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SUMMARY
Ubiquitination of mitochondrial proteins provides a basis for the downstream recruitment of mitophagy ma-
chinery, yet whether ubiquitination of the machinery itself contributes to mitophagy is unknown. Here, we
show that K63-linked polyubiquitination of the key mitophagy regulator TBK1 is essential for its mitophagy
functions. This modification is catalyzed by the ubiquitin ligase TRIM5a and is required for TBK1 to interact
with and activate a set of ubiquitin-binding autophagy adaptors including NDP52, p62/SQSTM1, and NBR1.
Autophagy adaptors, along with TRIM27, enable TRIM5a to engage with TBK1 following mitochondrial dam-
age. TRIM5a’s ubiquitin ligase activity is required for the accumulation of active TBK1 on damagedmitochon-
dria in Parkin-dependent and Parkin-independent mitophagy pathways. Our data support a model in which
TRIM5a provides amitochondria-localized, ubiquitin-based, self-amplifying assembly platform for TBK1 and
mitophagy adaptors that is ultimately necessary for the recruitment of the core autophagy machinery.
INTRODUCTION

Removal of unwanted or dysfunctional mitochondria is essential

for cellular health. This is accomplished through mitophagy, an

autophagy-based system for the selective degradation of mito-

chondria in lysosomes. Mitophagy is activated in response to

mitochondrial damage or for the elimination of mitochondria as

part of cellular development (e.g., reticulocyte maturation).1,2

Alterations in mitophagy have been linked with cardiovascular,

metabolic, or neurodegenerative diseases and cancer.3–5 As

such, there has been intensive interest in uncovering the molec-

ular mechanisms underlying how cells selectively identify mito-

chondria for mitophagy-based elimination.6

Several non-redundant mitophagy pathways have evolved.

The molecular details of how mitochondria are identified by

these pathways differ; nevertheless, they all involve the sequen-

tial and self-amplifying localization of a conserved set of auto-

phagy proteins to mitochondria.7,8 Elegant studies have shown

that the recruitment of the ULK1/FIP200 complex to mitochon-

dria is necessary and sufficient for mitophagy induction.7–10

This complex can stimulate the mitochondrial localization and

activation of downstream factors required for the initiation and

execution of autophagosome formation. The optimal recruitment

of the ULK1/FIP200 complex to damaged mitochondria is

dependent on the accumulation or presentation of proteins on

the mitochondria’s cytoplasmic face that mark it for recognition
Cell Reports 43, 114294, J
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by the autophagy machinery.11–15 Ubiquitination of proteins on

the outer mitochondrial membrane is one such marker.16,17

This ubiquitin can serve as a ligand for ubiquitin-binding

autophagy adaptor proteins. These adaptors interact with the

ULK1/FIP200 complex and other autophagy proteins (e.g.,

LC3s and GABARAPs) and can enable their recruitment to ubiq-

uitinated mitochondria.8,9,14,18,19

Mitophagy can prevent aberrant immune activation in cell lines

and model organisms,20–22 providing a possible explanation

for how it maintains organismal health. The inability to clear

damaged mitochondria by mitophagy can result in the cytosolic

accumulation of immune-stimulatory mitochondrial molecules,

leading to the activation of antiviral signal transduction path-

ways.23 These pathways converge on TANK-binding kinase 1

(TBK1), which can induce the expression of hundreds of genes

with antiviral functions by phosphorylating and activating inter-

feron regulatory factor (IRF)-family transcription factors.24

Remarkably, TBK1 is also an essential player in mitophagy,14,17

suggesting a linkage between mitochondrial quality control

and antiviral defense systems. TBK1 is among the first proteins

recruited to mitochondria following damage.14,25,26 TBK1

binds to and phosphorylates autophagy adaptors, increasing

their affinity for both ubiquitin and ULK1/FIP200 complex

components.8,27,28 TBK1 can also initiate mitophagy by

directly activating the class III phosphatidylinositol 3-kinase

(PI3K) complex.29 Through these actions, TBK1 orchestrates
une 25, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. TRIM5a interacts with TBK1 and promotes its localization to damaged mitochondria

(A and B) Coimmunoprecipitation analysis of TRIM5a/TBK1 interactions 2 h after treatment with mitochondrial damaging agents CCCP (A) or ivermectin (IVM)

(B) or DMSO vehicle alone in transfected HEK293T cells. Plots show the relative abundance of immunoprecipitated (IPed) total TBK1 or phosphorylated TBK1

(pSer172) relative to the abundance of IPed GFP or GFP-TRIM5a.

(C) Microscopic analysis of HeLa cells expressing TRIM5a-HA and mCherry-Parkin following 90 min of treatment with CCCP or vehicle control (DMSO). Arrows

indicate regions where TRIM5a and pTBK1 colocalize with each other and are contiguous to Parkin signal. Three-dimensional reconstructions of the regions

bounded by the dashed lines are shown on the right.

(legend continued on next page)
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the recruitment of the rest of the autophagy machinery to mito-

chondria. To act in mitophagy, TBK1 must be activated. Since

the activation of TBK1 is mediated by trans-autophosphoryla-

tion,30 the clustering ofmultiple TBK1 dimers at themitochondria

is a likely prerequisite for mitophagy, yet the mechanistic basis

for how TBK1 is activated on damaged mitochondria has not

been fully elucidated.

We recently showed that another antiviral protein, TRIM5a,

also plays key roles in multiple distinct mitophagy pathways.31

TRIM5a is a member of the tripartite motif (TRIM) protein

family. The TRIM family consists of more than 80 genes in

humans, most of which encode a RING ubiquitin ligase

domain at their N terminus.32 Nearly two decades ago,

TRIM5a from rhesus macaques was shown to restrict HIV-1

infection.33 This finding, and many more that came afterward,

established TRIMs as having roles in antiviral defense and

innate immunity.34–37 Interestingly, multiple genome-wide as-

sociation studies have found associations between TRIM5a

and metabolic or cardiovascular diseases,38–41 suggesting

that TRIM5a also plays homeostatic roles. Accordingly, we

showed that TRIM5a mediated the recruitment the ULK1/

FIP200 complex to mitochondria under mitophagy-inducing

conditions and blunted mitochondrial damage-induced im-

mune activation.31 However, the mechanism underlying

TRIM5a-dependent mitophagy is unknown.

Here, weshow that TRIM5a andTBK1cooperate to execute the

elimination of damaged mitochondria through autophagy. We

show that mitochondrial damage induces TRIM5a-mediated,

K63-linked, polyubiquitination of TBK1 and itself. This results

in the formation of a multi-protein scaffold including TRIM5a,

TBK1, and mitophagy adaptors that enables TBK1 activation

and the subsequent assembly of mitophagy machinery on

damaged mitochondria. Collectively, these findings establish an

unexpected functional convergence of two key antiviral proteins

in mitochondrial quality control, demonstrate that ubiquitination-

dependent activation of TBK1 is an essential regulatory step inmi-

tophagy initiation, and position TRIMs at a central hub in orches-

trating mitophagy.

RESULTS

TRIM5a recruits active TBK1 to damaged mitochondria
We reported that TRIM5a is required for two distinct ubiquitin-

dependent mitophagy pathways: Parkin-dependent mitophagy

induced by carbonyl cyanide 3-chlorophenylhydrazone (CCCP)

and for Parkin-independent mitophagy induced by iver-

mectin.31 Proteomic analysis indicated a possible interaction

between TRIM5a and TBK1.31 Because TBK1 is a required fac-

tor for both CCCP- and ivermectin-induced mitophagy path-

ways,14,17 we hypothesized that TRIM5a might engage TBK1
(D) Proximity ligation assay (PLA, cyan) analysis of TRIM5a-HA interactionswith pT

90 min. Intensity profile of the boxed region is shown on the right.

(E) Abundance of total and pTBK1 in mitochondrial fractions fromWT or TRIM5-kn

abundance of pTBK1 normalized to TIM23. Each data point represents an indep

(F)Mitochondrial fractionswere isolated from TRIM5KOHuh7 cells expressingGF

relative abundance of pTBK1, normalized to TIM23, is shown on the right.

Data: mean + SEM; p values determined by ANOVA with Tukey’s multiple compa
in mitophagy. To test this concept, we first confirmed the

involvement of both TRIM5 and TBK1 in mitophagy using the

well-established mitoKeima assay for delivery of mitochondria

to acidified organelles.9 As expected, Huh7 cells lacking

TBK1 showed markedly reduced mitophagy in this assay (Fig-

ure S1A). Mitophagy was also significantly reduced in TRIM5-

knockout Huh7 cells, albeit to a lesser extent than what was

seen with the TBK1-knockout cells (Figure S1A). We next deter-

mined whether mitochondria-damaging agents could increase

TRIM5a-TBK1 interactions. Under basal conditions, GFP-

tagged TRIM5a immunoprecipitated myc-TBK1 (Figures 1A

and 1B). Mitophagy inducers CCCP (Figure 1A) and ivermectin

(Figure 1B) both reproducibly increased the abundance of

TBK1 in protein complexes with GFP-TRIM5a. When active,

TBK1 is phosphorylated at serine 172 (pTBK1). We found

that pTBK1 coimmunoprecipitated with TRIM5a, indicating

that TRIM5a interacts with active TBK1 (Figures 1A and 1B).

