells were 

plated in 96-well plates at 15,000 cells/well with plating medium (combined Neurobasal 

medium containing B27, GlutaMax, penicillin/streptomycin and 10% FBS) and cultured for 

18 h, and then cultured in neuronal medium (combined Neurobasal medium containing B27, 

GlutaMax, and penicillin/streptomycin) for an additional day (Luna et al., 2018). TRIM11 

siRNA (1 pmol) was transfected into cells by Lipofectamine RNAiMAX. Mouse TRIM11 

siRNA was purchased from Santa Cruz Biotech (sc-76735). Human TRIM11 siRNAs and 

negative control siRNA were synthesized by Integrated DNA Technologies (IDT) (Table 

S1).

Lentiviral and retroviral transduction—Cells stably expressing TRIM11 and α-Syn 

were generated by lentiviral transduction using the 3rd generation lentiviral packaging 

system. HEK293T cells were transfected with each lentiviral vector together with the helper 

plasmids Gag, Rev and VSVG. High titer viral vectors were obtained by centrifugation at 

10,000 rpm for 18-20h) and used to achieve high efficiency of transduction without the need 

of drug selection.

Semi-quantitative PCR—Total RNA was isolated from cells by TRIzol reagent 

(Invitrogen) and 1-2 µg RNA of each sample was reversed to cDNA by the First-strand 
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cDNA Synthesis System (Marligen Biosciences). The primers were synthesized by IDT 

(Table S1).

Immunofluorescence—Cells plated on coverslips were fixed with 4% paraformaldehyde 

for 10 min at room temperature and permeabilized with methanol for 10 min at −20 °C. 

Cells were washed with PBS and blocked in PBS with 2% bovine serum albumin (BSA) for 

30 min at room temperature. Cells were incubated with the indicated primary antibodies 

overnight at 4 °C, and fluorescence-labeled secondary antibodies for 1-2 h at room 

temperature. The coverslips were mounted to glass slides in medium containing 4’,6-

diamidino-2-phenylindole (DAPI). Images were acquired using a conventional or a ZEISS 

710 confocal microscope. For testing the effect of TRIM19 on Atxn1 82Q in cells, GFP-

Atxn1 82Q and mCherry-TRIM19 VI were co-expressed in HeLa cells. Cells were untreated 

or treated with cytoskeleton stripping (CT) buffer (10 mM Tris-HCl [pH 7.4], 10 mM NaCl, 

3 mM MgCl2 1% Tween-20, and 0.25% sodium deoxycholate). Fixation and fluorescence 

analysis were performed as described above.

Cell lysate fractionation, immunoblotting, and dot blot assay—Cells were lysed 

with the lysis buffer [50 mM Tris, pH 8.8, 100 mM NaCl, 5 mM MgCl2, 0.5% IGEPAL 

CA-630 (chemically indistinguishable from Nonidet P-40), 1 mM DTT, 250 IU/ml 

benzonase, 1 mM PMSF, and 1x complete protease inhibitor cocktail] for 30 min on ice. 

Lysates were centrifuged for 15-20 min at 13,000 rpm and 4 °C. The NP-40-soluble 

supernatants were designated as SN fraction, and protein concentrations were measured 

using Bradford assay (Bio-Rad Labs). The NP-40-insoluble pellets were re-suspended in the 

pellet buffer (20 mM Tris, pH 8.0, 15 mM MgCl2, 1 mM DTT, 250 IU/ml benzonase, 1 mM 

PMSF, and 1X complete protease inhibitor cocktail) for 30 min on ice. Aggregated proteins 

in pellets that could be solubilized by SDS were designated as the SDS-soluble pellet 

fraction (PE). Both the SN and PE fractions were boiled in buffer containing 2% SDS and 

analyzed by SDS-PAGE and immunoblotting.

Aggregated proteins in the pellets that were SDS-resistant, called the SR fraction, were 

analyzed by filter retardation (dot blot) assay as previously described (Guo et al., 2014; 

Wanker et al., 1999). Briefly, the pellets were boiled in 2% SDS loading buffer (under 

reducing conditions) at 95 °C for 10 min and then applied onto 0.2 μm cellulose acetate 

membrane (Sterlitech) that was clamped onto a Bio-dot vacuum apparatus (Bio-Rad). The 

SDS-resistant aggregates on the membrane were detected with the indicated antibodies and 

the ECL system.

Atxn1 82Q fused to GFP, HA, and/or FLAG were detected by the antibodies corresponding 

to the protein or epitopes. Luciferase (untagged or 6xHis tagged), GFP (untagged), and ±-

synuclein (untagged) were detected by antibodies against these proteins. The intensity of the 

signals in Western and dot blots was quantified by ImageJ program.

Protein purification—To purify GST, GST-TRIM11, GST-TRIM21, and GST-TRIM11 

mutants from bacteria, BL21 DE3 cells containing the corresponding plasmids were grown 

at 37 °C to A600 nm = 0.6 - 0.8, and induced for protein expression with 0.1 mM IPTG at 30 

°C for ~4 h. Cells were suspended in a buffer containing 50 mM Tris-Cl, pH 7.4, 500 mM 
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NaCl, 200 mM KCl, 10% glycerol, complete protease inhibitor cocktail, 1 mM 

phenylmethylsulphonyl fluoride, 1 mM DTT, and 1 mg/ml lysozyme. To purify GST-

TRIM11 from insect cells, Sf9 cells infected with baculoviruses expressing GST-TRIM11 

were generated and cultured by the Molecular Screening & Protein Expression Facility at 

the Wistar Institute. Cells were lysed with lysis buffer (50 mM Tris-Cl, pH 7.4, 300 mM 

NaCl, 0.05% Triton-X100, 1 mM DTT, protease inhibitor cocktail, and benzonase nuclease) 

on ice for 30 min.

Bacterial and insect cell lysates were sonicated and then centrifuged at 13,000 rpm and 4 °C 

for 30 min. The supernatants were applied to a column (34694, Qiagen) packed with 

glutathione beads and incubated at 4 °C for 2 h. The column was washed extensively with 

the 1xPBS buffer containing 0.5 M NaCl, followed by 1xPBS buffer. The bound proteins 

were eluted in the elution buffer containing 20 mM glutathione and further purified on 

Superdex 200 Increase 10/300GL gel filtration column (GE Healthcare) driven by an 

NGC™ Liquid Chromatography Systems (BIORAD). The column was washed with two 

column volumes of gel filtration buffer (10 mM Tris-Cl pH 7.5). 500 μl samples were 

injected and eluted with 24 ml gel filtration buffer at 0.9 ml/min. Fractions were collected at 

0.5 ml each, and fractions containing GST or GST fusions were concentrated with 

centrifugal filters (Millipore, cat#: UFC800308).

