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SIRT5 impairs aggregation and activation of the
signaling adaptor MAVS through catalyzing
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Abstract

RLR-mediated type I IFN production plays a pivotal role in innate
antiviral immune responses, where the signaling adaptor MAVS is
a critical determinant. Here, we show that MAVS is a physiological
substrate of SIRT5. Moreover, MAVS is succinylated upon viral chal-
lenge, and SIRT5 catalyzes desuccinylation of MAVS. Mass spectro-
metric analysis indicated that Lysine 7 of MAVS is succinylated.
SIRT5-catalyzed desuccinylation of MAVS at Lysine 7 diminishes
the formation of MAVS aggregation after viral infection, resulting
in the inhibition of MAVS activation and leading to the impairment
of type I IFN production and antiviral gene expression. However,
the enzyme-deficient mutant of SIRT5 (SIRT5-H158Y) loses its
suppressive role on MAVS activation. Furthermore, we show that
Sirt5-deficient mice are resistant to viral infection. Our study
reveals the critical role of SIRT5 in limiting RLR signaling through
desuccinylating MAVS.
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Introduction

Innate immunity, as the first line of defense against infection, senses

pathogens, including RNA and DNA viruses, and subsequently trig-

gers immune cells to secrete cytokines through germline-encoded

pattern recognition receptors (PRRs; Chen & Ichinohe, 2015; Tan

et al, 2018). During RNA viral infection, cytosolic RNA species are

recognized by retinoic acid-inducible (RIG-I)-like receptors (RLRs),

including RIG-I and melanoma differentiation-associated gene 5

(MDA5; Moore & Ting, 2008; Wu & Chen, 2014; Brubaker et al,

2015; Roers et al, 2016). The activation of RIG-I and MDA5 leads to

the recruitment of the signaling adaptor protein MAVS (also referred

to as IPS-1, VISA, or Cardif) to activate the downstream protein

kinase TBK1, resulting in phosphorylation of the transcription factor

interferon regulatory factor 3 (IRF3) to drive type I IFN production,

a family of cytokines that are essential for host protection against

viral infection (Kawai et al, 2005; Meylan et al, 2005; Seth et al,

2005; Xu et al, 2005; Xie et al, 2012; Tan et al, 2018). Increasing

attention has been paid to post-translational modifications (PTMs)

of innate sensors and downstream signaling molecules, which influ-

ence their activity and function by inducing their covalent linkage to

new functional groups (Liu et al, 2015; Liu et al, 2016a; Tan et al,

2018). Kdm6a promotes IL-6 expression through demethylating

H3K27me3 at promoter of IL-6 (Li et al, 2017). HDAC9 deacetylates

TBK1 for the activation of antiviral innate immunity (Li et al, 2016).

HDAC6 modulates viral RNA sensing by deacetylating RIG-I (Choi

et al, 2016). Deamidation of cGAS by HSV UL37 protein enhances

viral replication (Zhang et al, 2018). In addition, viral homologs of

phosphoribosylformylglycinamidine synthase (PFAS) recruit cellular

PFAS to deamidate and activate RIG-I (He et al, 2015). As a critical

adaptor protein in RLR signaling, the normal function of MAVS has

been shown to be markedly influenced by its ubiquitination (You

et al, 2009; Liu et al, 2017; He et al, 2019), phosphorylation (Liu

et al, 2015), and O-GlcNAcylation (Li et al, 2018a). Recently, more

other modifications of MAVS that influence antiviral innate immu-

nity by modulating MAVS function have been identified (Liu & Gao,

2018; Yang et al, 2019).

Accumulating evidence suggests that intermediates and deriva-

tives of the Krebs cycle and glucose metabolism possess non-

metabolic signaling functions, such as regulation of cellular
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immunity, in addition to its traditional functions associated with

bioenergetics or biosynthesis (Li et al, 2018a; Mills et al, 2018b;

Williams & O’Neill, 2018; Ryan et al, 2019; Zhang et al, 2019).

Krebs cycle-derived metabolites have been shown to attribute

both signaling functions and impact on multiple processes critical

for the cellular immune response. These metabolites can either

act as immune signaling molecules to inhibit specific enzymes or

drive modification of proteins in the immune signaling pathway

(Rubic et al, 2008). As the only metabolite directly linking the

Krebs cycle and the mitochondrial respiratory chain, succinate

acts as a signaling molecule to exert its inflammatory effects

through several pathways (Rubic et al, 2008; Tannahill et al,

2013; Littlewood-Evans et al, 2016; Lei et al, 2018; Peruzzotti-

Jametti et al, 2018). Recently, the critical role of succinate in

autoimmune and autoinflammatory has been recognized (Tan-

nahill et al, 2013, 2013; Littlewood-Evans et al, 2016; Mills et al,

2016, 2018a; Li et al, 2018b). Dysregulation of succinate metabo-

lism can cause accumulation of succinyl-CoA, which may induce

lysine succinylation (Peyssonnaux et al, 2007; Zhang et al, 2011;