Both CCCP and ivermectin treatments increased the ability

of endogenous TBK1 to coimmunoprecipitate endogenous

TRIM5a from Huh7 cell lysates (Figure S1B). Time-course ex-

periments showed that interactions between GFP-TRIM5a

and myc-TBK1 increased within the first 30 min following mito-

chondrial uncoupling with CCCP (Figure S1C). Coincidentally

with the increased TRIM5a-TBK1 interaction, we also observed

the appearance of high-molecular-weight (>250 kDa) bands

detected with anti-GFP antibody, indicative of post-transla-

tional modifications of TRIM5a in response to mitochondrial

damage. Stably expressed HA-tagged TRIM5a colocalized

with endogenous pTBK1 in HeLa cells. This colocalization

was more prevalent in cells following mitochondrial uncoupling

with CCCP and was found to be closely associated with

mCherry-Parkin signal on damaged mitochondria (Figure 1C).

Ivermectin treatment also increased colocalization between

HA-tagged TRIM5a and endogenous pTBK1 in ivermectin-

treated HeLa cells (Figure S1D). Proximity ligation assay (PLA)

can be used to identify protein-protein interactions within

40 nm in situ, with a positive PLA signal being detected as a

fluorescent punctum. We observed numerous PLA signals indi-

cating TRIM5a-TBK1 interactions in both untreated and CCCP-

treated HeLa cells (Figure 1D). Most of these PLA signals

were found to colocalize with Parkin-decorated mitochondria

following CCCP treatment, indicating that TRIM5a-TBK1 com-

plexes form on the surface of damaged mitochondria.

We next tested whether TRIM5a was important for recruiting

or retaining active pTBK1 to mitochondria following mitochon-

drial damage. In wild-type (WT) Huh7 cells transfected with

myc-TBK1, either CCCP or ivermectin treatment increases the

abundance of pTBK1 in mitochondrial fractions (Figures 1E

and S1E). In contrast, pTBK1 was not enriched in mitochondrial

fractions from cells lacking the TRIM5 gene (Figures 1E andS1E).
BK1 in cells expressing YFP-Parkin (magenta) and treated or not with CCCP for

ockout (KO) Huh7 cells treated or not with CCCP for 2 h. Plot shows the relative

endent experiment.

P-TRIM5a or GFP alone treatedwith DMSOor CCCP for 2 h. Quantitation of the

rison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; y, not significant.
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Figure 2. TRIM5a recruits autophagy machinery to damaged mitochondria in a TBK1-dependent manner

(A and B) The number of phospho-SQSTM1 (pSer349) puncta was determined in WT and TRIM5 KO Huh7 cells following 2 h of treatment with CCCP (A) or IVM

(B) or DMSO alone by high-content imaging. Each dot represents an individual experiment in which >500 cells were analyzed.

(legend continued on next page)
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Transient expression of GFP-TRIM5a in TRIM5-knockout cells

restored the CCCP-induced pTBK1 accumulation on damaged

mitochondria (Figure 1F). Consistent with these results, pTBK1

showed reduced colocalization with the mitochondrial marker

TIM23 in TRIM5-knockout Huh7 cells relative to control Huh7

cells under CCCP-treatment conditions (Figure S1F). Together,

these data show a requirement for TRIM5a in localizing active

TBK1 to mitochondria following the induction of Parkin-depen-

dent and Parkin-independent mitophagy.

TBK1 is required for TRIM5a-mediated recruitment of
autophagy proteins to damaged mitochondria
The protein Sequestosome-1 (SQSTM1, also p62) is recruited

to ubiquitinated mitochondria42 and is phosphorylated at

serine 349 (pSQSTM1) by TBK1.27 By high-content imaging,

we observed a robust increase in the number of pSQSTM1

puncta following either CCCP or ivermectin treatment in WT

Huh7 cells that was substantially abrogated in TRIM5-knockout

cells (Figures 2A and 2B). This demonstrates that TRIM5a con-

trols the ability of TBK1 to phosphorylate mitophagy-relevant

substrates, suggesting that TBK1 acts downstream of TRIM5a

in mitophagy. We previously showed that the recruitment of

several autophagy proteins, including members of the ULK1/

FIP200 complex, to damaged mitochondria is dependent on

TRIM5a.31 Using mitochondrial fractionation experiments (Fig-

ure S2A), we found that ectopic expression of TRIM5a in

TRIM5-knockout cells rescues this phenotype (Figure S2B).

We generated TRIM5-TBK1 double-knockout cells (Figure S2C)

to test whether TBK1 is required for TRIM5a’s ability to recruit

autophagy machinery to damaged mitochondria. As expected,

expression of GFP-TRIM5a in TRIM5-knockout Huh7 cells

increased the CCCP-driven recruitment of total and auto-

phagy-active ULK1 (phosphorylated at serine 555) and of

FIP200 to mitochondria (Figures 2C–2E). TRIM5a re-expression

also enhanced the abundance of TBK1-phosphorylated auto-

phagy adaptors SQSTM1 (phospho-serine 349) and optineurin

(phospho-serine 177) in mitochondrial fractions from CCCP-

treated cells (Figures 2C–2G). However, the absence of TBK1

completely abrogated the TRIM5a-dependent localization of

pULK1, FIP200, pSQSTM1, and pOptineurin to mitochondria in

response to CCCP. Similarly, treatment with the TBK1 inhibitor

BX-795 also prevents the TRIM5a-dependent localization of mi-

tophagy proteins to CCCP-damaged mitochondria (Figures 2H–

2L). These results establish TBK1 as an essential factor down-

stream of TRIM5a in mitophagy.

In addition to their actions in mitophagy, both TRIM5a and

TBK1 have well-known roles in antiviral defense. TRIM5a can

activate the kinase TAK1 to promote the establishment of an nu-

clear factor kB (NF-kB)-dependent antiviral state,43,44 and TBK1

can activate IRF3/7 transcription factors leading to type I inter-
(C–G) TRIM5 KO or TRIM5/TBK1 double-knockout (dKO) Huh7 cells were transfe

CCCP (4 h) prior to isolation of mitochondrial fractions and immunoblotting (C). T

and plotted (D–G).

(H–L) TRIM5 KO Huh7 cells were transfected with GFP-TRIM5a (T5a) or GFP alo

prior to isolation of mitochondrial fractions and immunoblotting. The results of t

loading control.

Data: mean + SEM; p values determined by ANOVA with Tukey’s multiple compa
feron expression.45 We asked how the TRIM5a-TBK1 axis con-

nects with the antiviral activities of these proteins. We used the

TAK1 inhibitor (5Z)-7-oxozeaenol to test whether TAK1 contrib-

uted to CCCP-induced mitophagy as measured by the degrada-

tion of the mitochondrial inner membrane protein COXII, but

saw no effect (Figures S2D and S2E). We then asked whether

TRIM5a could activate antiviral signaling downstream of TBK1.

Ectopic expression of TRIM5a in HEK293T cells was sufficient

to enhance the abundance of pTBK1 in cells under both basal

conditions and following CCCP treatment, possibly through

stabilization of total TBK1 (Figures S2F–S2H). TRIM5a expres-

sion also increased the abundance of pSQSTM1 (Figures S2F

and S2I), an autophagy-relevant TBK1 substrate, but only

following CCCP treatment. We then used a dual-luciferase re-

porter system to measure the effect of TRIM5a expression on

TBK1-dependent activation of interferon signaling. As previously

reported,43 TRIM5a expression induces activation of NF-kB-

driven luciferase (Figure S2J). However, TRIM5a expression

actually reduced the ability of TBK1 to promote activation of an

interferon-stimulated response element (Figure S2K). These

data indicate that the TRIM5a-activated pool of TBK1 does

not promote innate immune signaling and is likely specific to

autophagy.

TBK1 ubiquitination by TRIM5a is important for
mitophagy
Previous reports have shown that K63-linked ubiquitination of

TBK1 is important for its activity in interferon signaling.46,47 We

hypothesized that TRIM5a’s ubiquitin ligase activity, which we

previously showed to be important for mitophagy,31 could pro-

mote mitophagy through TBK1 ubiquitination. Expression of

GFP-TRIM5a in HEK293T cells robustly increased the appear-

ance of high-molecular-weight TBK1 and the ability of TBK1 to

coimmunoprecipitate ubiquitin relative to cells expressing GFP

alone (Figure 3A), indicative of TBK1 ubiquitination. This result

was also seen when the immunoprecipitation was performed

following protein denaturation (Figure S3A), demonstrating that

TRIM5a promotes the ubiquitination of TBK1 itself and not a

TBK1-interacting protein. We next tested whether TBK1 is ubiq-

uitinated under mitophagy-inducing conditions and, if so, how

TRIM5a contributes to this. We found that the ubiquitination level

of endogenous TBK1 was strongly increased 4 h after CCCP

treatment in WT HEK293T cells (Figure 3B). While CCCP also

increased the level of TBK1 ubiquitination in TRIM5-knockout

cells, the effect was much less pronounced than in WT

cells. Time-course experiments using epitope-tagged TBK1

and ubiquitin revealed that both CCCP and ivermectin

triggered TBK1 ubiquitination as early as 1 h after treatment in

WT cells that continued to increase up to at least 4 h after treat-

ment. In these experiments, mitochondrial-damage-induced
cted with GFP-TRIM5a (T5a) or GFP alone as indicated and treated or not with

he abundance of the indicated proteins was determined, normalized to TIM23,

ne and treated or not with CCCP for 4 h in the presence or absence of BX-795

hree independent experiments are quantitated in (I)–(L). TIM23 was used as a

rison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; y, not significant.
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Figure 3. TRIM5a’s ubiquitin ligase activity is required for K63-linked polyubiquitination of TBK1 and for mitophagy

(A) Coimmunoprecipitation analysis of TBK1 ubiquitination in transfected HEK293T cells.

(B) Effect of CCCP treatment on TBK1 ubiquitination in WT and TRIM5 KO Huh7 cells. Endogenous TBK1 was immunoprecipitated. and immunoblots were

probed as indicated.