To purify 6xHis-TRIM11 from bacteria, MBP- and 6xHis-fused TRIM11 and TRIM11 

mutants were expressed BL21 DE3 cells. Cells were grown at 37 °C to A600 nm = 0.6 - 0.8 in 

LB medium plus 0.2% glucose. Protein expression was induced with IPTG (0.2 mM) at 30 

°C for 4 h. Bacteria were collected by centrifugation, resuspended in Column Buffer (20 

mM Tris-Cl, pH 7.4, 200 mM NaCl, 1 mM EDTA, plus 1x protease inhibitor cocktail and 1 

mM PMSF), and lysed by sonication. After centrifugation at 13,000 rpm and 4 °C for 30 

min, the supernatants were loaded onto Amylose resin column. After extensive washing, 

protein-bound amylose resins were treated with TEV protease at 4 °C overnight in a buffer 

containing 50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.5 mM EDTA and 1 mM DTT, to cleave 

MBP tag and release 6xHis-TRIM11 proteins from the resins. Cleaved proteins were diluted 

with native lysis buffer (20 mM Hepes, 100 mM NaCl, pH 7.2) and incubated with Ni-NTA 

Agarose (Qiagen) at 4 °C for 4 h. Beads were washed extensively with wash buffer (50 mM 

NaH2PO4, 300 mM NaCl, 20 mM Imidazole, pH 8.0). Fusion proteins were eluted 2x with 

500 μl of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 400 mM Imidazole, pH 8.0), 

desalted on PD 10 columns (Genesee) and concentrated with centrifugal filters (Millipore). 

Proteins were aliquoted and stored at −80 °C.

To purify GFP-Flag-TRIM11, HA-Atxn1 82Q-Flag, and Flag-TRIM19 (isoform VI) from 

mammalian cells, HEK293T cells were transiently transfected with the corresponding 

plasmids, and proteins were purified using anti-FLAG mAb M2 beads as previously 

described (Guo et al., 2014). Briefly, cells were lysed with a lysis buffer (50 mM Tris-Cl at 

pH 7.4, 200 mM NaCl, 0.2% Triton, 10% glycerol, 1 mM DTT, 1 mM PMSF and complete 

protease inhibitor cocktail). The supernatants were incubated with anti-FLAG M2 beads at 4 

°C overnight. The beads were sequentially washed once each with lysis buffer containing 

KCl at 0, 0.5, or 1 M, respectively, and with PBS for three times. The bound proteins were 

eluted with 3xFLAG peptides.
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For purifying His-luciferase, BL21 DE3 cells transformed with the corresponding plasmids 

were induced for protein expression by 0.5 mM IPTG for 3 h at 37 °C. Proteins were 

purified by Ni-NTA Agaroses previously described (Sharma et al., 2010).

For purifying TAT-TRIM11, BL21 DE3 cells transformed with pTAT-HA-TRIM11 were 

cultured in one liter of medium containing 0.1 mM IPTG and 0.1 mM ZnCl2 (Sigma-

Aldrich). Cell pellets were lysed in 10 ml of native lysis buffer (20 mM Hepes, 100 mM 

NaCl, pH 7.2) or denaturing lysis buffer (8 M urea, 100 mM NaCl, 20 mM Hepes, pH 8.0). 

Cell lysates were centrifuged, supernatant was incubated with Ni-NTA beads (Qiagen) at 4 

°C for 1 h. Beads were loaded onto columns, washed twice with 2.5 ml wash buffer (50 mM 

NaH2PO4, 300 mM NaCl, 20 mM Imidazole, pH 8.0). Fusion proteins were eluted 4 times 

with 500 μl of elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM Imidazole, pH 

8.0), desalted on PD 10 columns (Sigma, cat# 17-0851) into 1xPBS, flash-frozen in 10% 

glycerol, and stored at −80 °C. The concentration of all purified proteins was determined by 

SDS-PAGE and Coomassie blue staining with BSA as the standard.

Recombinant Hsp104 and Hsp104A503S (Jackrel et al., 2014), human α-Syn and α-SynS87N 

(Volpicelli-Daley et al., 2014), and GFP (Jackrel and Shorter, 2014) were purified as 

previously described. Eluted GFP protein was further purified by gel filtration as described 

above.

Prevention of protein misfolding and aggregation—For prevention of luciferase 

misfolding, native luciferase (10 nM) was mixed with recombinant GST, GST-TRIM11, 

GST-TRIM112EA or Hsp70 protein at 45 °C for the indicated durations. Luciferase activity 

was measured with the Luciferase Assay System (Promega). Prevention of luciferase and 

citrate synthase aggregation was measured by light scattering (Nillegoda et al., 2015). 

Luciferase (200 nM) was mixed with GST or GST-TRIM11 in a HEPES buffer (50 mM 

HEPES-KOH, pH7.4, 50 mM KCl, 5 mM MgCl2, 2 mM DTT). Samples were heated at 42 

°C, and aggregation was monitored by A 600nm on a microplate reader (Synergy HT-Gen5, 

BioTek). Citrate synthase (400 nM) was mixed with GST/GST-TRIM11 in Tris buffer (50 

mM Tris-Cl, pH 8.0), heated at 40 °C, and monitored by A360 nm on the microplate reader.

For prevention of Atxn1 82Q aggregation, purified HA-Atxn1 82Q-Flag (50 nM) was 

incubated alone or in the presence of 400 nM GST or GST-TRIM11 at 37 °C for indicated 

durations. Atxn1 82Q fibrillization was analyzed by ThT-binding. Atxn1 82Q aggregation 

was also examined by sedimentation assay. After centrifugation at 13,000rpm for 20 min., 

the pellet fraction was analyzed by Western blot to detect SDS-soluble (PE) aggregates, and 

by dot blot to detect relatively large SDS-resistant (SR) aggregates.

For prevention of α-Syn fibrillation, human α-Syn monomer (70 μM) was incubated with 

GST, GST-TRIM11, Hsp70 (ADI-NSP-555, Enzo), Hsp40 (ADI-SPP-400, Enzo), or Hsp104 

(Jackrel et al., 2014) at the indicated concentrations at 37 °C for 5 days with continuous 

shaking at 1,000 rpm. Formation of α-Syn fibrils was analyzed by ThT-binding and electron 

microscopy.
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For samples containing Hsp70 or Hsp70/Hsp40, ATP (5 or 10 mM) and an ATP regeneration 

system (10 mM creatine phosphate and 0.5 μM creatine kinase) were also provided.

Real time quaking induced conversion (RT-QuIC) assay—TRIM11-mediated 

avoidance of α-Syn aggregation was analyzed with RT-QuIC assay as described previously 

(Harischandra et al., 2019). Briefly, α-Syn PFFs used as seeds for the RT-QuIC assay were 

created by incubating 1 mg/ml recombinant human α-Syn for 7 days at 37 °C with 1,000 

rpm shaking. α-Syn PFFs (2 ng) were incubated with an increasing amount of recombinant 

TRIM11 protein (1.25, 2.5, 5, 10, and 20 μg) in a buffer containing 20 mM Tris-HCl, pH 

7.4, 150 mM NaCl, and μM ThT in the presence of 20 μg soluble recombinant human α-Syn 

protein in Nunc™ MicroWell™ 96-well optical-bottom plates. The assay also included 

blank wells containing PBS only, negative control wells containing soluble α-Syn and no 

PFFs, and positive control wells containing α-Syn PFFs. Each sample was run in 4 

replicates at the same time, and the average fluorescence intensity is shown. The results are 

representative of three independent experiments. The reaction was carried out using 

Cytation3 multimode microplate reader, incubated at 37 °C, and shaken intermittently (1-

min shake-1-min rest cycle) at 807 cpm in a double orbital configuration for 95 h. ThT 

fluorescence was recorded every 15 min throughout the experiment.