Xie et al, 2012; Park et al, 2013; Weinert et al, 2013). The

enzyme responsible for succinylation has yet to be identified, and

indeed, it is possible that this reaction occurs non-enzymatically

by direct reaction between succinyl-CoA and the modified protein

(Feng et al, 2017). It is evident that succinylation can modulate

macrophage function. Succinylation of Lys311 of pyruvate kinase

M2 (PKM2), a key glycolytic enzyme required for the shift to

glycolysis in activated macrophages, has been shown to limit its

activity by promoting its tetramer-to-dimer transition (Wang et al,

2017a). However, whether succinylation of innate immune

sensors and downstream signaling molecules exists or succinyla-

tion influences innate immunity in response to viral infection is

still largely unknown.

Sirtuin 5 (SIRT5) belongs to the sirtuin family of NAD+-depen-

dent deacetylases (Finkel et al, 2009). The deacetylase activity of

SIRT5 is barely detected (Anderson et al, 2014). Of note, SIRT5 can

promote acetylation of p65 through blocking the deacetylation of

p65 catalyzed by SIRT2 in a deacetylase activity-independent

manner (Qin et al, 2017). In fact, SIRT5 has been shown to have

potent desuccinylase activity (Finkel et al, 2009; Du et al, 2011;

Park et al, 2013; Rardin et al, 2013; Tannahill et al, 2013; Wang

et al, 2017a). Interestingly, LPS decreases SIRT5 expression in

macrophages and increases protein succinylation (Tannahill et al,

2013). Consistent with the activation of PKM2 by SIRT5-catalyzed

desuccinylation, SIRT5-deficient mice exhibit hypersuccinylation

and increased IL-1b production (Wang et al, 2017a). However, it

has also been reported that Sirt5 deficiency does not compromise

innate immune response to bacterial infections (Heinonen et al,

2018).

Due to lack of convincing data to support the enzymes responsi-

ble for succinylation existed (Weinert et al, 2013; Feng et al, 2017;

Yang & Gibson, 2019), in order to address whether succinylation

influences innate immunity in response to viral infection, we exam-

ined the impact of SIRT5, a well-defined desuccinylase (Du et al,

2011; Park et al, 2013; Rardin et al, 2013; Anderson et al, 2014;

Wagner & Hirschey, 2014; Wang et al, 2017a), on antiviral innate

immunity. We found that SIRT5 negatively regulates the innate

immunity in response to RNA viral infection. Further investigation

shows that SIRT5 mediates desuccinylation of Lys7 of MAVS,

leading to impairment of aggregation and activation of MAVS. These

findings suggest a critical role of SIRT5 in limiting RLR signaling

through desuccinylating MAVS.

Results

SIRT5 suppresses the MAVS-mediated RLR signaling

To investigate whether SIRT5 participates in regulating RLR signal-

ing, we employed a promoter assay to examine the effect of SIRT5

on promoter activity. IFNb promoter luciferase reporter and ISRE-

luciferase reporter (containing interferon stimulated response

elements) are well-defined reporters for monitoring RLR activation

(Xu et al, 2005; Zhong et al, 2008; Liu et al, 2016b). Upon overex-

pression of SIRT5 in HEK293T cells or H1299 cells, Sendai virus

(SeV)-induced IFNb promoter reporter (IFNb-luc.) activity and ISRE-

luciferase reporter activity were strongly inhibited (Fig 1A–D).

Consistent with these observations, SeV-induced IFNb promoter

reporter activity and ISRE-luciferase reporter activity were enhanced

upon SIRT5 knockdown by small interfering RNAs (si-SIRT5#1 and

si-SIRT5#2; Wang et al, 2017a) in H1299 cells (Fig 1E and F). To

further confirm the suppressive role of SIRT5 on RLR signaling, we

knocked out SIRT5 in H1299 cells via CRISPR/Cas9. Consistently,

SeV-induced IFNb promoter reporter activity and ISRE-luciferase

reporter activity were enhanced in SIRT5�/� cells compared to the

wild-type H1299 cells (SIRT5+/+; Fig 1G and H). In addition, poly(I:

C) (RNA virus mimics)-induced ISRE-luciferase reporter activity was

suppressed by the overexpression of SIRT5 in a dose-dependent

manner (Fig 1I). These findings indicate that SIRT5 inhibits RLR

signaling.