(C) Effect of CCCP treatment on the K63-linked polyubiquitination of TBK1 in WT or TRIM5 KO HEK293T cells.

(D) Coimmunoprecipitation analysis of TBK1 ubiquitination in HEK293T cells expressing GFP alone or GFP-tagged WT or E11R TRIM5a. Red asterisks indicate

GFP or GFP-TRIM5a bands of the expected molecular weight.

(E and F) Mitochondrial fractions were obtained from TRIM5 KO Huh7 cells transfected as indicated and treated or not with CCCP for 2 h.

(G–I) Abundance of the indicated proteins in mitochondrial fractions isolated from TRIM5 KO Huh7 cells transfected as shown and treated or not with CCCP.

(J) Coimmunoprecipitation analysis of TBK1 ubiquitination in HEK293T cells transfected with myc-TBK1 and TRIM5a fused to either a catalytically active (Dub) or

catalytically inactive (Dub*) deubiquitinase. mCherry was used as a negative control.

(K) Relative degradation of mitochondrial proteins following CCCP treatment in TRIM5 KO Huh7 cells transfected as indicated and treated or not with CCCP

for 18 h.

p values determined by ANOVA with Tukey’s multiple comparison test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; y, not significant.
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Figure 4. Ubiquitination of TBK1 at K30 and K401 by TRIM5a is required for mitophagy and enhances TBK1 interactions with autophagy

adaptors

(A) Coimmunoprecipitation analysis of TBK1 ubiquitination in transfected HEK293T cells and treated with CCCP for the indicated times.

(B) TBK1 ubiquitination assay in transfected HEK293T TRIM5 KO cells.

(C) TBK1 KO cells expressing mito-mKeima were transfected with expression plasmids encoding WT or 2X K/R TBK1 or with an irrelevant control protein

(APEX2) prior to a 6-h treatment with or without IVM and flow-cytometry-based analysis of mito-mKeima fluorescence. Relativemitophagy induction is calculated

by dividing the percentage of cells showing active mitophagy after IVM treatment by what is seen in cells treated with DMSO alone. See Figure S4A for flow-

cytometry data.

(D) Immunoblot analysis of mitochondrial fractions isolated from transfected TBK1 KO Huh7 cells following treatment with CCCP for the indicated time.

(E) Left: colocalization of WT or 2X K/R TBK1mutant withmitochondria in transfected TBK1 KOHuh7 cells and treated with CCCP for 1 h. Zoomed-in images of

the area within insets are shown below. Right: quantification of pTBK1 colocalization with mitochondria. The intensity of pTBK1 signal within voxels intersecting

with mitochondria was normalized to the mitochondrial volume, multiplied by 107, and reported as ‘‘relative colocalization.’’N > 900 mitochondrial structures per

treatment. p value determined by KS test. Error bars show SEM.

(legend continued on next page)
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TBK1 ubiquitination was almost entirely dependent on TRIM5a

(Figures S3B and S3C). In experiments using an ubiquitin mutant

that was disabled for forming all linkages except for K63, we

found that TRIM5a promotes activating (K63-linked) ubiquitina-

tion of TBK1 in response to mitochondrial damage (Figure 3C).

Because TBK1 ubiquitination has not previously been described

in response to conditions that induce mitophagy or other types

of autophagy, we tested whether other known inducers of

autophagy, namely amino acid starvation, chemical inhibition

of mTOR (mammalian target of rapamycin) with pp242, or endo-

membrane damage caused by LLOMe (L-leucyl-L-leucine

methyl ester), could also trigger this post-translational modifica-

tion of TBK1 similarly tomitochondrial damagewith CCCP. How-

ever, of these, CCCP was the only treatment that induced TBK1

ubiquitination (Figure S3D).

We found that TRIM5a’s enzymatic activity as an E3 ligase is

important for its ability to recruit mitophagy proteins to mito-

chondria in response to damage. Replacing glutamic acid 11 in

TRIM5a with arginine (E11R) disrupts the ability of TRIM5a to

interact with E2 conjugating enzymes and interferes with

TRIM5a’s enzymatic activity without disrupting its overall struc-

ture.43 Unlike what we see with WT TRIM5a, expression of

TRIM5a E11R does not increase TBK1 ubiquitination (Figure 3D),

demonstrating that TRIM5a directly catalyzes TBK1 ubiquitina-

tion. TRIM5a E11R was also significantly attenuated in its ability

to restore the recruitment of active pTBK1 (Figures 3E and 3F)

and both ULK1 and FIP200 (Figures 3G–3I) into mitochondrial

fractions following CCCP treatment of TRIM5-knockout cells.

Nevertheless, neither E11R nor another E2-binding patchmutant

of TRIM5a (L19R) was different from WT in its ability to stabilize

TBK1 in whole-cell lysates (Figures S3E–S3G). Together, these

results suggest that TRIM5a-mediated TBK1 ubiquitination is a

prerequisite step for the mitochondrial localization of active

TBK1 in response to mitochondrial damage but is not required

for the overall stabilization of TBK1.

As an alternative approach to assess the importance of

TRIM5a-mediated TBK1 ubiquitination, we tested whether the

enzymatic removal of ubiquitin from TBK1 (or other TRIM5a-

interacting proteins) interfered with mitophagy. This was accom-

plished using a TRIM5a fusion protein that links the catalytic

domain of the UL36 deubiquitinase from herpes simplex virus

to TRIM5a’s N terminus (Dub-TRIM5a).48 As a negative control

for these experiments, we also employed a deubiquitinase-

dead TRIM5a fusion (Dub*-TRIM5a). While Dub-TRIM5a still

somewhat increased TBK1 ubiquitination relative to cells trans-

fected with a control protein (mCherry), it did so to a much lesser

extent than did Dub*-TRIM5a (Figure 3J). Dub-TRIM5a failed to

restore CCCP-inducedmitophagy in TRIM5-knockout Huh7 cells

as measured by the degradation of mitophagy proteins (Fig-

ure 3K) or the delivery of the mito-mKeima reporter to lysosomes

(Figure S3H). In contrast, Dub*-TRIM5a, which is a surrogate for
(F) Coimmunoprecipitation analysis of interactions between WT or 2X K/R TBK

from transfected HEK293T cells.

(G) Impact of TRIM5 KO on CCCP-induced interactions between myc-TBK1 and

(H) Coimmunoprecipitation analysis of interactions between TBK1 and autophag

indicated amount of time with CCCP.

**p < 0.01, ****p < 0.0001.
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WT TRIM5a because it has intact ubiquitination function,

potently restored mitophagy in these experiments (Figures 3K

and S3H). In summary, our data reveal that TRIM5a mediates

ubiquitination of TBK1, particularly under conditions ofmitochon-

drial damage. Abrogation of TRIM5a-dependent ubiquitination of

TBK1 (or other substrates) impairs TRIM5a’s ability to mediate

the recruitment of autophagy proteins to damaged mitochondria

and to execute mitophagy.

TRIM5a-mediated ubiquitination of TBK1 enhances
TBK1 interactions with autophagy adaptors
Structural and functional studies of TBK1 have demonstrated

the importance of TBK1 ubiquitination at lysine residues 30

and 401 for full TBK1 activity in cells.46,47 We mutated both

of these sites in TBK1, replacing them with arginine (TBK1 2X

K/R), to test whether these are the predominant ubiquitination

sites of TBK1 following mitochondrial damage. As shown in

Figure 4A, WT TBK1 showed a basal level of K63-linked

polyubiquitination that strongly and progressively increased

after CCCP treatment. However, the 2X K/R mutant of

TBK1 displayed markedly reduced K63-linked ubiquitination

in untreated cells and no CCCP-dependent increase in ubiqui-

tination at early time points. At later time points, 2X K/R TBK1

showed comparable ubiquitination to WT, indicating that

additional sites on TBK1 are eventually ubiquitinated under

conditions of mitochondrial damage. We next tested whether

TRIM5a ubiquitinates TBK1 at K30 and K401 (Figure 4B).

Whereas co-expression of GFP-TRIM5a with WT myc-TBK1

massively increased K63-linked TBK1 ubiquitination, ubiquiti-

nation of the 2X K/R mutant of TBK1 was reduced by

�75%. However, TRIM5a clearly promotes ubiquitination of

TBK1 at additional sites, since we still observed considerable

TRIM5a-dependent ubiquitination of 2X K/R TBK1.

Our data demonstrate that K30 and K401 are themajor sites of

TRIM5a-dependent TBK1 ubiquitination and that these sites are

ubiquitinated in response to mitochondrial damage. This sug-

gests a model in which K63-linked polyubiquitination of TBK1

at K30 and K401 may be important for mitophagy. To test this

idea, we assessed mitophagy in TBK1-knockout Huh7 cells

transfected with either WT or 2X K/R TBK1, or an irrelevant

protein as a negative control, using the mito-mKeima assay

following ivermectin treatment (Figures 4C and S4A) or by

measuring the degradation of mitochondrial proteins following

CCCP treatment (Figures S4B and S4C). In both assays, minimal

mitophagy was induced in TBK1-knockout cells expressing an

irrelevant protein, in line with the essentiality of TBK1 to both

ivermectin- and CCCP-induced mitophagy. Expression of WT

TBK1 in these cells substantially boosted the cells’ ability to carry

out mitophagy. However, expression of the 2X K/R TBK1

mutant was significantly less efficient at promoting mitophagy

despite roughly comparable levels of TBK1 protein expression.
1 mutant and endogenous autophagy adaptors NBR1, NDP52, and SQSTM1

endogenous NDP52 or NBR1.

y adaptors in cells transfected with control or Ubc13 siRNA and treated for the
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These data demonstrate that ubiquitination of TBK1 at K30 and

K401 is important for TBK1’s mitophagy functions.