Disaggregation of luciferase, GFP, and citrate synthase—Luciferase reactivation 

was described previously (Jackrel et al., 2014). Firefly luciferase (100 nM) in a luciferase 

refolding buffer (LRB; 25 mM HEPES-KOH [pH 7.4], 150 mM KOAc, 10 mM Mg(OAc)2, 

mM DTT) was heated at 45 °C for 8-10 min. Denatured luciferase (10 nM, monomer 

concentration) was treated with the indicated concentrations of TRIM11 or other proteins at 

25 °C for 90 min. GFP disaggregation was carried out as described (DeSantis et al., 2012). 

GFP (4.5 μM) in buffer A [20 mM Tris-HCl, pH 7.5, 100 mM KCl, 20 mM MgCl2, 5 mM 

DTT, 0.1 mM EDTA, and 10% (v/v) glycerol] was incubated at 85 °C for 15 min. GFP 

aggregates (0.45 μM) were incubated with the indicated proteins at 25 °C for 60 min. 

Disaggregation of GFP aggregates was detected by measuring fluorescence at 510 nm upon 

excitation at 395 nm (Infinite M200 pro) and sedimentation assay. To generate citrate 

synthase aggregates, citrate synthase (0.15 μM) in buffer (HEPES-KOH pH 7.5, 0.5 mM 

DTT) was incubated at 43 °C for 45 min as described previously (Buchner et al., 1998; 

Haslbeck et al., 2005). For reactivation of citrate synthase aggregates, aggregates were 

shifted to 25 °C and the stabilizing ligand oxaloacetic acid (1 mM) was added. The Hsp70/

Hsp40-Hsp104 system and TRIM11 at different concentrations were equilibrated in the 

buffer for 15 min on ice prior to addition to the reaction. After incubation for 60 min, citrate 

synthase activity was measured. For samples containing the Hsp104-Hsp70/Hsp40 bi-

chaperone system, ATP (10 mM) and an ATP regeneration system (10 mM creatine 

phosphate and 0.5 μM creatine kinase) were provided.

Disaggregation of Atxn1 82Q aggregates and α-Syn fibrils—To facilitate the 

formation of Atxn1 82Q aggregates, purified HA-Atxn1 82Q-Flag (1 μM) was kept at −80 

°C for 1-2 month or undergone multiple freeze-thaw cycles, followed by incubation at 37 °C 

for 24 h with shaking at 1,000 rpm. Atxn1 82Q aggregates (0.2 μM) were incubated without 

or with GST, GST-TRIM11, Hsp70/Hsp40 or Hsp104/Hsp70/Hsp40 at the indicated 
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concentrations (with the concentration of Hsp40 being half of that of Hsp70 or Hsp104) at 

30 °C for 3 h. Disaggregation was assessed by sedimentation analysis or ThT-binding assay. 

Disaggregation of preformed α-Syn fibrils was performed as described (Jackrel et al., 2014). 

α-Syn monomer (80 μM) was assembled into fibrils by incubation in buffer containing 40 

mM HEPES-KOH, pH 7.4, 150 mM KCl, 20 mM MgCl2, and 1 mM DTT for 48 h at 37 °C 

with constant shaking at 1,200 rpm. Preformed α-Syn fibrils (1 μM) were incubated without 

or with GST, GST-TRIM11, or Hsp70/Hsp40-Hsp104A503S (0.2 and 1 μM) for 3 h at 30 °C. 

In sample containing Hsp proteins, ATP (10 mM) and an ATP regeneration system (10 mM 

creatine phosphate and 0.5 μM creatine kinase) were also provided. To better observe 

disaggregation, preformed α-Syn fibrils were sometimes kept at 4 °C for 2 days prior to the 

disaggregation assay. Disaggregation was assessed by ThT-binding, sedimentation, and 

electron microscopy assays (Shorter and Lindquist, 2004).

ThT staining—To measure amyloid fibrils formed by purified recombinant proteins, 100 

μl of freshly made 20 μM ThT solution in PBS were added to reaction mixtures for 15 min 

prior to the measurement of fluorescence. To measure amyloid fibrils in cell lysates, cells 

were seeded in 6-well plates at 1x106 cells per well and treated as indicated. Cells were 

lysed, and the supernatant fraction was used for protein quantification. Pellet fraction that 

contain fibrils was re-suspended in PBS by brief sonication and added with ThT (20 μM) 

(Tang et al., 2015). Fluorescence was measured at Ex450nm/Em480nm by a plate reader 

(Infinite M200 pro). Each sample was performed in triplicate.

Negative-stain electron microscopy—α-Syn fibrils (3 μl) in PBS buffer were 

adsorbed on glow discharged grids coated with Formvar-Carbon membrane for 1 min and 

stained twice with phosphotungstic acid (PTA) for 10 seconds and 1 min, respectively. 

Samples were viewed using JEOL1010 transmission electron microscope operated at 80KV. 

Images were captured by a Hamamatsu digital camera and AMT Advantage Image Capture 

Software at the Electron Microscopy Resource Laboratory of University of Pennsylvania 

Perelman School of Medicine.

ATP-binding—Binding to ATP was assayed using an ATP Affinity Test Kit (AK-102, Jena 

Bioscience GmbH), which contained blank agarose beads, and agarose beads that were 

conjugated with ATP via the phosphate moiety (aminophenyl-ATP-agarose, or AP-ATP-

agarose, C10-spacer), the ribose moiety (2′/3′-EDA-ATP-agarose, or EDA-ATP agarose), or 

the adenine base at different positions (8-[(6-Amino)hexyl]-amino-ATP-agarose or 

8AHATP-agarose) and (N6-(6-Amino)hexyl-ATP-agarose, or 6AH-ATP agarose). Beads (50 

μl slurry) were equilibrated 3x with wash buffer and then incubated with 6xHis-TRIM11 or 

Hsp70 (1 μg each) at 4 °C for 3 h with slight agitation. The beads were then washed 3x with 

wash buffer, and the bound proteins were eluted with elution buffer. Input and bound 

proteins were analyzed by Western blot.

Luciferase protection and reactivation in cells—For in vivo luciferase protection 

and reactivation, a cytoplasm-localized luciferase (pRK5-Flag-Luciferase) was transiently 

transfected into HCT116 cells that stably expressing mCherry or mCherry-TRIM11 (Chen et 

al., 2017), or into HCT116 cells pre-treated with control or TRIM11 siRNA. Also, a 

Zhu et al. Page 20

Cell Rep. Author manuscript; available in PMC 2021 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nucleus-localized luciferase (pRK5-Flag-NLS-Luciferase) was co-transfected with or 

without pRK5-Flag-TRIM19 (VI) into HCT116 cells or transfected into HCT116 cells pre-

treated with control or TRIM19 siRNA. These cells were seeded in 96-well plates, and 

transfection efficiency was ~60-70%. 24 h after transfection, cycloheximide (20 μg/ml) was 

added to culture medium to inhibit new protein synthesis (Zhai et al., 2008). Cells were 

heated at 42 °C for 1 h or 45 °C for 30 min, and then cultured at 37 °C for another 1.5 or 3 h. 

Luciferase activity was measured with the Luciferase Assay System (Promega).