Subsequently, we sought to determine which target in RLR

signaling mediates SIRT5’s suppressive function. The ISRE-luciferase

reporter assay revealed that overexpression of SIRT5 caused a

reduction of luciferase activity, which was induced by RIG-I, MDA5,

or MAVS in a dose-dependent manner (Fig 1J–L). However, overex-

pression of SIRT5 showed no effect on luciferase activity driven by

TBK1, or IRF3, suggesting that SIRT5 functions at the MAVS level

(Fig 1M and N). Of note, overexpression of enzyme-deficient

mutant of SIRT5 (SIRT5-H158Y; Nakagawa et al, 2009; Zhang et al,

2017) had no effect on luciferase activity driven by MAVS, in

contrast to overexpression of WT SIRT5 (Fig 1O). Expressions of the

transfected plasmids, the efficacy of SIRT5-knocked down by siRNA

and SIRT5-knocked out by CRISPR/Cas9 were confirmed by Western

blot analysis (Appendix Fig S1A–O).

To further validate these results, we performed dose-titration

assays. Overexpression of SIRT5 suppressed dose-dependent activa-

tion of IFNb promoter activity by SeV infection in HEK293T cells

(Appendix Fig S2A). Overexpression of SIRT5 also suppressed dose-

dependent activation of ISRE-luciferase reporter activity by transfec-

tion of increasing amount of MDA5 in HEK293T cells (Appendix Fig

S2B). However, overexpression of SIRT5 had no effect on dose-

dependent activation of ISRE reporter activity by transfection of

increasing amount of IRF3 in HEK293T cells (Appendix Fig S2C).

Protein expressions of transfected plasmids were confirmed by

Western blot analysis (Appendix Fig S2D–F). Of note, overexpres-

sion of SIRT5 did not influence the ISRE-luciferase reporter activity

induced by co-transfection of cGAS and STING, suggesting that
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Figure 1. SIRT5 suppresses the MAVS-mediated type I IFN signaling.

A, B IFNb promoter activity (A) and ISRE reporter activity (B) in Myc empty vector (200 ng) or Myc-SIRT5 (200 ng)-transfected HEK293T cells with or without SeV
infection (SeV or UI) for 18–24 h.

C, D IFNb promoter activity (C) and ISRE reporter activity (D) in Myc empty vector (200 ng) or Myc-SIRT5 (200 ng)-transfected H1299 cells with or without SeV infection
(SeV or UI) for 18–24 h.

E, F IFNb promoter activity (E) and ISRE reporter activity (F) in the indicated siRNA-transfected H1299 cells (si-NC, si-SIRT5#1, and si-SIRT5#2) with or without SeV
infection (SeV or UI) for 18–24 h. NC, negative control.

G, H IFNb promoter activity (G) and ISRE reporter activity (H) in SIRT5-deficient H1299 cells (SIRT5�/�) or the wild-type (WT) H1299 cells (SIRT5+/+) with or without SeV
infection (SeV or UI) for 18–24 h.

I ISRE reporter activity in Myc-SIRT5 (0, 100, or 200 ng)-transfected HEK293T cells with or without poly(I:C) transfection for 18–24 h.
J ISRE reporter activity in co-transfection of Myc-RIG-I (200 ng) together with Myc-SIRT5 (0, 100, or 200 ng)-transfected HEK293T cells for 24 h.
K ISRE reporter activity in co-transfection of Myc-MDA5 (200 ng) together with Myc-SIRT5 (0, 100, or 200 ng) in HEK293T cells for 24 h.
L ISRE reporter activity in co-transfection of HA-MAVS (200 ng) together with Myc-SIRT5 (0, 100, or 200 ng) in HEK293T cells for 24 h.
M ISRE reporter activity in co-transfection of Myc-TBK1 (200 ng) together with Myc-SIRT5 (0, 100, or 200 ng) in HEK293T cells for 24 h.
N ISRE reporter activity in co-transfection of HA-IRF3 (200 ng) together with Myc-SIRT5 (0, 100, or 200 ng) in HEK293T cells for 24 h.
O ISRE reporter activity in co-transfection of HA-MAVS (200 ng) together with Myc-SIRT5 (200 ng) or Myc-SIRT5-H158Y (200 ng), respectively, in HEK293T cells for

24 h.

Data information: Graphs represent fold induction relative to the luciferase activity in the control cells. UI, uninfected. All data are presented as the mean values based
on three independent experiments, and error bars indicate s.e.m. (unpaired two-tailed Student’s t-test).
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SIRT5 might have no effect on the cytosolic DNA sensing pathway

(Tan et al, 2018; Appendix Fig S2G). In addition, overexpression of

SIRT2 did not affect ISRE-luciferase reporter activity and IFNb
promoter activity induced by transfection of MAVS, indicating that

SIRT5 might be the specific one in the sirtuin family to inhibit MAVS

function (Appendix Fig S2H and I; Finkel et al, 2009). Protein

expressions of transfected plasmids were confirmed by Western blot

analysis (Appendix Fig S2J–L).