We next tested whether TBK1 ubiquitination is important for

the localization of active pTBK1 to mitochondria following dam-

age. For these experiments, we isolated mitochondrial fractions

from TBK1-knockout Huh7 cells that had been reconstituted

with either WT or 2X K/R TBK1 mutant. While both CCCP

and ivermectin promoted the accumulation of pTBK1 in mito-

chondrial fractions within 30 min after treatment in cells ectopi-

cally expressingWT TBK1, this effect was completely lost in cells

expressing 2X K/R TBK1 (Figures 4D and S4D). Accordingly,

quantitative analysis of confocal microscopy images revealed

significantly more pTBK1 puncta colocalizing with mitochondria

in TBK1-knockout Huh7 cells transiently expressing WT TBK1

compared to cells expressing the 2X K/R TBK1 mutant

following CCCP treatment (Figure 4E). In our mitochondrial frac-

tionation experiments (Figures 4D and S4D), we saw a difference

between WT TBK1 and 2X K/R TBK1 in terms of their ability to

facilitate the recruitment of the autophagy machinery to

damaged mitochondria. FIP200, ULK1 (both phosphorylated

and total), and the autophagy adaptors optineurin, SQSTM1,

NDP52, and NBR1 were all enriched in mitochondrial fractions

within 2 h after CCCP or ivermectin treatment in cells expressing

WT TBK1. In contrast, these proteins’ recruitment to damaged

mitochondria was reduced or delayed in cells expressing the

2X K/R TBK1 mutant (Figures 4D and S4D). We also observed

more phosphorylation of the TBK1 substrate SQSTM1 in mito-

chondrial fractions from cells expressing WT TBK1 than in mito-

chondrial fractions from cells expressing 2X K/R (Figures 4D

and S4D). Taken together, these data demonstrate that mutation

of the predominant ubiquitination sites on TBK1 abrogates the

ability of TBK1 to become active on damaged mitochondria

and subsequently enable the recruitment and activation of the

rest of the autophagy machinery.

One way in which ubiquitination could increase TBK1 function

is through facilitating the recruitment of TBK1 cofactors that

mediate proper TBK1 localization or activation. Candidate cofac-

tors include the autophagy adaptors SQSTM1, NDP52, opti-

neurin, TAX1BP1, and NBR1,25 all of which encode ubiquitin-

binding domains. TBK1 ubiquitination by TRIM5a could promote

these interactions and/or could contribute to the assembly of

TBK1-adaptor clusters held together by avidity-based interac-

tions. Accordingly, WT TBK1 more efficiently coimmunoprecipi-

tates NBR1, NDP52, and SQSTM1 than does the ubiquitina-

tion-deficient 2X K/R TBK1 (Figure 4F). We then tested

whether mitochondrial damage with either CCCP or ivermectin,

both of which induce TBK1 ubiquitination (Figures 3 and S3),

could impact protein-protein interactions between TBK1 and

autophagy adaptors, using NDP52 andNBR1 as representatives.

We found that both treatments transiently increased the

ability of myc-TBK1 to coimmunoprecipitate endogenous

NDP52 and NBR1 (Figures 4G and S4E). This effect was lost in

TRIM5-knockout cells. Overall, these findings indicate that

TRIM5a-dependent K63-linked ubiquitination of TBK1 is impor-

tant for the formation of TBK1-adaptor protein complexes,

possibly explaining the importance of this post-translational

modification to TBK1-dependent mitophagy. To further test this

model, we determined whether K63-linked polyubiquitin chains
contribute to interactions between TBK1 and the autophagy

adaptors NDP52, NBR1, and SQSTM1 by knocking down the

E2 conjugating enzyme Ubc13/Ube2n, which is required for the

formation of K63 linkages.49,50 In Huh7 cells transfected with

non-targeting small interfering RNA (siRNA), we saw that CCCP

treatment increased the abundance of autophagy adaptors in

protein complexes with TBK1, albeit with variable kinetics (Fig-

ure 4H). Knockdown of Ubc13 reduced the interactions between

TBK1 and either NDP52 or SQSTM1 under basal conditions.

Additionally, Ubc13 knockdown prevented any CCCP-induced

increase in interactions between TBK1 and NDP52, NBR1, or

SQSTM1. This experiment confirmed that K63-linked ubiquitin

chains, likely deposited on TBK1 by TRIM5a, mediate TBK1 inter-

actions with a subset of autophagy adaptors.

TRIM5a interacts with TBK1 through K63-linked
polyubiquitin/autophagy adaptor intermediates
In domain-mapping experiments, we found that the TRIM5a

RING domain was required for TRIM5a-TBK1 interactions in

cells (Figures S5A and S5B). However, glutathione S-transferase

(GST) pull-down experiments failed to show any interaction be-

tween recombinant TBK1 and either full-length TRIM5a or the

N-terminal portion of TRIM5a (Figure S5C), indicating that

TRIM5a-TBK1 interactions might require additional factors.

Because the RING domain encompasses TRIM5a’s ubiquitin

ligase activity and is the site of TRIM5a auto-ubiquitination, it is

possible that TRIM5a-mediated ubiquitination could contribute

to TRIM5a-TBK1 interactions. In support of this concept, we

observed that mitochondria-damaging agents increased the

appearance of high-molecular-weight TRIM5a simultaneously

with TRIM5a-TBK1 binding (Figure S1C). Both ivermectin and

CCCP treatment dramatically increased TRIM5a ubiquitination

in a time-dependent manner, as measured by increases in the

amount of ubiquitin coimmunoprecipitating with TRIM5a and

the appearance of high-molecular-weight TRIM5a bands, the

latter of which could represent either ubiquitinated TRIM5a

and/or its organization into stabilized higher-order structures

(Figures 5A and S5D). Follow-up experiments demonstrated

that TRIM5a was subject to K63-linked ubiquitination in

response to ivermectin and CCCP (Figures S5E and S5F). We

found that the ivermectin-induced K63-linked polyubiquitination

of TRIM5a is largely dependent on TRIM5a’s ubiquitin ligase ac-

tivity, because the E11R mutant of TRIM5a showed much less

ubiquitination than did WT (Figure 5B). This result demonstrates

that TRIM5a is primarily auto-ubiquitinated, and that its ability to

carry out auto-ubiquitination is enhanced following mitochon-

drial damage. However, we still observed ivermectin-induced

K63-linked ubiquitination of TRIM5a E11R at 2 h after treatment,

implicating additional ubiquitin ligases as secondary contribu-

tors to TRIM5a ubiquitination in response to mitochondrial dam-

age (Figure 5B).

The increase in TRIM5a ubiquitination was mirrored by an in-

crease in the interactions between TRIM5a and autophagy

adaptors. As shown in Figure 5C, ivermectin treatment increased

the ability of TRIM5a to coimmunoprecipitate endogenous

NBR1, SQSTM1, and NDP52 within 30 min. The interaction

between TRIM5a and SQSTM1 or NBR1 remained at high levels

for at least the next 90 min; while with NDP52 interactions
Cell Reports 43, 114294, June 25, 2024 9



Figure 5. Interactions between TRIM5a and TBK1 are mediated by ubiquitin-binding autophagy receptors
(A) Coimmunoprecipitation analysis of TRIM5a ubiquitination in HeLa cells treated with IVM for the indicated times.

(B) Analysis of K63-linked ubiquitination of WT or E11R TRIM5a following IVM treatment of transfected TRIM5a KO HEK293T cells.

(C) Coimmunoprecipitation analysis of interactions between HA-TRIM5 and autophagy receptors from HeLa cell lysate following treatment with IVM.

(D) Confocal microscopic analysis of the localization of TRIM5-HA, mCherry-Parkin, and autophagy adaptors in HeLa cells treated with CCCP for 90 min. 3D

reconstructions of the inset regions are shown below.

(legend continued on next page)
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were dynamic, reproducibly showing strong binding at

30 min and variable binding at later time points. In transfected

HEK293T cells, CCCP treatment also increased the interactions

between TRIM5a and NDP52, optineurin, TAX1BP1, and NBR1

(Figures S5G–S5J) but not SQSTM1 (Figure S5K). Confocal mi-

croscopy experiments showed that TRIM5a and the autophagy

adaptors NBR1, SQSTM1, andNDP52 colocalized in close prox-

imity to Parkin-labeled mitochondria in CCCP-treated HeLa cells

(Figure 5D). The interactions between TRIM5a and autophagy

adaptors required ubiquitination, as knockdown of Ubc13 abro-

gates the ivermectin-induced interaction between TRIM5a and

endogenous NDP52, NBR1, and SQSTM1 (Figure 5E). These

data reveal previously unrecognized ubiquitin-dependent inter-

actions between TRIM5a and autophagy adaptors that are

responsive to mitochondrial damage.

We hypothesized that TRIM5a-TBK1 interactions could be

mediated indirectly through shared interactions with autophagy

adaptors. To test this, we determined whether TRIM5a and

TBK1 could interact in cells lacking all five autophagy adaptors

(PentaKO cells).9 As expected based on our prior experiments,

both CCCP and ivermectin increased TRIM5a-TBK1 coimmuno-

precipitation in WT HeLa cells. However, this increase was not

seen in the PentaKO HeLa cells (Figures 5F, 5G, and S5L). This

result demonstrates that one or more autophagy adaptors, all

of which interact with both TRIM5a and TBK1,25 can scaffold

TRIM5a-TBK1 interactions. Given the role of TBK1 ubiquitination

in its interactions with a subset of autophagy receptors (Figure 4),

the importance of K63-linked ubiquitination in TRIM5a’s interac-

tionswith autophagy adaptors, and the importance of autophagy

adaptors in mediating TRIM5a-TBK1 interactions, we hypothe-

sized that ubiquitination contributes to TRIM5a-TBK1 interac-

tions. Accordingly, knockdown of Ubc13 prevented the time-

dependent interactions between TRIM5a and both TBK1 and

pTBK1 following mitochondrial damage with CCCP (Figure 5H).