Transduction of TAT-TRIM11 into cells—For visualization of transduction of 

recombinant TAT-TRIM11, HeLa cells plated on cover slips were cultured with medium 

containing pTAT-TRIM11 or control eluents from untransformed or TAT-HA-transformed 

bacteria for various concentrations and time points. At desired time point, cells were rapidly 

washed three times with PBS and either immediately fixed in 4% paraformaldehyde on ice 

for 15 min, or trypsinized, spun down and flash frozen for SDS-PAGE analysis. Fixed cells 

were permeabilized with 0.2% Triton X-100 for 15 min, blocked with 1% BSA, and 

incubated with anti-HA primary antibody (1:500). Cells were then washed and incubated 

with Texas Red-conjugated anti-rabbit secondary (1:1000) (Vector Labs). Cells were 

mounted with medium containing DAPI (Vector Labs) and visualized using a fluorescent 

microscope.

For testing the effect of pTAT-TRIM11 on preformed Atxn1 82Q-GFP aggregates, HeLa 

cells were maintained in standard culture conditions and seeded at 40% density overnight. 

Atxn1 82Q-GFP was transiently transfected into cells. At 12 h post-transfection, upon 

visualization of noticeable aggregates, cell culture medium was removed and replaced with 

medium containing 50 μM native-purified pTAT-TRIM11 or control eluates from BL21 

transformed with empty vector or untransformed BL21. Cells were incubated overnight in 

standard conditions. Cells were then were washed, fixed in 4% paraformaldehyde, and 

visualized using a fluorescent microscope. For quantification of Atxn1 82Q-GFP signal, 

cells from ten or more randomly selected fields were examined. Aggregate size parameters 

were set using ImageJ and the total number of aggregates was measured for Atxn1 82Q 

transfected cells. The statistical significance was calculated through one-way ANOVA.

Co-immunoprecipitation—HEK293 cells transfected with or without indicated plasmids 

were lysed in lysis buffer (50 mM Tris, pH 7.4, 200 mM NaCl, 0.2% Triton, 1 mM DTT, 1 

mM PMSF, and 1x complete protease inhibitor cocktail) for 20 min on ice. Cell lysates were 

centrifuged, and supernatants were incubated with anti-FLAG M2 beads at 4 °C overnight. 

The beads were washed three times with the lysis buffer. Immunoprecipitates and whole cell 

lysates were subjected to SDS-PAGE and immunoblotting.

In vitro pull-down—To testing interaction of TRIM11 with Atxn1 proteins, Flag-Atxn1 

82Q and Flag-Atxn1 30Q were expressed in HEK293T cells and purified using anti-FLAG 

M2 beads. These beads were incubated with GST or GST-TRIM11 purified from bacteria at 

4 °C for 4 h or overnight. For testing the interaction of TRIM11 with native and denatured 

luciferase, His-Luciferase bound to Ni-NTA Agarose were treated with or without 8 M urea 

for 5 min. Bead were washed with binding buffer (50 mM Tris-HCl at pH 7.4, 200 mM 

NaCl, 0.2% Triton, 10% glycerol, 1 mM DTT) and incubated with GST, GST-TRIM11, or 
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GST-TRIM112EA purified from bacteria at 4 °C for 4 h or overnight. Beads were washed 

three times with the binding buffer. The pull-down samples and input proteins were analyzed 

by immunoblotting and/or Coomassie blue staining.

In vivo and in vitro SUMOylation—For in vivo SUMOylation assays, cells were 

transfected with the indicated plasmids and treated with or without the proteasome inhibitor 

MG132 (10 μM) for 4-6 h. After 48 h, cells were lysed in lysis buffer (50 mM Tris-HCl, pH 

7.4, 150 mM NaCl, 0.5% Triton, 1 mM DTT, 1 mM PMSF, and 1x complete protease 

inhibitor cocktail) supplemented with 2% SDS and 50 mM DTT. Cell lysates were boiled at 

95 °C for 10 min. One aliquot was saved for input. The rest of the cell lysates were diluted 

10-fold in a lysis buffer containing no SDS and incubated with anti-HA beads, anti-Flag 

mAb M2 beads, or Ni-NTA beads at 4 °C overnight. Beads were washed extensively. 

Immunoprecipitated proteins and cell lysates were analyzed by immunoblotting with the 

indicated antibodies. In vitro SUMOylation assays were performed using SUMO E1, SUMO 

E2 (UbcH9), SUMO-2, and purified recombinant TRIM11, TRIM112EA, TRIM19, and/or 

Atxn1 82Q as previously described (Guo et al., 2014).

Half-life of Atxn1 82Q—HEK293T cells were transfected with Flag-Atxn1 82Q together 

with wild type TRIM11 or the indicated TRIM11 mutants. After 12 h, cycloheximide (CHX, 

150 μg/ml) was added to cell culture medium. Cells were harvested at different times after 

CHX treatment and snap-frozen at −80 °C. Cells were lysed with lysis buffer (50 mM Tris-

Cl, pH 7.5, 150 mM NaCl, 0.5% Trition-X100, 1 mM DTT and complete protease inhibitor 

cocktail) and boiled with SDS-loading buffer for Western blot analysis.

α-Synuclein pathology and cytotoxicity in cell models of PD—For testing α-Syn-

seeded pathology in primary neurons, hippocampal neurons isolated from wild type mice 

were plated in poly (D-lysine)-coated 96-well plates. α-Syn monomers previously incubated 

with buffer, GST, or GST-TRIM11 were added to these neuronal cells. After two weeks, 

cells in 96-well plates were fixed with 4% paraformaldehyde/4% sucrose for 15 min at room 

temperature and then permeabilized with 0.3% Triton for 15 min. Cells were blocked in PBS 

with 3% BSA/3% FBS, and incubated with anti-phospho-α-Syn S129 (pSyn) (1:1000) and 

anti-NeuN (1:1000) at 4 °C overnight. Cells were then incubated with fluorescence-labeled 

secondary antibodies and counterstained with DAPI. The plates were processed using an IN 

Cell Analyzer 2200. Cell numbers and pathology density were calculated using In Cell 

Developer Toolbox 1.9.2 software as previously described (Luna et al., 2018).

For α-Syn PFFs-seeded pathology in QBI-Syn cells, cells were plated in 60-mm tissue 

culture plates, grown to ~80—90% confluence, and changed to serum-free media 1 h before 

transduction. α-Syn fibrils were diluted with PBS and sonicated in a water bath sonicator for 

10 min (10s on and 10s off). For each plate, 4.5 εg of sonicated α-Syn S87N PFFs were 

added with cationic-liposomal transfection reagent (Lipofectamine 2000) with a 

protein:reagent ratio of 7.5:1. Cells were then further incubated for 4 h, washed twice with 

PBS and 0.5% trypsin/EDTA to remove extracellular α-Syn fibrils, and transferred to 6-well 

tissue culture plates or poly (D-lysine)-coated glass coverslips. To observe α-Syn PFF-

induced pathology, cells were maintained for 5-7 days and stained with an antibody for 
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phosphorylated α-Syn S129 (pSyn) as previously described (Luk et al., 2009). Fluorescence 

intensity was calculated using ImageJ software.