Taken together, these results suggest that SIRT5 regulates RLR

signaling by influencing MAVS function.

SIRT5 interacts with MAVS

The observations that SIRT5 suppresses the activation of MAVS

on RLR signaling prompted us to determine whether SIRT5 influ-

ences MAVS’s function through protein–protein interaction. First,

we examined their co-localization by immunofluorescence staining

using anti-MAVS and anti-SIRT5 antibodies. Fluorescence confocal

microscopy showed that SIRT5 co-localized with MAVS in the

mitochondria in both H1299 cells and HeLa cells (Fig 2A,

Appendix Figs S3A and B, and S4A–D; Anderson et al, 2014; Liu

et al, 2017). Co-immunoprecipitation assays showed that ectopi-

cally expressed SIRT5 pulled down ectopically expressed MAVS in

HEK293T cells and vice versa (Fig 2B and C). In H1299 cells,

endogenous MAVS was also co-immunoprecipitated with endoge-

nous SIRT5 (Fig 2D), while endogenous co-immunoprecipitation

between MAVS and SIRT5 was not detected in SIRT5-deficient

H1299 cells (SIRT5�/�; Fig 2E). Escherichia coli-expressed GST-

tagged MAVS interacted with E. coli-expressed His-tagged SIRT5

in vitro (Fig 2F). These data indicated that SIRT5 directly associ-

ated with MAVS. Further domain mapping of MAVS binding to

SIRT5 indicated that the TM domain of MAVS was required for

SIRT5 interaction (Fig 2G–I). However, SIRT5 did not influence

protein stability of MAVS revealed by either overexpression of

SIRT5 in HEK293T cells or knockout of SIRT5 in H1299 cells

(Appendix Fig S5A and B).

SIRT5 desuccinylates Lysine 7 of MAVS

Given a well-defined function of SIRT5 in desuccinylation, we

sought to determine whether SIRT5 could influence MAVS succiny-

lation (Du et al, 2011; Park et al, 2013; Rardin et al, 2013; Anderson

et al, 2014; Wagner & Hirschey, 2014; Wang et al, 2017a). Initially,

we examined whether succinylation of MAVS existed. Using in vitro

succinylation assays, we found that MAVS expressed in either

E. coli or HEK293T cells could be readily succinylated by adding

succinyl-CoA in a dose-dependent manner (Fig 3A and B), suggest-

ing that MAVS could be succinylated.

Subsequently, we examined the succinylation site (s) on MAVS

through mass spectrometry (MS) analysis. One succinylation site

(Lysine 7) in MAVS was identified (Fig 3C). Lysine 7 of MAVS is

evolutionary conserved across species (Fig 3D). To further con-

firm this succinylated site in MAVS, we developed a specific anti-

body against Lysine 7 of MAVS (anti-succ-K7-MAVS antibody).

The specificity of this antibody was validated by dot blot assay

(Fig 3E). The addition of succinyl-CoA caused succinylation of

MAVS at Lysine 7 in a dose-dependent manner revealed by the

anti-succ-K7-MAVS antibody (Fig 3F and G). In SIRT5-deficient

H1299 cells (SIRT5�/�), succinylation of MAVS at Lysine 7 was

significantly higher than that of the SIRT5-intact H1299 cells

(SIRT5+/+; 3.2 vs. 1.0; Fig 3H). Reconstitution of SIRT5 in SIRT5-

deficient H1299 cells (SIRT5�/�) caused a significant reduction in

succinylation of MAVS at Lysine 7 (1.0 vs. 0.2; Fig 3I). However,

overexpression of SIRT5-H158Y had no effect on the reduction in

succinylation of MAVS at Lysine 7 (1.0 vs. 1.2; Fig 3I). These

findings indicated that SIRT5 desuccinylated Lysine 7 of MAVS.

Immunoprecipitation assays showed that MAVS-K7R still inter-

acted with SIRT5 and SIRT5-H158Y also interacted with MAVS as

well (Appendix Fig S5C and D).

To further determine the effect of Sirt5 on desuccinylation of

MAVS in vivo, we obtained Sirt5-knocked-out mice (KO) from the

Jackson Laboratory (https://www.jax.org/strain/012757). In liver

and lung, succinylation of MAVS at Lysine 7 was significantly

higher in Sirt5�/� mice compared to WT (Sir5+/+) mice detected by

anti-succ-K7-MAVS antibody (Fig 3J and K). In addition, in the

whole tissue lysate, succinylation levels were higher in Sirt5�/�

mice compared to WT mice detected by a pan-succinyl-K antibody

(used as a positive control; Fig 3J and K). These findings suggest

that Sirt5 desuccinylates MAVS at Lysine 7 in vivo.