Deubiquitinase-fused TRIM5a was less efficient at interacting

with TBK1 than was deubiquitinase-dead fused TRIM5a (Fig-

ure 5I), further emphasizing the importance of ubiquitination

in TRIM5a-TBK1 interactions. Finally, we found that ubiquiti-

nated residues K30 and K401 in TBK1 are contributors to

TRIM5a-TBK1 interactions (Figure 5J), consistent with these res-

idues’ role in allowing interactions between TBK1 and autophagy

adaptors (Figure 4G).

Our model for how TRIM5a and TBK1 interact in response to

mitochondrial damage is shown in Figure 5K. Either CCCP or

ivermectin enhance TRIM5a-mediated K63-linked ubiquitination

of itself and of TBK1. Ubiquitin chains attached to either TRIM5a
(E) Coimmunoprecipitation analysis of TRIM5a interactions with autophagy adap

siRNA.

(F and G) Coimmunoprecipitation analysis of interactions between GFP-TRIM5a

parental HeLa cells treated or not with CCCP for 1 h. Both WT and pentaKO cel

cipitated (IPed) myc-TBK1 was determined from three independent experiments

ANOVA with Tukey’s multiple comparison test; *p < 0.05; y, not significant.
(H) Impact of Ubc13 knockdown on interactions between GFP-TRIM5a and myc-

by coimmunoprecipitation with anti-GFP antibodies.

(I) Lysates from HEK293T cells transfected with myc-TBK1 and TRIM5a fused to

with an N-terminal FLAG tag were subjected to immunoprecipitation with anti-m

(J) Coimmunoprecipitation analysis of interaction between GFP-TRIM5a and WT

(K) Proposed mechanism for mitochondrial-damage-induced TRIM5a-TBK1 inte
or TBK1, or both, then attract autophagy adaptors, which can

then further bridge TRIM5a and TBK1 through shared interac-

tions. In this way, TRIM5a can promote the condensation, con-

centration, and subsequent activation of TBK1 and autophagy

adaptors on the mitochondria through self-amplifying multiva-

lent interactions, thus laying a foundation for the recruitment of

the autophagy machinery.

TRIM5a cooperates with TRIM27 in executing
mitophagy
In addition to TRIM5a’s role in ubiquitin-dependent mitophagy,

we showed that another TRIM, TRIM27 (also known as Ret finger

protein, RFP), contributes to ubiquitin-independent mitophagy

mediated by FKBP8 and promotes themitochondrial localization

of pTBK1.51 TRIM5a and TRIM27 are closely related genes,32

raising the possibility that these TRIMs employ overlapping

mechanisms in mitophagy. In support of this concept, we found

that ectopic expression of GFP-TRIM27 was just as efficient at

restoring CCCP-induced mitophagy in TRIM5-knockout Huh7

cells as was expression of GFP-TRIM5a (Figure 6A). Analysis

of TRIM5a interacting partners suggested possible interactions

with TRIM27,31 which we confirmed by coimmunoprecipitation

experiments (Figure 6B). TRIM5a-HA and GFP-TRIM27 colocal-

ize in cytoplasmic structures observed by confocal microscopy

in HeLa cells (Figure S6A). Importantly, TRIM5a/TRIM27 dou-

ble-positive puncta colocalized at discrete subdomains of

mCherry-Parkin-positive mitochondria (Figure 6C), positioning

them to have similar functions in mitophagy. Ivermectin treat-

ment increased the formation of TRIM5a-TRIM27 protein

complexes (Figure 6D), showing that TRIM27 is recruited to

TRIM5a complexes under mitophagy-inducing conditions.

Finally, TRIM5a-HA was better able to coimmunoprecipitate

myc-TBK1 in ivermectin-treated cells expressing GFP-TRIM27

than in ivermectin-treated cells expressingGFPalone (Figure 6E).

Together, these studies demonstrate that TRIM27 promotes

TRIM5a- and ubiquitin-dependent mitophagy, likely through ac-

tions focused on TBK1. In conclusion, our studies with TRIM5a

and TRIM27 provide a model for how TRIM-directed mitophagy

functions.

DISCUSSION

The molecular events leading up to mitophagy involve the

concerted recruitment of multiple individual proteins and protein

complexes to the mitochondria, often as part of feedforward

loops that rapidly amplify the local concentration of mitophagy
tors following ivermectin treatment in cells transfected with control or Ubc13

and myc-TBK1 in HeLa cells lacking all five autophagy adaptors (pentaKO) or

ls were also transfected with mCherry-Parkin. The abundance of immunopre-

, normalized to IPed GFP-TRIM5a, and plotted in (G). p values determined by

TBK1 in HEK293T cells treated with CCCP for the indicated time as determined

an active deubiquitinase (Dub) or a catalytically inactive deubiquitinase (Dub*)

yc prior to immunoblotting as shown. GFP was used as a negative control.

or 2X K/R mutant myc-TBK1 in HEK293T TRIM5 KO cells.

ractions mediated by K63-linked ubiquitin chains.
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Figure 6. TRIM27 can restore mitophagy in cells lacking TRIM5a

(A) Immunoblot analysis of mitochondrial protein abundance in TRIM5 KO Huh7 cells transfected with GFP-TRIM5a, GFP-TRIM27, or GFP alone and treated or

not with CCCP for 18 h. Plot shows the relative extent of COXII degradation following CCCP treatment for three independent experiments.

(B) Coimmunoprecipitation analysis of interactions between GFP alone or GFP-TRIM27 and HA-TRIM5a in HeLa cells.

(C) HeLa cells expressing TRIM5a-HA, GFP-TRIM27, and mCherry-Parkin were treated with CCCP for 90 min prior to fixation and confocal microscopy. The

boxed-in region (left) is shown on the right along with an intensity profile showing colocalization between TRIMs on Parkin-labeled mitochondria.

(D) Coimmunoprecipitation analysis of TRIM5a and TRIM27 interactions in HeLa cells treated with IVM for the indicated times.

(E) Lysates fromHeLa cells expressing TRIM5a-HA,myc-TBK1, and either GFP-TRIM27 or GFP alone and treatedwith IVM for the indicated timeswere subjected

to immunoprecipitation with anti-HA and immunoblotted as indicated.

(F) Comparison of TRIM5a actions in retroviral restriction with its actions in mitophagy.

p values determined by ANOVA with Tukey’s multiple comparison test; *p < 0.05, **p < 0.01.

Article
ll

OPEN ACCESS
factors and induce their activation. Our study shows that TRIM5a

and, potentially, other TRIMs such as TRIM27 are essential initi-

ators of this cascade. Mitochondrial stress activates TRIM5a’s
12 Cell Reports 43, 114294, June 25, 2024
enzymatic activity, resulting in K63-linked auto-ubiquitination.

These ubiquitin chains serve as scaffolds that link TRIM5a

with ubiquitin-binding autophagy adaptor proteins (e.g.,



Article
ll

OPEN ACCESS
NDP52, optineurin, p62/SQSTM1, NBR1, and TAX1BP1). All of

these adaptor proteins also interact with TBK1, and they serve

as intermediaries that bridge TRIM5a-TBK1 interactions. This al-

lows TRIM5a to catalyze K63-linked ubiquitination of TBK1 at

K30 and K401, promoting TBK1 activity while also providing

additional landing sites for autophagy adaptor recruitment and

subsequent assembly of TRIM5a-ubiquitin-TBK1 complexes in

a self-amplifying manner.

This TRIM-ubiquitin-TBK1 axis is required for the proper

activation and localization of TBK1 in mitophagy. K63-linked

ubiquitination of TBK1 is essential for TBK1 activity in immune

signaling,46,47 and our studies have extended this to TBK1’s

functions in selective autophagy.We found that TBK1 ubiquitina-

tion is increased in response to mitochondrial damage in a

TRIM5a-dependentmanner. A TBK1mutant that shows reduced

ubiquitination (2X K/R) is defective in restoring mitophagy in

TBK1-knockout cells, and multiple lines of evidence suggest

that TBK1 ubiquitination by TRIM5a is necessary for TBK1 to

interact with a subset of autophagy adaptors in response to

mitochondria-damaging agents. By promoting interactions be-

tween autophagy adaptors and TBK1, TRIM5a enables the con-

centration of TBK1 on damaged mitochondria, resulting in TBK1

activation. Active TBK1 can phosphorylate autophagy adaptors

near their ubiquitin-binding domains, promoting the adaptors’

ability to interact with ubiquitinated TRIM5a, TBK1, or mitochon-

drial proteins.27 Phosphorylation of autophagy adaptors by

TBK1 enhances the adaptors’ ability to interact with and recruit

the ULK1/FIP200 complex or LC3 and GABARAP proteins.8,52

TBK1 can also promote mitophagy through phosphorylation of

RAB7A53 or by directly activating the PI3K complex.29 By acti-

vating TBK1, TRIM5a is upstream of all of these processes.

A key difference between the actions of TRIM5a that we report

here and the actions of Parkin or other E3 ligases previously

implicated in mitophagy is in the nature of the ubiquitinated tar-

gets. In Parkin-dependent mitophagy, Parkin ubiquitylates a

wide variety of proteins on the mitochondrial outer membrane,54

allowing for the recruitment of autophagy adaptors.9 In contrast,

TRIM5a appears to ubiquitylate itself and TBK1. As is the case

with Parkin-dependent mitophagy, this will allow the assembly

of autophagy adaptor-TBK1 complexes where they are needed

when mitochondria are damaged. However, in order for TBK1

to become activated, it must be attached to K63-linked polyubi-

quitin chains at lysine residues 30 and 401.47 This additional level

of mitophagy regulation is provided by TRIM5a.