For α-Syn PFFs-induced pathology and toxicity in SH-SY5Y cells, sonicated human α-Syn 

fibrils (final concentration, 2 μg/ml) were transfected into cells seeded in 6-well plates by 

mixing with Lipofectamine 2000 (1 μg fibrils with 3 μL Lipofectamine) and incubating for 

20 min. Cells were cultured for two weeks, and analyzed for protein expression by Western 

blot and viability by CellTiter-Glo Luminescent Cell Viability Assay.

To test the effect of TRIM11 knock down, mouse hippocampal neurons were plated in poly 

(D-lysine)-coated 96-well plates. Control siRNA or mouse TRIM11 siRNA was introduced 

into cells. At 24 h post-transfection, sonicated mouse α-Syn PFFs (final concentration, 2 

μg/ml) were added into cells. After cultured for 8 days, cells were analyzed for protein 

expression by Western blot and viability by CellTiter-Glo Luminescent Cell Viability Assay 

as described previously (Volpicelli-Daley et al., 2014).

Cell viability assays—Cell viability was analyzed by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay or CellTiter-Glo Luminescent Cell Viability 

Assay (Promega). Cells were seeded into 96-well plates at least in triplicate. CellTiter-Glo 

Luminescent Cell Viability Assay was performed according to manufacturer’s instruction. 

For MTT assay, 20 μL MTT (5 mg/ml) was added into each well. The reaction was 

performed at 37 °C for 4 h, and then the culture media were discarded. Dimethyl sulfoxide 

(150 μl) was added into the wells, and the plate was subjected to vibration for 5-10 min until 

purple precipitates were dissolved. The absorbance was measured at 490 nm.

rAAV9-TRIM11 and rAAV9-GFP production—To generate the plasmid 

pENN.AAV9.CB7.CI.hTRIM11-HA.WPRE.rBG (rAAV9-TRIM11) (in which TRIM11 

expression is driven by CB7, a chicken β-actin promoter with cytomegalovirus enhancer 

elements), human TRIM11 tagged with a C-terminal HA was PCR amplified by using 

Phusion® High-Fidelity PCR Kit (NEB) and subsequently cloned into 

pENN.AAV9.CB7.CI.WPRE.RBG backbone at EcoRI and HindIII sites. rAAV9-GFP was 

constructed in the same vector. DNA plasmids were prepared by using endotoxin-free mega-

prep kit (Qiagen) and characterized by structure and sequence analysis. AAV packaging was 

performed by the Vector Core of the University of Pennsylvania’s Gene Therapy Program as 

described previously (Lock et al., 2010).

Stereotaxic injection—For injections involving PFFs, full-length wild type mouse α-Syn 

was purified, and allowed to form fibrils at 5 mg/ml concentration as previously described 

(Luk et al., 2016; Luk et al., 2012). Prior to intrastriatal injection, PFFs were diluted in 

sterile PBS and sonicated for 10-cycles (30 second on, 30 second off; high setting) using 

Diagenode Bioruptor 300 (Qsonica, LLC). Mice were anaesthetized using ketamine 

hydrochloride (100 mg/kg, intraperitoneal [i.p.]) and xylazine (10 mg/kg, i.p.). The Angle 2 

stereotaxic instrument (Leica Biosystems) was used with a 10 μl Hamilton syringe for 

injection. PFFs (5 μg) were injected together with rAAV9-TRIM11 or rAAV9-GFP (~9 × 

1012 total viral particles each) into the striatum of one hemisphere at the following 

stereotaxic coordinates in relation to Bregma (mm): 0.5 AP, −1.88 ML, −3.56 DV. Animals 
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were monitored regularly and provided supportive care first 10 days following stereotaxic 

injection till they fully recovered from surgery.

Mice were sacrificed on 120 or 180 days post injection (dpi) by overdose with ketamine/

xylazine. For histological studies, mice were transcardially perfused with 1xPBS and 4% 

PFA followed by 48 h post-fixation of extracted brains in 4% PFA before being processed 

and embedded in paraffin. All procedures involving animals were approved by the 

Institutional Animal Care and Use Committee (IACUC) of the University of Pennsylvania.

Immunohistochemistry—For immunohistochemistry, slides were baked at 60 °C for 30 

min followed by deparaffinization with Xylenes and rehydration through ethanol gradient. 

For antigen retrieval, sections were heated at 90 °C in citrate buffer (10 mM sodium citrate, 

pH 8.5) for 30 min and cooled down to room temperature overnight. Sections were then 

washed with PBS and permeabilized with blocking buffer (10% goat serum, 2% BSA, 0.1% 

Triton X-100 and 0.05% Tween 20 in PBS) for 1 h at room temperature. Antibodies directed 

against pSyn (clone 81A, 1:10,000), HA (1:500, Cell Signaling, 3724S), and GFP (1:500; 

Invitrogen, A11122) were incubated with the sections overnight at 4 °C and processed as 

described before (Panicker et al., 2015). Hoechst stain was added to the sections for 5 min at 

room temperature to label nuclei. Sections were then dehydrated, cleared in xylene and 

mounted on slides using DPX mounting medium (Electron Microscopy Science). Samples 

were visualized and photomicrographs of sections were captured using an inverted 

fluorescence microscope (Revolve, Echo Laboratories).

DAB (3,3′-diaminobenzidine) staining was performed on SN and striatal sections, as 

described previously (Ghosh et al., 2016; Gordon et al., 2016). Briefly, tissue sections were 

incubated with anti-TH (1:1,500, Millipore, 657012) or anti-pSyn antibody followed by 

biotinylated anti-rabbit or mouse secondary antibody. Extent of dopaminergic axonal 

degeneration was semi-quantified by optical density analysis (NIH ImageJ software) after 

transforming the color images into 8-bit greyscale images and calculated as the difference 

between right and left striatal/SN optical density as described previously (Ip et al., 2017; 

Kneynsberg et al., 2016). Based on DAB images in coronal sections of the ipsilateral side, 

α-Syn pathology was also spotted against the mouse brain map.

Behavioral measurements—PFFs and AAV9-GFP or AAV9-TRIM11 co-injected mice 

were analyzed for exploratory locomotor activity at 180 dpi, using the multiple unit open 

field maze (SD Instruments) consisting of four activity chambers with each chamber 

measuring 50 cm (length) × 50 cm (width) x 38 cm (height) made from white high density 

and non-porous plastic. Mice were placed in the center of the chamber at the start of the test. 

After a 2 min accustomization period, mice were monitored for total distance traveled, total 

movement time, and time spent in each of the designated quadrants of the chamber for 10 

minutes using a video-camera coupled to automated tracking software (ANY-maze, SD 

Instruments).

Quantification and statistical analysis—A two-tailed Student’s t-test was used to 

evaluate the statistical significance in the mean value between two populations unless 

otherwise indicated. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. TRIM11 prevents the formation of amorphous and fibrillar aggregates
(A and B) Inactivation of luciferase (10 nM) at 45 °C in the presence of GST, GST-TRIM11, 

or Hsp70 at 200 nM for the indicated time (A), or at the indicated concentration for 2 min 

(B). Samples with Hsp70 also contained 5 mM ATP and an ATP regeneration system (same 

below).