SIRT5 negatively regulates cellular innate antiviral
immune response

To further investigate the effect of SIRT5 in innate antiviral immu-

nity, we initially examined whether viral infection had impacts on

SIRT5 expression, localization, and binding ability to MAVS. VSV

infection did not affect SIRT5 protein stability and localization

(Fig EV1A and B), but did attenuate SIRT5 binding to MAVS

(Fig EV1C). Interestingly, VSV infection diminished cellular succi-

nate level (Fig EV1D). Furthermore, SIRT5 indeed impaired K63-

linked polyubiquitination of MAVS (Fig EV1E–G), implying that

SIRT5 may have a suppressive role on MAVS activation (Liu et al,

2017).

Subsequently, we examined expression of antiviral response

genes in RLR signaling. Consistent with the promoter assays, over-

expression of SIRT5 in HEK293T cells suppressed expression of

IFNb, CXCL10, and IFIT1 induced by SeV challenge (Figs 4A–C and

EV2A). On the contrary, knockout of SIRT5 in H1299 cells

(SIRT5�/�) enhanced expression of IFNb, CXCL10, and IFIT1

induced by either SeV or VSV challenge (Figs 4D–I and EV2B–G).

Moreover, overexpression of SIRT5 suppressed IFNb expression

induced by poly(I:C) treatment in HEK293T cells (Fig 4J).

However, overexpression of SIRT5-H158Y, an enzyme-deficient

mutant of SIRT5 (Rardin et al, 2013), showed no obvious effect on

suppression of IFNb expression induced by poly(I:C) treatment

(Fig 4J), indicating that the enzymatic activity of SIRT5 was required

for the suppressive function of SIRT5 on RLR signaling. Similar

results were obtained in SIRT5-deficient H1299 cells in response to

SeV and VSV infection (Figs 4K, and EV2H and I). Furthermore, by

SDS–PAGE assays, overexpression of WT SIRT5, but not of SIRT5-

H158Y, attenuated aggregation of MAVS in response to SeV infec-

tion, suggesting that SIRT5 might impair the formation of MAVS

aggregation in response to viral infection (Fig 4L).

Next, we compared the activity on RLR signaling between the

WT MAVS and the succinylated site-mutated MAVS (MAVS-K7R).

The induction on IFN signaling by MAVS-K7R significantly
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decreased compared to WT MAVS in promoter assays, indicating

the importance of Lysine 7 in MAVS for MAVS activation (Fig 4M

and N). Overexpression of SIRT5 dramatically suppressed MAVS-

induced activity of IFNb promoter reporter and ISRE-luciferase

reporter (Fig 4M and N). But, the inhibitory effect of SIRT5 on

MAVS-K7R-induced activity of IFNb promoter reporter and ISRE-

luciferase reporter was not as dramatic as that on WT MAVS-

induced activity of IFNb promoter reporter and ISRE-luciferase

reporter, even though it still existed (Fig 4M and N), suggesting that

succinylation of Lysine 7 of MAVS was critical for MAVS activation.

Protein expressions of transfected plasmids were confirmed by

Western blot analysis (Fig EV2J and K).

To determine whether SIRT5 could influence cellular antiviral

response, we examined virus replication in the SIRT5-deficient

(SIRT5�/�) or the SIRT5-intact H1299 cells (SIRT5+/+) via infection

of VSV-GFP viruses. Fluorescence microscopy showed that VSV-GFP

virus replication was substantially inhibited in SIRT5-deficient

H1299 cells (Fig 4O), which was further confirmed by Western blot

analysis using anti-GFP antibody (4.37 vs. 1.00; Fig 4P) and flow

cytometry analysis (59.9% vs. 21.1%). In the SIRT5-deficient

(SIRT5�/�) H1299 cells, reconstitution of WT SIRT5 promoted VSV

replication, but overexpression of SIRT5-H158Y did not do so

(Fig EV2L). Similar results were obtained in HCT116 cells

(Fig EV3A–E).

Taken together, these results suggest that SIRT5 negatively regu-

lates cellular antiviral immune response.

Disruption of Sirt5 potentiates cellular antiviral immune
response in MEF cells

To investigate the effects of Sirt5 on innate immunity in vivo, we

made use of Sirt5-null mice. Initially, we established mouse embry-

onic fibroblast (MEF) cell lines from WT (Sirt5+/+) and Sirt5�/�

mice and stimulated them with SeV, VSV, or poly(I:C). Compared to

WT (Sirt5+/+) MEFs, expressions of Ifnb, Ifna1, ifna4, Ifit1, Cxcl10,
and Cxcl11 were significantly up-regulated in Sirt5�/� MEF cells