Our data show that additional TRIMs are also involved inmedi-

ating mitophagy through actions on TBK1. TRIM27 shows sub-

stantial homology to TRIM5a, and we previously reported that

TRIM27 contributes to an ubiquitin-independent form of mitoph-

agy.51 Here, we showed that TRIM27 expression can rescue mi-

tophagy in TRIM5-knockout cells. This, along with the strong

colocalization of TRIM5a and TRIM27 on the surface of mito-

chondria following damage suggests that TRIM5a and TRIM27

operate through overlapping mechanisms to execute mitoph-

agy. However, the finding that TRIM27 could enhance TRIM5a

interactions with TBK1 in response to mitochondrial damage

suggests that these two proteins may not be fully redundant.

More study is necessary to address whether TRIM27 uses the

same mechanism(s) as does TRIM5a in mitophagy or to deter-
mine whether there are cell-type- or context-dependent differ-

ences between mitophagy mediated by these two TRIMs.

Both TRIM5a and TBK1 are best appreciated for their roles in

antiviral defense and innate immunity. Mitochondria likely

evolved from intracellular bacterial parasites, and molecules

released from damaged mitochondria can activate pathogen-

associated molecular pattern receptors.23 Thus, our finding

that TRIM5a and TBK1 work together in mitochondrial quality

control is in agreement with their immunological functions. The

mechanisms employed by TRIM5a in mitophagy parallel its func-

tions in retroviral restriction (Figure 6F), as exemplified by the

rhesus TRIM5a/HIV-1 model.35 Rhesus TRIM5a assembles

into higher-order structures on assembled HIV-1 core struc-

tures.55 This induces TRIM5a’s ubiquitin ligase activity, leading

to the ubiquitin-dependent activation of the kinase TAK1 and

subsequent establishment of an antiviral state.44 Similarly, here

we showed that TRIM5a assembles higher-order structures con-

sisting of itself, TBK1, and autophagy adaptors on damaged

mitochondria. This assembly is associated with an increase in

TRIM5a’s ubiquitin ligase activity, which leads to the ubiquitin-

dependent activation of the kinase TBK1 and subsequent activa-

tion of mitophagy. In response to the threat of either retroviral

infection or mitochondrial damage, TRIM5a plays a cytoprotec-

tive role.

In conclusion, our study positions TRIMs at a central node in

mitophagy regulation (Figure S6B), from which they can orches-

trate mitophagy through regulating the activation and localiza-

tion of TBK1. In addition to TRIM5a and TRIM27, many other

TRIMs have been implicated in regulating selective autophagy

of a variety of substrates.56 The TRIM-ubiquitin-TBK1 axis pro-

vides a new lens through which the mechanistic basis for selec-

tive autophagy by other TRIMs could be viewed.

Limitations of the study
In this study,wedetermined themechanismsofTRIM5a-mediated

mitophagy in immortalized cancer cell lines. We found that chem-

ical agents that damage mitochondria and induce mitophagy in-

crease TRIM5a-mediated ubiquitination of itself and of TBK1,

butwehavenot identified howmitochondrial damage is translated

into activation of TRIM5a’s enzymatic activity. Presumably, this in-

volves the higher-order assembly of TRIM5amolecules as is seen

by TRIM5a in the context of retroviral capsid recognition43 or by

TRIM72 in response to recognition of vesicle structures.57 Using

a broad array of coimmunoprecipitation assays, we established

that TRIM5a and TBK1 likely interact indirectly in a manner

requiring K63-linked polyubiquitin chains and autophagy adap-

tors, but efforts to predict how these interactions form on a struc-

tural level usingAlphaFold58or structural docking software59 failed

to yield high-confidence models. We also did not determine the

relative importance of the five autophagy adaptors in mediating

TRIM5a-TBK1 interactions.
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Antibodies

Phospho-TBK1/NAK (Ser172) (D52C2) Rabbit mAb Cell Signaling Technology #5483; RRID: AB_10693472

Phospho-ULK1 (Ser555) (D1H4) Rabbit mAb Cell Signaling Technology #5869; RRID: AB_10707365

TBK1/NAK (D1B4) Rabbit mAb Cell Signaling Technology #3504; RRID: AB_2255663

Phospho-SQSTM1/p62 (Ser349) Rabbit mAb Cell Signaling Technology #95697; RRID: AB_2800251

UBE2N (D2A1) Rabbit mAb Cell Signaling Technology #6999; RRID: AB_10828936

Atg13 (E1Y9V) Rabbit mAb Cell Signaling Technology #13468; RRID: AB_2797419

ULK1 (D8H5) Rabbit mAb Cell Signaling Technology #8054; RRID: AB_11178668

TRIM5 (D6Z8L) Rabbit mAb Cell Signaling Technology #14326; RRID: AB_2798451

Atg9A (D4O9D) Rabbit mAb Cell Signaling Technology #13509; RRID: AB_2798241

Anti-Tim23 Antibody (H-8) Santa Cruz Biotechnology sc-514463; RRID: AB_2923126

Anti-Optineurin Antibody (C-2) Santa Cruz Biotechnology sc-166576; RRID: AB_2156554

Anti-CALCOCO2 Antibody (F-6) Santa Cruz Biotechnology sc-376540; RRID: AB_11150487

Anti-NBR1 Antibody (4BR) Santa Cruz Biotechnology sc-130380; RRID: AB_2149402

Anti-Actin Antibody (2Q1055) Santa Cruz Biotechnology sc-58673; RRID: AB_2223345

Anti-GFP antibody Abcam ab290; RRID: AB_303395

Anti-HA tag antibody - ChIP Grade Abcam ab9110; RRID: AB_2223345

Anti-mCherry antibody Abcam ab183628; RRID: AB_2650480

Anti-MTCO2 antibody [12C4F12] Abcam ab110258; RRID: AB_10887758

MYC tag Polyclonal antibody Proteintech 16286-2-AP; RRID: AB_11182162

RB1CC1 Polyclonal antibody Proteintech 17250-1-AP; RRID: AB_10666428

Anti-Multi Ubiquitin mAb (Monoclonal Antibody) MBL International D058-3; RRID: AB_592937

Rabbit Anti-LC3B Sigma Aldrich L7543; RRID: AB_796155

Monoclonal ANTI-FLAG� M2 antibody

produced in mouse

Sigma Aldrich L7543; RRID: AB_262044

Purified Mouse Anti-p62 Ick ligand BD biosciences P0067; RRID: AB_398151

IRDye� 680LT Goat anti-Mouse IgG

Secondary Antibody

LI-COR Biosciences 925-68020; RRID: AB_2687826

IRDye 800CW Goat anti-Mouse IgG, 0.1 mg LI-COR Biosciences 925-32210; RRID: AB_2687825

Goat Anti-Mouse IgG (H + L)-HRP Conjugate BIO-RAD 1721011; RRID: AB_2617113

Goat Anti-Rabbit IgG (H + L)-HRP Conjugate BIO-RAD 1721019; RRID: AB_11125143

Mouse TrueBlot� ULTRA: Anti-Mouse Ig HRP,

Rat Monoclonal eB144

Rockland 18-8817-30; RRID: AB_2610849

Clean-BlotTM IP Detection Reagent (HRP) ThermoFisher 21230; RRID: AB_2864363

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor Plus 488

ThermoFisher A32723; RRID: AB_2633275

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor 488

ThermoFisher A-11034; RRID: AB_2576217

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 568

ThermoFisher A-11011; RRID: AB_143157

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor Plus 647

ThermoFisher A32728; RRID: AB_2633277

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary Antibody, Alexa Fluor Plus 647

ThermoFisher A32733; RRID: AB_2633282

(Continued on next page)
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Bacterial and virus strains

NEB 5-alpha Competent E.coli (High Efficiency) New England Biolabs C2987

XL10-Gold Ultracompetent cells Agilent 210518

Chemicals, peptides, and recombinant protein

Tetracycline hydrochloride Sigma Aldrich T3383

Puromycin dihydrochloride Sigma Aldrich P9620

BX-795 hydrochloride Sigma Aldrich SML0694

5Z-7-Oxozeaenol Sigma Aldrich O9890

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) Sigma Aldrich C2759

Ivermectin Sigma Aldrich I8898

2-mercaptoethanol Sigma Aldrich M3148

Phenylmethanesulfonyl fluoride solution Sigma Aldrich 93482

cOmpleteTM, Mini, EDTA-free Protease Inhibitor Cocktail Sigma Aldrich 11836170001