(C and D) Aggregation of luciferase (200 nM, C) and citrate synthase (400 nM, D) at 42 °C 

and 40 °C, respectively, in presence of GST or GST-TRIM11 at indicated molar ratios.
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(E to G) Luciferase was transfected into HCT116 cells that were treated with control or 

TRIM11 siRNA (E), or stably expressed mCherry or mCherry-TRIM11 (F and G). Cells 

were heat shock (HS) and recovered at 37 °C. Shown are luciferase activity and protein 

expression with recombinant GST-TRIM11 and Hsp70 as protein standards.

(H and I) ThT-binding (H, left), sedimentation (H, right), and electron microscopy (I; Scale 

bar, 100 nm) assays of fibrilization of α-Syn monomers (70 μM) in the absence or presence 

of GST or GST-TRIM11 at indicated concentrations (H) or at 2 μM (I).

(J) ThT-binding assay of α-Syn (70 μM) fibrillization in the absence or presence of GST (1 

μM), GST-TRIM11 (0.5 μM), Hsp70 (0.5 μM), and/or Hsp40 (0.25 μM).

(K) RT-QuIC assay of PFFs (133 nM)-seeded α-Syn (13.3 μM) aggregation in the presence 

of GST-TRIM11 (0.94, 1.88, 3.75, 7.5, and 15 μM, respectively). Results are representatives 

of three independent experiments done in 4 technical repeats. Blank, buffer only. Negative 

control (Neg Con), monomeric α-Syn.

(L) Atxn1 82Q (0.1 μM) fibrillization in the presence of indicates amounts of 6xHis-

TRIM11 for 24 h.

(M) Suppresses Atxn1 82Q aggregation by GST-TRIM11. The three parts of SR were from 

the same exposure of the same blot. Relative amounts of Atxn1 82Q in each fraction are 

shown.

(N) Binding of 6xHis-TRIM11 and Hsp70 with agarose beads conjugated with ATP via 

different moiety. Molecular Weight markers (in KDa) are shown.

Data are mean ± SD (n = 3 biological replicates unless otherwise indicated). *P < 0.05, **P 
< 0.01, ***P < 0.001.
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Figure 2. TRIM11 dissolves preformed amorphous and fibrillar aggregates
(A to D) Solubilization and reactivation of preformed luciferase (10 nM, A and B) and GFP 

(0.45 μM, C and D) aggregates in the presence of GST or GST-TRIM11 at indicated 

concentrations (A and C) or 1 μM (B and D), or Hsp70/Hsp40-Hsp104 at 0.5 μM.

(E) Reactivation of preformed citrate synthase aggregates (0.15 μM) by 6xHis-TRIM11 and 

Hsp70/Hsp40-Hsp104.
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(F to H) ThT-binding (F), sedimentation (G), and EM (H) assays of α-Syn PFFs (1 μM) 

treated with buffer, GST, GST-TRIM11, or Hsp70/Hsp40-Hsp104A503S at the indicated 

concentrations (F and G) or 1 μM (H). Scale bar, 0.5 μm

(I) ThT-binding assay of Atxn1 82Q aggregates (0.2 μM) incubated with 6xHis-TRIM11.

(J and K) Sedimentation assay of Atxn1 82Q aggregates at 50 nM (J) or 200 nM (K) 

incubated with lysozyme, GST, or TRIM11 at increasing concentrations (10, 50, and 200 

nM) (J) or 0.5 μM (K), or with Hsp70 at 1 μM (K).

Data are mean ± SD (n = 3 biological replicates). **P < 0.01, ***P < 0.001.
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Figure 3. Structural determinants of TRIM11’s chaperone and disaggregase activities
(A) Schematic presentation of TRIM11 and its mutations.

(B) ThT-binding assay of α-Syn monomers (70 μM) incubated with GST or 6xHis-TRIM11 

(1 μM) for 48 h.

(C) RT-QuIC assay of PFFs (100 nM)-seeded aggregation of α-Syn monomers (20 μM) in 

the presence of 6xHis-TRIM11 proteins (2 μM).

(D to F) ThT-binding (D and E) and sedimentation (F) assays of Atxn1 82Q (100 nM) 

incubated with 6xHis-TRIM11 proteins at 400 nM (D and F) or the indicated concentrations 
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(E), at 37 °C for 24 h. Soluble Atxn1 82Q without incubation (37 °C, −) was used as a 

control.

(G and H) Solubilization and reactivation of preformed luciferase (10 nM, G) and GFP (0.45 

μM, H) aggregates by 6xHis-TRIM11 proteins at 200 nM (G) or 100 nM (H).

(I to M) ThT binding (I, K, and L) and sedimentation (J and M) assays of preformed α-Syn 

(1 μM) (I and J) or Atxn1 82Q (0.2 μM) (K to M) aggregates treated with GST or 6xHis-

TRIM11 proteins at increasing concentrations (K) or 1 μM (I, J, L, and M).

Data are mean ± SD (n = 3 biological replicates). *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001. n.s., not significant.
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Figure 4. TRIM11 recognizes misfolded proteins and responds to heat shock, and other TRIMs 
can also prevent and reverse protein aggregation
(A) Co-localization of GFP-Atxn1 82Q and HA-TRIM11 in HEK293T cells. Scale bar, 5 

μm

(B and C) Interactions of Atxn1 82Q with endogenous TRIM11 or Hsp70 (B), or exogenous 

TRIM11, TRIM112EA, or Hsp70 (C), in HEK293T cells.

(D, E, and L) Preferential binding of TRIM11 (D and E) and TRIM21 (L) to Atxn1 82Q 

over Atxn1 30Q (D), or to denatured (d) over native (n) luciferase (E and L).
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(F and G) Localization (F; scale bar, 10 pm) and interaction (G) of GFP-Atxn1 82Q and 

Flag-TRIM11 proteins in HEK293T cells.

(H and I) Increase in TRIM11 protein and mRNA levels in HCT116 cells (H) and mouse 

primary HC neurons (I) that were heat shocked at 42 °C for 1 (H) or 0.5 (I) hr and recovered 

at 37 °C for the indicated times (H) or 3 h (I).

(J) Activity of luciferase (10 nM) when heated at 45 °C for 1 min in the presence of GST or 

GST-TRIM21 (200 nM).

(K and M) Solubilization and reactivation of preformed luciferase (K, 10 nM) and GFP (M, 

0.45 μM) aggregates by TRIM21 (K) and TRIM19 (isoform VI) for 90 and 60 min, 

respectively.

(N and O) A nucleus-localized luciferase was transfected alone in control or TRIM19-

knockdown HCT116 cells (N), or together with control vector or TRIM19 in HCT116 cells 

(O). Luciferase activity during heat shock at 42 °C for 60 min (O) or 45 °C for 30 min (N) 

and recovery at 37 °C was assayed.

(P) Localization of GFP-Atxn1 82Q and mCherry-TRIM19 (isoform VI) in HeLa cells that 

were untreated or extracted with cytoskeleton stripping buffer.

Data are mean ± SD (n = 3 biological replicates). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5. SUMO ligase activity of TRIM11, and functional cooperation of TRIM11’s discrete 
activities in the clearance of Atxn1 82Q
(A and B) SUMOylation of HA-Atxn1 82Q by Flag-TRIM proteins in the presence of 

6xHis-SUMO2 in HEK293T cells.

(C) SUMOylation of Flag-Atxn1 82Q by HA-TRIM11 in HEK293T cells treated with 

control or SUMO2/3 siRNA.