upon SeV challenge (Figs 5A–F and EV4A). In agreement with this

notion, dimerization and phosphorylation of Irf3 were enhanced in

Sirt5�/� MEF cells compared to Sirt5+/+ MEF cells upon SeV infec-

tion (Fig 5G). Moreover, Sirt5 deficiency enhanced the interaction

between MAVS and Rig-I (Fig 5H) and promoted the formation of

MAVS aggregation in response to SeV infection (Fig 5I), which were

consistent with the suppressive role of Sirt5 on RLR signaling. As

expected, the succinylation levels of MAVS were enhanced in

Sirt5�/� MEF cells compared to Sirt5+/+ MEF cells upon SeV or

VSV infection (Fig EV4B and C). In addition, compared to WT

(Sirt5+/+) MEF cells, expressions of Ifnb, Ifna1, Ifna4, Ifit1, Cxcl10,
and Cxcl11 were significantly up-regulated in Sirt5�/� MEF cells

upon VSV infection (Fig 5J–O).

To further determine whether loss of Sirt5 could indeed influence

cellular antiviral response, we examined virus replication in Sirt5+/+

or Sirt5�/� MEFs via infection with VSV-GFP viruses. In fact, the viral

titer of VSV viruses in Sirt5�/� MEF cells was lower than that in

Sirt5+/+ MEF cells after VSV infection (Fig EV4D). Fluorescence

microscopy showed that VSV-GFP virus replication was substantially

inhibited in Sirt5�/� MEFs (Fig 5P), which was further confirmed by

Western blot analysis using anti-GFP antibody (12.23 vs. 1.00; Fig 5Q)

and flow cytometry analysis (79.9% vs. 45.4%; 59.8% vs. 27.2%;

Figs 5R and EV4E). In response to poly(I:C) treatment, expressions of

Ifnb, Ifna1, Ifna4, Ifit1, Cxcl10, and Cxcl11 were significantly up-regu-

lated in Sirt5�/� MEF cells compared to WT (Sirt5+/+) MEF cells

(Appendix Fig S6A–F). However, upon HSV-1 infection, Ifnb was

down-regulated and Ifit1 was not changed in Sirt5�/� MEF cells

compared to WT (Sirt5+/+) MEF cells (Appendix Fig S6G and H),

further suggesting that Sirt5 has no suppressive role on the cytosolic

DNA sensing pathway.

Collectively, these data suggest that loss of Sirt5 potentiates

cellular antiviral immune response in MEF cells.

Disruption of Sirt5 potentiates cellular antiviral immune
response in BMDCs and BMDM cells

To further verify the above observations, we isolated both bone

marrow-derived dendritic cells (BMDCs) and bone marrow-derived

macrophages (BMDMs) and performed a similar set of experiments.

SeV- and VSV-induced expressions of Ifnb, Ifna1, Ifna4, Ifit1, Rig-I,
Cxcl10, and Cxcl11 were significantly up-regulated in Sirt5�/�

BMDCs compared to the induction in WT counterparts (Fig 6A–N).

In addition, we compared the virus replication in Sirt5-deficient

(Sirt5�/�) BMDCs or WT counterparts (Sirt5+/+) by infected with

VSV-GFP viruses. Fluorescence microscopy showed that VSV-GFP

virus replication was substantially inhibited in Sirt5-deficient

◀ Figure 2. SIRT5 interacts with MAVS.

A Confocal microscopy image of endogenous SIRT5 co-localized with endogenous MAVS in H1299 cells detected by immunofluorescence staining using anti-SIRT5
and anti-MAVS antibodies. Mito, MitoTracker; Scale bar = 8 lm.

B, C Co-immunoprecipitation of Myc-SIRT5 with HA-MAVS and vice versa. HEK293T cells were co-transfected with indicated plasmids for 24 h. Anti-Myc (B) or anti-HA
antibody-conjugated agarose beads (C) were used for immunoprecipitation, and the interaction was detected by immunoblotting with the indicated antibodies.

D Endogenous interaction between MAVS and SIRT5. Anti-MAVS antibody was used for immunoprecipitation, and normal mouse IgG was used as a control.
E Endogenous interaction between MAVS and SIRT5 in the wild-type (WT) (MAVS+/+) or SIRT5-deficient (MAVS�/�) H1299 cells. Anti-MAVS antibody was used for

immunoprecipitation, and the interaction was detected by immunoblotting with anti-SIRT5 antibody.
F GST pull-down assay for GST-tagged MAVS and His-tagged SIRT5. GST-tagged MAVS and His-tagged SIRT5 were expressed in Escherichia coli (BL21), respectively.

The association of GST-MAVS with His-SIRT5 was detected by immunoblotting with anti-SIRT5 antibody. GST and GST-MAVS proteins were stained with Coomassie
blue.