PHOSSTOP Sigma Aldrich 4906837001

Saponin Sigma Aldrich 84510

Tween 20 Sigma Aldrich P1379

Leu-Leu methyl ester hydrobromide Sigma Aldrich L7393

1, 10- phenanthroline monohydrate Sigma Aldrich P9375

Dynabeads Protein G ThermoFisher 10003D

IP lysis buffer ThermoFisher 87788

RIPA lysis buffer ThermoFisher 89901

Opti-MEM Reduced Serum Medium ThermoFisher 31985070

Lipofectamine 2000 Reagent ThermoFisher 11668019

Restore Plus Western Blot Stripping Buffer ThermoFisher 46430

Hoechst 33342 ThermoFisher H3570

10x Tris/Glycine/SDS buffer Bio-Rad 1610732

2x Laemmli Buffer Bio-Rad 1610737

4x Laemmli Buffer Bio-Rad 1610747

Clarity ECL Bio-Rad 1705061

Glycine Bio-Rad 1610718

Tris Base Bio-Rad 1610719

Sodium Chloride VWR BDH928625KG

Sodium Phosphate Dibasic VWR 97061472

Potassium Chloride VWR EMPX14051

Potassium Phosphate Monobasic VWR EMDPX15651

Kanamycin Sulfate VWR 97061–600

Ampicillin Sodium Salt VWR IC19014805

Dimethyl Sulfoxide(DMSO) VWR EMMX14586

Ethanol VWR 89125172

Methanol VWR BDH20291GLP

2-Propanol (Isopropyl Alcohol) VWR BDH20271GLP

Triton X-100 VWR EM9410

Paraformaldehyde VWR JTS8987

PR-619 UBPBio F2110

PP242 LC Laboratories P-6666

Blasticidin Invivogen Ant-bl-1

Hygromycin Corning 30-240-CR

MG132 Selleckchem S21619

PhenoVueTM 641 Mitochondrial Stain PerkinElmer CP3D1

(Continued on next page)
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Bovine Serum Albumin Fisher Scientific CAS 9048-46-8

Critical commercial assays

ProFection Mammalian Transfection System Promega E1200

Dual-Glo Luciferase Promega E2920

QProteome mitochondria isolation kit Qiagen 37612

Duolink� In Situ PLA� Probe Anti-Rabbit PLUS Sigma Aldrich DUO92002

Agilent QuikChange Lightning Site-Directed Mutagenesis Kit Agilent 210518

Experimental models: Cell lines

HEK293T TRIM5 knockout Saha et al.31 N/A

HeLa TRIM5 knockout Saha et al.31 N/A

HeLa HumanTRIM5a-HA Stremlau et al.33 N/A

HeLa cells stably expressing YFP-Parkin Narendra et al.60 N/A

Huh7 TRIM5 knockout Saha et al.31 N/A

Huh7 WT cells stably expressing mt-mkeima This study N/A

Huh7 TRIM5 knockout cells stably expressing mt-mkeima This study N/A

Huh7 TBK1 knockout cells stably expressing mt-mkeima This study N/A

Huh7 TRIM5-TBK1 DKo This study N/A

HEK293T TBK1 knockout This study N/A

HeLa WT and Penta KO Lazarou et al.9 N/A

Oligonucleotides

Primers for GFP-TRIM5 L19R

Sense: Fw, CTGCCCCATCTGCCGGGAACTCCTGACAC

Antisense: Rw, GTGTCAGGAGTTCCCGGCAGATGGGGCAG

Integrated DNA Technologies N/A

Primers for TBK1 K30R

Sense: Fw, GATAGCAAATAAATCACCAGTTCTCTTA

TGTCTTCCACGAAAGACA

Antisense: Rw, TGTCTTTCGTGGAAGACATAAGAGA

ACTGGTGATTTATTTGCTATC

Primers for TBK1 K401R

Sense: Fw, CTAAATCATAACGTGGATGTACTCTAG

GGAGGGAAATTTTTTCATATATT

Antisense: Rw, AATATATGAAAAAATTTCCCTCCCT

AGAGTACATCCACGTTATGATTTAG

Integrated DNA Technologies N/A

Recombinant DNA

GFP-TRIM5a Stremlau et al.33 N/A

myc-TBK1 Pilli et al.28 N/A

YFP-Parkin Narendra et al.60 Addgene, 23955

mCherry-Parkin Narendra et al.60 Addgene, 23956

mito-mkeima Vector builder Ecoli(VB231119-1373wjt)

myc-ULK1 Chan et al.61 N/A

NF-kB luciferase plasmid Promega E8491

pRL-SV40P Chen et al.62 Addgene, 27163

pGL4.33[luc2P/SRE/Hygro] Promega E8491

psPAX2 Gift from Didier Trono Addgene,12260

pMD2.G Gift from Didier Trono Addgene,12259

HA-ubiquitin Kamitani et al.63 Addgene,18712

HA-ubiquitin K63 Lim et al.64 Addgene,17606

GFP-TRIM5a E11R Saha et al.31 N/A

mCherry Pankiv et al.65 N/A

Dub-TRIM5a Cambell et al.48 N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Dub*-TRIM5a Cambell et al.48 N/A

GFP-TRIM5a L19R This study N/A

myc-TBK1 2X K/R This study N/A

FLAG-NDP52 Jain et al.66 N/A

FLAG-OPTN Jain et al.66 N/A

FLAG-TAX1BP1 Jain et al.66 N/A

FLAG-NBR1 Jain et al.66 N/A

FLAG-SQSTM1 Jain et al.66 N/A

GFP-TRIM5a RING deleted Mandell et al.67 N/A

GFP-TRIM5a B box deleted Mandell et al.67 N/A

GFP-TRIM5a CCD deleted Mandell et al.67 N/A

GFP-TRIM5a SPRY deleted Mandell et al.67 N/A

GST-NAP1 This study N/A

GST-TRIM5a WT This study N/A

GST-TRIM5a 1-282 This study N/A

GST Bjorkoy et al.68 N/A

GST-mAtg8s Bjorkoy et al.68 N/A

Software and algorithms

Prism 8 GraphPad N/A

Image Lab BIO-RAD N/A

FlowJo (v10.10.0) BD Biosciences N/A

iDEV software ThermoFisher N/A

Huygens Object Analyzer and Colocalization Scientific Volume Imaging N/A

LASX acquisition software Leica N/A

BioRender BioRender.com N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents should be directed to andwill be fulfilled by the lead contact, MikeMandell (mmandell@

salud.unm.edu).

Materials availability
Plasmids or cell lines generated in this study are available upon request to the lead contact.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. This paper does not report original code. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture
HEK293T, HeLa, and Huh7 cells were obtained from the American Type Culture Collection (ATCC) and grown in Dulbecco’s modified

Eagle’s medium (Life Technologies,11965126) supplemented with 10% fetal bovine serum (FBS, Life Technologies, 26140-079),

100 U/ml penicillin and 100 mg/mL streptomycin at 37�C in a 5% CO2 atmosphere. HeLa cells stably expressing HA-tagged

HuTRIM5awere obtained from Joseph Sodroski (Harvard) and were maintained in the above media supplemented with 1 mg/mL pu-

romycin. Generation of TRIM5 knockout HEK293T, HeLa, and Huh7 cells using CRISPR/Cas9 based gene editing were described

previously31 and were maintained in the above media supplemented with 200 mg/mL hygromycin. WT and mitophagy adaptor pen-

taKO cells (gifts from Dr. Richard J. Youle, National Institutes of Health, USA), were cultured in the same manner. TBK1 knockout

HEK293T and TRIM5-TBK1 double knockout Huh7 cells were generated by transduction with lentiCRISPRv2-based lentiviruses fol-

lowed by 2–4 weeks of culturing in medium containing 8 mg/mL blasticidin. Knockout lines were confirmed by immunoblot.
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Mt-mkeima stable overexpression in Huh7 WT, Huh7 TRIM5 KO and Huh7 TBK1 KO lines were achieved by viral transduction fol-

lowed by 14–21 days of culturing in medium containing the selective antibiotic (1 mg/mL puromycin).

METHOD DETAILS

Generation of knockout cell lines using CRISPR/cas9 gene editing
Viral particles for the generation of knockout cell lines were produced by transfecting HEK293T cells with a lentiviral vector, lenti-

CRISPRv2 carrying both Cas9 enzyme and a guide RNA targeting specific gene together with the packaging plasmids psPAX2

and pMD2.G at the ratio of 10 mg, 10 mg and 10 mg/10 cmdish. Transfections were carried out by using ProFectionMammalian Trans-

fection System (Promega, E1200), medium was changed 16h post transfection and virus containing supernatant was harvested 48h

later, clarified by centrifuging for 5 min at 1200 rpm, 0.45 mm-filtered (Millipore, SE1M003M00), diluted with full medium at 1:1 ratio

and used to transduce target cells for 48 h.

Cloning and transfection
GFP-TRIM5a andmyc-TBK1 weremutated using a site-directed mutagenesis kit (Agilent, 210518). All plasmid constructs generated

in this studywere validated byDNA sequencing. All other TRIM5amutants used in this studywere described earlier.67Myc-TBK1 and

FLAG-tagged autophagy adaptor plasmids were gift fromDr. Vojo Deretic. The NF-kB luciferase reporter was purchased from Prom-

ega (#E8491), the Renilla luciferase plasmid (pRL-SV40, Addgene plasmid #27163) was a gift from Ron Prywes and ISRE luciferase

plasmid was gifted by Dr. Michael Gale (University of Washington). Dub-TRIM5a (rhesus) and Dub*-TRIM5a were a gift from Dr. Ed-

ward Campbell. pDest-EGFP-TRIM27 was described earlier.51 pDONR221-AZI2/NAP1 was synthesized by Invitrogen GeneArt ser-

vices (Thermo Fisher Scientific). pDest15-AZI2/NAP1 was made with Gateway LR cloning (Thermo Fisher Scientific). pDest15-

TRIM5a plasmids were also constructed using Gateway cloning. Plasmid transfections were performed using Lipofectamine 2000

(ThermoFisher, 11668019) or Calcium Phosphate (Promega, E1200). Samples were prepared for analysis the day after DNA

transfection.

All siRNA smart pools were from Dharmacon. siRNA was delivered to cells using Lipofectamine RNAiMAX (ThermoFisher,

13778150) according to the manufacturer’. For siRNA experiments, cells were harvested 48–72h after siRNA transfection.

Treatments
Working concentrations for reagents were as follows: CCCP, 10 mM for overnight experiments; and 20 mM for experiments%4 h; IVM,

15 mM;BX-795, 10 mM; 5Z-7-Oxozeaenol, 10 mM; pp242, 10 mM; LLOMe, 100 mM;MG132, 10 mM; PhenoVue 641mitochondrial stain,

300 nM.