(D) SUMOylation of Flag-Atxnl 82Q, but not α-Syn, by HA-TRIM11 in the presence of 

6xHis-SUMO2 in HEK293T cells stably expressing α-Syn.

(E) Levels of GFP-Atxn1 82Q when expressed alone or together with Flag-TRIM11/

TRIM112EA in HCT116 cells.

(F) Amyloid contents in HCT116 cells transfected with TRIM11 or TRIM112EA
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(G) Half-life of Flag-Atxn1 82Q in HEK293T cells when co-expressed with the indicated 

TRIM11 proteins. Relative Atxn1 82Q/GAPDH ratios are shown. The exposure of different 

blots was adjusted so that band intensities at time 0 were comparable.

Data are mean ± SD (n = 4 biological replicates). **P < 0.01.
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Figure 6. TRIM11 abrogates α-Syn fibrillation and restores cell viability in PD cell models 
through its chaperone/disaggregase activities
(A-C) Representative images of pSyn immunostaining (A), quantification of pSyn pathology 

density (B), and soluble and insoluble α-Syn in lysates (C) of primary mouse HC neurons 

incubated with PBS, or α-Syn monomer (200 μM) that were pre-treated with or without 

GST or GST-TRIM11 (5 μM). Scale bar, 50 μm

(D and E) Representative images of pSyn immunostaining (D) and quantification of pSyn 

pathology (E, n = five or more randomly chosen fields) in control (EV), TRIM11-
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expressing, and TRIM112EA-expressing QBI-Syn cells that were incubated with or without 

α-SynS87N PFFs.

(F and G) Soluble and insoluble α-Syn proteins in (F), and viability (G) of, SH-SY5Y-Syn 

cells expressing control vector (EV), TRIM11, and TRIM11 mutants and treated with or 

without α-SynS87N PFFs.

(H) ThT staining (top) and protein expression (bottom) of SH-SY5Y cells transfected with 

Ctrl siRNA, TRIM11 siRNA (the #2 siRNA targeted 3’UTR), and/or Flag-TRIM11.

(I) Viability (left) and TRIM11 protein levels (right) of mouse primary HC neurons treated 

with control or TRIM11 siRNA and incubated with α-SynS87N PFFs.

Data are mean ± SD, n = 5 biological replicates for (I) and 3 for the rest, unless otherwise 

indicated. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 7. TRIM11 mitigates α-Syn pathology, neurodegeneration, and behavioral defects in a PD 
mouse model
(A) Schematic representation of stereotaxic injections (top) and experimental timeline 

(bottom).

(B) Representative immunofluorescence images of pSyn and TRIM11-HA/GFP in frontal 

cortex and piriform cortex of AAV9-GFP- and AAV9-TRIM11-injected mice. Scale bar, 100 

μm.
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(C and D) Representative IHC images of pSyn in cortical regions (C) and percentage of the 

total area occupied by pSyn inclusions (D; mean + SD, n ≥ 4 mice).

(E and F) Representative IHC images of TH-positive neurons in the injected ipsilateral and 

the non-injected contralateral regions (Scale bar, 190 μm) (E) and quantification of TH-

positive neuron loss relative to the contralateral side of the same brain (mean + SEM, n ≥ 4 

mice) (F).

(G) Distance travelled in each quadrant by AAV9-GFP and AAV9-TRIM11 mice during the 

open-field test. Data are the mean ± SEM (n ≥ 11 mice).

(H and I) Total distance travelled by (H), and total freezing time of (I), AAV9-GFP and 

AAV9-TRIM11 mice during the open-field test (mean ± SEM, n ≥ 11 mice).

(J) A model for the multiple roles of TRIMs in protein quality control. TRIMs prevent 

protein misfolding (a) and amorphous and fibrillar aggregation (b). They also dissolve pre-

existing aggregates (b’) and promote their refolding (a’). For defective or terminally 

misfolded proteins, TRIMs may mark them with poly-SUMO2/3 chains (c), enabling them 

to be ubiquitinated by STUbLs (d) and subsequently degraded in the proteasome (e).

*P < 0.05, **P < 0.01.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TRIM11 Millipore Cat# ABC926; RRID: AB_2861378

Anti-α-synuclein Cell Signaling Cat# 2642; RRID: AB_2192679

Anti-α-synuclein phopho-Ser129 Abcam Cat# ab168381; RRID: AB_2728613

Anti-α-synuclein phopho-Ser129 Biolegend Cat# 825701; RRID: AB_2564891

Anti-SUMO2/3 Abgent Cat# AP1224a; RRID: AB_2198423

Anti-GFP mouse mAb Clontech Cat# 632380; RRID: AB_10013427

Anti-GFP rabbit pAb Invitrogen Cat#: A11122; RRID:AB_221569

Anti-HA rabbit pAb Santa Cruz Cat# sc-805; RRID: AB_631618

Anti-HA rabbit mAb (C29F4) Cell Signaling Cat# 3724; RRID: AB_1549585

Anti-HA Affinity Matrix Rat mAb Sigma-Aldrich Cat# 11815016001; RRID: AB_390914

Anti-GAPDH Santa Cruz Cat# sc-32233; RRID: AB_627679

Anti-GST GE Healthcare Life Sciences Cat# 27457701; RRID: AB_771432

Anti-β-actin Sigma-Aldrich Cat# A5441; RRID: AB_476744

Anti-α-tubulin Sigma-Aldrich Cat# T9026; RRID: AB_477953

Anti-Flag rabbit mAb Cell signaling Cat# 14793; RRID: AB_2572291

Anti-Flag mouse mAb (M2) Sigma-Aldrich Cat# F1804; RRID: AB_262044

Anti-FLAG M2 agarose beads Sigma-Aldrich Cat# A1205, RRID: AB_2687448

Anti-Hsp70 Enzo Life Sciences Cat# ADI-SPA-810-D; RRID: AB_2039260

Anti-Hsp90 Cell Signaling Cat# 4874; RRID: AB_2121214

Anti-NeuN Millipore Cat# MAB377; RRID: AB_2298772

Anti-Tyrosine Hydroxylase Millipore Cat# 657012; RRID:AB_696697

Bacterial and Virus Strains

BL21(DE3) ThermoFisher Cat# C600003

DH5α Competent Cells ThermoFisher Cat# 18258012

TRIM11 lentiviral vector This paper N/A

TRIM11 2EA lentiviral vector This paper N/A

mCherry-TRIM11 lentiviral vector (Chen et al., 2017) N/A

mCherry lentiviral vector (Chen et al., 2017) N/A

α-Syn Lentiviral vector This paper N/A

TRIM11 AAV9 vector This paper N/A

GFP AAV9 vector This paper N/A

Chemicals, Peptides, and Recombinant Proteins

SUMO E1 Boston Biochem Cat# E-315

SUMO E2 (UbcH9) Boston Biochem Cat# E2-465

6xHis-SUMO2 Boston Biochem Cat# UL-753

Human α-synuclein The Michael J. Fox Foundation N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human α-synuclein S87N (Luna et al., 2018) N/A