G Schematic of MAVS domains interacted with SIRT5. The interaction is indicated by plus (+) sign.
H, I Co-immunoprecipitation analysis of HA-SIRT5 with Flag-MAVS-truncated mutants. HEK293T cells were co-transfected with the indicated plasmids. Anti-Flag

antibody-conjugated agarose beads were used for immunoprecipitation, and the interaction was analyzed by immunoblotting with the indicated antibodies. Flag-
MAVS fragments (WT: full length; DC1, 1–173 aa; DC2, 1–513 aa; DN1, 91–540 aa; DN2, 173–540 aa; DCARD, D10–77 aa; DPR, D103–173 aa; DTM, D514–535 aa).

Data information: IP, immunoprecipitation; TCL, total cell lysates.
Source data are available online for this figure.
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BMDCs (Fig 6O). Similarly, SeV- and VSV-induced expressions of

Ifnb, Ifna1, Ifna4, Cxcl10, and Ccl5 or Cxcl11 were significantly up-

regulated in Sirt5�/� BMDMs compared to the induction in the WT

counterparts (Appendix Fig S7). These observations suggest that

Sirt5 suppresses innate antiviral response in bone marrow-derived

dendritic cells and macrophages.

Disruption of Sirt5 potentiates host innate antiviral
immune responses

To further determine the physiological function of Sirt5 in antiviral

immunity, we challenged WT littermates (Sirt5+/+) and Sirt5-defi-

cient (Sirt5�/�) mice with VSV. After intraperitoneal injection (i.p.)

with VSV, succinylation of MAVS in livers and lungs of WT mice

was increased revealed by anti-succ-K7-MAVS antibody (Fig 7A and

B). Moreover, after i.p. injection with VSV, succinylation of MAVS

in livers and lungs was significantly higher in Sirt5�/� mice than in

Sirt5+/+ mice (Fig 7C and D). Sirt5�/� mice were also more resis-

tant to infection with VSV than Sirt5+/+ mice (Fig 7E). Consis-

tently, the Ifnb level in serum was higher in Sirt5�/� mice than in

Sirt5+/+ mice (Fig 7F). In addition, after infection with VSV, H & E

staining showed less infiltration of immune cells and less injury in

the lungs of Sirt5�/� mice, compared to the lungs of Sirt5+/+ mice.

Consistent with the increased production of Ifnb, Ifnb mRNA,

Ifna1 mRNA, Ifit1 mRNA, Isg15 mRNA, Cxcl10 mRNA, Cxcl11

mRNA, Rig-I mRNA, and Irf7 mRNA were higher in lungs and

spleens of Sirt5�/� mice (Figs 7H–O and EV5A–E). As expected,

VSV-specific mRNA was lower in lungs and spleens of Sirt5�/� mice

(Figs 7P and EV5F).

These in vivo data indicate that Sirt5 is an important negative

regulator of antiviral immune response against RNA viruses.

Discussion

MAVS is the central molecule that links viral recognition to down-

stream antiviral kinase cascades (Kawai et al, 2005; Meylan et al,

2005; Seth et al, 2005; Xu et al, 2005; Moore & Ting, 2008; Hou

et al, 2011; Tan et al, 2018). Regulation of MAVS activation through

PTM has been extensively investigated (Liu et al, 2015, 2016a; Li

et al, 2018a; Liu & Gao, 2018; He et al, 2019). In this study, we

found that MAVS could be succinylated upon viral challenge,

uncovering a novel PTM of MAVS. In addition, we found that SIRT5

desuccinylates MAVS at Lysine 7, leading to the impairment of type

I IFN production and antiviral gene expression. This finding

revealed a novel function of SIRT5 in antiviral innate immunity.

Protein succinylation caused by succinyl-CoA is a recently identi-

fied PTM of proteins, which links metabolism to protein function

(Weinert et al, 2013; Yang & Gibson, 2019). Here, we identified that

MAVS is succinylated in response to viral infection and succinyla-

tion of MAVS appears to facilitate its activity in antiviral innate

immunity. It is evident that even though succinyl-CoA can be gener-

ated in cells through different metabolic pathways (Weinert et al,

2013; Yang & Gibson, 2019), succinyl-CoA formed in the Krebs cycle

is considered the main succinyl donor to lysine in protein succinyla-

tion (Weinert et al, 2013). Therefore, our findings suggest a critical

role for succinyl-CoA mainly derived from the mitochondrial Krebs

cycle in antiviral innate immunity, connecting Krebs cycle to RLR

signaling pathway.

Substantial evidence that has accumulated in recent years has

highlighted that intermediates and derivatives of the mitochondrial

Krebs cycle possess immune signaling functions (Tannahill et al,

2013; Mills et al, 2016; Lei et al, 2018; Murphy & O’Neill, 2018;

Williams & O’Neill, 2018; Peruzzotti-Jametti et al, 2018; Ryan et al,

2019). SDH inhibition and succinate accumulation resulting from

dysregulation of succinate metabolism can cause accumulation of

succinyl-CoA, which causes lysine succinylation (Weinert et al,

2013; Yang & Gibson, 2019). Here, our findings that succinylation of

MAVS modulates antiviral innate immunity extend the importance

of intermediates and derivatives of the mitochondria Krebs cycle in

immune signaling. However, the de novo process and the underlying

molecular mechanisms of succinylation in response to viral infec-

tion are still unclear. In addition, the contribution of succinylation

to antiviral innate immunity remains poorly understood. Resolving

◀ Figure 3. MAVS is succinylated at Lysine 7, and SIRT5 mediates its desuccinylation.