Mitophagy assays
Flow cytometry-based mito-mKeima mitophagy assay

Cells were seeded in six well plates one day prior to treatment or transient transfection. Following mitophagy induction with 20 mM

ivermectin for 6 h, cells were washed with PBS, detached with trypsin and harvested in normal growth media. Samples were then

centrifuged at 4�C, washed once with PBS and then resuspended in ice-cold FACS buffer (PBS+2% FBS).

Measurements of mt-mKeima were made using dual-excitation ratiometric pH measurements at 440nm (pH 7) and 585nm (pH 4)

lasers. The emission wavelength for mt-mKeima is identical at either pH and peaks maximally at 620 nm. Sample analysis was per-

formed using an Attune NxT flow cytometer (Thermofisher). For each sample, 50,000 events were collected. Data were analyzed us-

ing FlowJo (v10.10.0).

Immunoblot-based measurement of mitochondrial protein degradation

Huh7 TRIM5 KO and Huh7 TBK1 KO cell lines were seeded in 6 cm dishes, followed by transfection on next day with the indicated

plasmids. Cells were then treated with 10 mM CCCP for 18 h and conducted western blot analysis of several different mitochondrial

proteins.

Western blotting, immunoprecipitation, and immunofluorescent labeling
For immunoprecipitation experiments, cells seeded in 10 cm dishes were transfected with specific constructs to overexpress pro-

teins of interest for 24 h, followed by the indicated treatments in the presence of MG132. Cells were then lysed using ice-cold lysis

buffer (150 mM Tris-buffered Saline, 50 mM NaCl, with 0.5% v/v Triton X-100) supplemented with EDTA-free cOmplete protease in-

hibitor, PMSF, and phosphatase inhibitors. Samples were incubated on ice for 30 min. Beads were equilibrated using the lysis buffer

mentioned above. Protein lysates were precleared by centrifugation at 4�C for 15 min at 17,000 g. Clarified lysates were incubated

with specific equilibrated beads for various periods at 4�C. Beads were thenwashedwith ice-cold wash buffer (150mMTris-buffered

Saline, 50 mM NaCl) 3 to 4 times. Bound proteins were eluted with LDS lysis buffer with 50 mM DTT. Samples were boiled for an

additional 10 min. For ubiquitination related immunoprecipitation experiments, a deubiquitinase inhibitor (PR-619; 10 mM,

UBPBio) was added in lysis buffer and in wash buffers in addition to the protease inhibitors detailed above. For these experiments,

we lysed cells in RIPA buffer (50 mm Tris, 0.1% SDS, 0.5% deoxycholate, 1% Nonidet P-40, 150 mM NaCl) to reduce non-covalent

interactions between proteins and ubiquitin.
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SDS PAGE was carried out using pre-cast poly-acrylamide gels (Biorad) and immunoblotted on nitrocellulose membranes. After

transfer, blots were blocked in 5% non-fat powder milk dissolved in 1X PBS prior to overnight incubations in primary antibodies

diluted in a buffer containing 3% BSA and 0.1% Tween 20 in 1X PBS. Immunoblot data was acquired using a Chemidoc MP instru-

ment (Biorad) and quantitatively analyzed using Biorad Image Lab software.

For immunoflourescent labeling of samples for high content imaging or confocal experiments, samples were fixed in 4% parafor-

maldehyde (Sigma) for 30 min prior to permeabilization in buffer containing 0.1% Saponin (Sigma) and 3% BSA. Following 1 h incu-

bation in primary antibodies and extensive washing with phosphate buffered saline (PBS), AlexaFluor-conjugated secondary anti-

bodies (Life Technologies) were used. Coverslips were mounted in ProLong Diamond anti-fade reagent (Life Technologies).

Denaturing IP
Denaturing immunoprecipitation was performed as previously described.69 Cell pellets from transiently transfected TRIM5 knockout

HEK293T cells were harvested by centrifugation and then resuspended in RIPA lysis buffer supplemented with 1% SDS and deubi-

quitinase inhibitors (PR619; 10 mM and 1, 10- phenanthroline monohydrate: 1mM) for 30 min. Samples were then boiled at 95�C for

10 min and passaged through a 25 g needle attached to a 1-mL syringe until the solution was clear. Cell lysates were then clarified by

centrifugation. The supernatant was then diluted with 10 volumes RIPA lysis buffer to reduce the SDS concentration to 0.1% prior to

immunoprecipitation following our standard procedures.

Confocal microscopy
Sub-airy unit (0.6AU) pinhole confocal microscopy with a Leica TCS-SP8 microscope was performed followed by computational im-

age restoration with Huygens Essential (Scientific Volume Imaging, Hilversum, Netherlands) utilizing a constrained maximum likeli-

hood estimation algorithm. All imageswere acquiredwith a 63X/1.4NA plan apochromat oil immersion objective and sampled at ideal

Nyquist sampling rates in x, y, and z planes. Voxel lateral and axial dimensions were determined by utilizing an online Nyquist calcu-

lator (https://svi.nl/NyquistCalculator) allowing for sub-diffraction limited resolution following image restoration. All images were

rendered on a high performance CUDA-GPU enabled workstation. 3D projections were generated using the Surface Renderer appli-

cation in the Huygens software. The Object Analyzer application in the Huygens software was used to determine the relative coloc-

alization between objects in three dimensions. To do this, 3D objects were identified and segmented in the Huygens software based

on uniformly applied threshold settings. These objects were defined as regions of interest (ROIs). The ‘‘Intensity in the other channel’’

functionality was then used to quantitate the total fluorescent signal intensity from other channels within the ROI. Relative colocal-

ization was determined by dividing the signal intensity from one channel (e.g., pTBK1) within the ROI by the volume of the ROI (e.g.,

mitochondria).

Proximity ligation assay
Proximity ligation assay (PLA) was performed according tomanufacturer instructions (Millipore). PLA reports direct in situ interactions

between proteins that are within 40nm of each other and revealed as fluorescent dots.

High content imaging
All high content experiments were performed on Huh7 cells in 96-well plate format using optical-quality glass-bottomed plates. Im-

aging and analysis were performed using a Cellomics CellInsight CX7 scanner and driven by iDEV software (Thermo Fisher Scientific).

Primary objects (cells, identified based on nuclear staining with Hoechst 33342 and regions of interest (ROIs) were algorithm-defined

by shape/segmentation, maximum/minimum average intensity, total area and total intensity to automatically identify puncta within

valid primary objects. Five wells (>1000 cells/well) were analyzed per treatment per experiment. All data acquisition and analysis

were computer driven and independent of human operators.

Mitochondrial isolation experiments
Subcellular fractionation was performed with a QProteomemitochondria isolation kit (Qiagen) according to the instruction manual. In

brief, 107 Huh7 and HeLa cells were re-suspended in 1 mL of lysis buffer, incubated for 10 min at 4�C and centrifuged at 1000x g for

10min. The supernatant was transferred into a separate tube as cytosolic fraction, while the pellet was re-suspended in 1.5mL of ice-

cold disruption buffer, rapidly passed through 26g needle 10–15 times to disrupt cells and centrifuged at 1000x g for 10min, 4�C. The
supernatant was then re-centrifuged at 6000x g for 10 min, 4�C. The pellet obtained after centrifugation comprised the mitochondrial

fraction.

Luciferase assays
20000 HEK293T cells were plated in 96 well plates prior to transfection with the Renilla luciferase internal control reporter plasmid

pRL-TK (thymidine kinase promoter dependent Renilla luciferase), plasmids encoding firefly luciferase responsive to NF-kB or

ISRE and GFP, GFP-TRIM5awith or without myc-TBK1 expression plasmids. 40-48h after transfection, the plate was assayed using

the Dual-Glo Luciferase Assay System according to the manufacturer’s instructions (Promega, E2920) and read using a Microplate
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Luminometer (BioTek, SYNERGY HTX Multi-Mode reader). Firefly luciferase readings were normalized to Renilla luciferase readings

in each well, and the data are represented as fold-change relative to GFP alone. Each experimental condition was performed in

quadruplicate.

GST pull-down assays
GST pulldown assays were performed by incubating immobilized GST or GST-tagged proteins with 35S-labeled in vitro translated

proteins. All GST-tagged proteins were expressed in Escherichia coli SoluBL21 (Genlantis). GST fusion proteins were purified on

glutathione Sepharose 4 Fast Flow beads (GE Healthcare 17-5132-01). 35S-labeled proteins were synthesized in vitro using the

TnT T7 coupled reticulocyte lysate system (Promega). Translation reaction products from 0.25 mg of plasmid DNA were incubated

with GST-labeled proteins on glutathione Sepharose beads in NETN-E buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA,

0.5% Nonidet P-40) supplemented with cOmplete Mini EDTA-free protease inhibitor cocktail tablets (1 tablet/10mL)

(11836170001, Roche) for 1 h at 4�C. The beads were washed five times with 400 mL of NETN-E buffer, boiled with 23 SDS-

PAGE gel loading buffer with 1mM DTT, and subjected to SDS-PAGE. Gels were stained with Coomassie Brilliant Blue and vac-

uum-dried. 35S-labeled proteins were detected using a Fujifilm bioimaging analyzer BAS-5000 (Fuji) and quantifications were per-

formed using Image Gauge software (Fuji).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are expressed as means ± SEM (n > 3). Data were analyzed with unpaired two-tailed t-tests or ANOVA with Tukey’s post hoc

analysis as indicated in the figure legends. Analysis was performed using GraphPad Prism10. Statistical significance is defined as

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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