Mouse α-synuclein (Luna et al., 2018) N/A

GFP This paper N/A

GST This paper N/A

GST-TRIM11 This paper N/A

GST-TRIM11 2EA This paper N/A

6xHis-TRIM11 This paper N/A

6xHis-TRIM11 ∆R This paper N/A

6xHis-TRIM11 ∆B This paper N/A

6xHis-TRIM11 ∆CC This paper N/A

6xHis-TRIM11 N This paper N/A

6xHis-TRIM11 C This paper N/A

6xHis-TRIM11 M6 This paper N/A

6xHis-TRIM11 LA This paper N/A

Flag-Atxn1 82Q-HA This paper N/A

GST-TRIM21 This paper N/A

Flag-PML (isoform VI) This paper N/A

Hsp40 Enzo Life Sciences Cat# ADI-SPP-400

Hsp70 Enzo Life Sciences Cat# ADI-NSP-555

Hsp104 (Jackrel et al., 2014) N/A

Hsp104 A503S (Jackrel et al., 2014) N/A

Luciferase Sigma-Aldrich Cat# L9506

Citrate Synthase Sigma-Aldrich Cat# C3260

Mg2+-ATP Sigma-Aldrich Cat# A9187

Phosphocreatine Sigma-Aldrich Cat# P1937

Creatine kinase Sigma-Aldrich Cat# C3755

FLAG Peptide Sigma-Aldrich Cat# F3290

MG132 Sigma-Aldrich Cat# C2211

Benzonase Sigma-Aldrich Cat# E1014

TEV protease Sigma-Aldrich Cat# T4455

Isopropyl-1-thio-D-galactopyranoside (IPTG) Sigma-Aldrich Cat# I6758

Complete protease inhibitor Cocktail Sigma-Aldrich Cat# 11697498001

L-Glutathione reduced Sigma-Aldrich Cat# G4251

Ni-NTA Agarose Qiagen Cat# 30230

Glutathione Superflow Agarose Thermo Fisher Cat# 25236

TRIzol Reagent Invitrogen Cat# 15596

Amylose resin New England BioLabs Cat# E8021

4’,6-diamidino-2-phenylindole (DAPI) Vector Laboratories H-1200

Critical Commercial Assays

Cell Rep. Author manuscript; available in PMC 2021 February 25.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhu et al. Page 45

REAGENT or RESOURCE SOURCE IDENTIFIER

ATP Affinity Test Kit Jena Bioscience GmbH Cat# AK-102

MTT assay Sigma-Aldrich Cat# M2128

Phusion® High-Fidelity PCR Kit NEB Cat# E0553

First-strand cDNA Synthesis System Marligen Biosciences Cat# 11801

CellTiter-Glo Luminescent Cell Viability Assay Promega Cat# G7570

Super Sensitive™ IHC Detection System BioGenex Cat# QD400

Experimental Models: Cell Lines

HCT116 ATCC Cat# CCL-247; RRID: CVCL_0291

A549 ATCC Cat# CCL-185; RRID: CVCL_0023

SH-SY5Y ATCC Cat# CRL-2266; RRID: CVCL_0019

HeLa ATCC Cat# CCL-2; RRID: CVCL_0030

HEK293T ATCC Cat# CRL-11268; RRID: CVCL_0063

QBI-293 QBiogene N/A

Mouse primary neurons Penn Neuron Culture Service Center 
and our own lab

N/A

Experimental Models: Organisms/Strains

Mouse: male C3H/HeJ Jackson Laboratories Stock# 000659

Oligonucleotides

siRNAs target mouse TRIM11 Santa Cruz Cat# sc-76735

siRNA target human TRIM19 Santa Cruz Cat# sc-36284

siRNAs target Human TRIM11 IDT Table S1

Negative control siRNA IDT Table S1

RT-PCR primers for human and/or mouse TRIM11, 
Hsp70, Hsp90, and GAPDH

IDT Table S1

Recombinant DNA

pcDNA3.1-Flag-TRIM11 This paper N/A

pcDNA3.1-Flag-TRIM11 ∆R This paper N/A

pcDNA3.1-Flag-TRIM11 ∆B This paper N/A

pcDNA3.1-Flag-TRIM11 ∆CC This paper N/A

pcDNA3.1-Flag-TRIM11 N This paper N/A

pcDNA3.1-Flag-TRIM11 C This paper N/A

pcDNA3.1-Flag-TRIM11 M6 This paper N/A

pcDNA3.1-Flag-TRIM11 2EA This paper N/A

pcDNA3.1-Flag-TRIM11 LA This paper N/A

pEGFP-C1-TRIM11 This paper N/A

pEGFP-C1-Flag-TRIM11 This paper N/A

pEGFP-C1-TRIM11 LA This paper N/A

pEGFP-C1-Hsp70 This paper N/A

pRK5-Flag-TRIM19 (VI) (Guo et al., 2014) N/A

pRK5-mCherry-TRIM19 (VI) This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pRK5-Flag-TRIM21 This paper N/A

pRK5-His-SUMO2 (Guo et al., 2014) N/A

pRK5-GFP-Atxn1 82Q (Guo et al., 2014) N/A

pRK5-HA-Atxn1 82Q-Flag (Guo et al., 2014) N/A

pRK5-Flag-Atxn1 82Q (Guo et al., 2014) N/A

pRK5-Flag-Atxn1 30Q (Guo et al., 2014) N/A

pRK5-Flag-Luciferase (Guo et al., 2014) N/A

pRK5-Flag-NLS-Luciferase (Guo et al., 2014) N/A

pTRPE (Posey et al., 2016) N/A

pTRPE-TRIM11 This paper N/A

pTRPE-TRIM11 2EA This paper N/A

pTRPE-α-synuclein This paper N/A

pTRPE-GFP-Atxn1 82Q This paper N/A

pTRPE-mCherry (Chen et al., 2017) N/A

pTRPE-mCherry-TRIM11 (Chen et al., 2017) N/A

AAV9-GFP Penn Gene Therapy Vector Core N/A

AAV9-TRIM11 Penn Gene Therapy Vector Core N/A

pFastBac-GST-TRIM11 This paper N/A

pGEX-1ZT-TRIM11 This paper N/A

pGEX-1ZT-TRIM11 2EA This paper N/A

pMAL-c2X-TRIM11-6xHis This paper N/A

pMAL-c2X-TRIM11 ∆R-6xHis This paper N/A

pMAL-c2X-TRIM11 ∆B-6xHis This paper N/A

pMAL-c2X-TRIM11 ∆CC-6xHis This paper N/A

pMAL-c2X-TRIM11 N-6xHis This paper N/A

pMAL-c2X-TRIM11 C-6xHis This paper N/A

pMAL-c2X-TRIM11 M6-6xHis This paper N/A

pMAL-c2X-TRIM11 LA-6xHis This paper N/A

pTAT-HA Gift from Steven Dowdy Addgene Plasmid Cat# 35612

pTAT-HA-TRIM11 This paper N/A

Luciferase-6xHis (Sharma et al., 2010) N/A

pPROEX HTb-6xHis-TEV-GFP (Jackrel and Shorter, 2014) N/A

Software and Algorithms

GraphPad Prism 7 GraphPad https://www.graphpad.com/scientific-
software/prism/

ImageJ ImageJ.Ink https://imagej.net/Welcome

In Cell Developer Toolbox 1.9.2 software GE Healthcare N/A

ZEN lite Carl Zeiss Microscopy N/A
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