A, B MAVS could be succinylated in vitro. GST-MAVS (A) extracted from Escherichia coli or Flag-tagged MAVS (B) protein purified from HEK293T cells was incubated with
the indicated concentrations of succinyl-CoA. Protein succinylation was detected with anti-pan-succinyl-lysine antibody; GST-MAVS or Flag-MAVS was stained by
Coomassie blue.

C The succinylated residue in MAVS was identified by mass spectrometry analysis.
D Sequence alignment of partial MAVS (1–30 amino acids) from human, macaque, cow, pig, dog, mouse, and rat. The red box indicates a conserved lysine (K7).
E Dot blot assay for the specificity of anti-succ-K7-MAVS antibody. Equal amounts of succinyl-peptides or the control peptides were immunoblotted with the

indicated dilutions of anti-succ-K7-MAVS antibody.
F, G GST-MAVS (F) extracted from E. coli or Flag-MAVS (G) purified from HEK293T cells was incubated with the indicated concentrations of succinyl-CoA. The

succinylation of MAVS at Lysine 7 was detected by anti-succ-K7-MAVS antibody.
H Disruption of SIRT5 in H1299 cells enhanced succinylation of MAVS at Lys 7 compared to that in the SIRT5-intact H1299 cells (SIRT5+/+) (3.2 vs. 1.0). The cell lysates

from SIRT5-deficient H1299 cells or the SIRT5-intact H1299 cells were immunoprecipitated with anti-MAVS antibody or mouse IgG control, followed by
immunoblotting with anti-succ-K7-MAVS antibody.

I Reconstitution of WT SIRT5 in SIRT5-deficient H1299 cells (SIRT5�/�) caused a significant reduction in succinylation of MAVS at Lys 7 (1.0 vs. 0.2); but overexpression
of SIRT5-H158Y in SIRT5�/� H1299 cells has no effect on the reduction in succinylation of MAVS at Lys 7 (1.0 vs. 1.2). The SIRT5�/� H1299 cells were transfected with
Flag-SIRT5 or Flag-SIRT5-H158Y, followed by immunoprecipitating with anti-MAVS antibody or mouse IgG control, and immunoblotting with anti-succ-K7-MAVS
antibody.

J, K Knockout of Sirt5 increased MAVS succinylation in mouse livers (J) and lungs (K). Proteins extracted from livers (J) and lungs (K) of Sirt5 KO and the wild-type
littermates (n = 3 per group) were detected by the indicated antibodies. MAVS succinylation was determined by anti-succ-K7-MAVS antibody, and anti-pan-
succinyl-lysine antibody was used as positive controls.

Data information: IP, immunoprecipitation; TCL, total cell lysates.
Source data are available online for this figure.
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these issues may improve our understanding of the role of protein

succinylation in innate immunity.

MAVS aggregation is considered to be a hallmark of its activation

and to be essential for its antiviral function (Hou et al, 2011; Cai

et al, 2014). The N-terminal CARD domain of MAVS is necessary

and sufficient for forming active MAVS aggregates (Hou et al, 2011;

Xu et al, 2014). Therefore, to date, some factors reported affect

MAVS activation usually through modifying its CARD domain

directly or indirectly (Liu et al, 2015, 2017; Dai et al, 2018). In this

study, we identified that Lysine 7 of MAVS is succinylated, which is

proximal, but does not exactly localize to the CARD domain.

However, succinylation or desuccinylation of Lysine 7 in MAVS still

influences the formation of aggregates of MAVS after viral infection,

suggesting that the modification of other sites not located in CARD

domain also has impacts on MAVS aggregation. Notably, compared

to other modifications, succinylation causes a relatively large
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increase in mass (100.02 Daltons) in addition to a protein charge flip

from positive to negative (Zhang et al, 2011; Alleyn et al, 2018;

Yang & Gibson, 2019). This may cause it to have a large impact on

the structure as well as function of the proteins that it modifies,

particularly on dramatic conformational alternations of its targeted

substrates (Alleyn et al, 2018). These notions may provide a possi-

ble explanation for the effect of succinylation or desuccinylation of

Lysine 7 on MAVS aggregation even though Lysine 7 of MAVS is far

from the MAVS-MAVS interaction interface (Hou et al, 2011; Xu

et al, 2014; Yang & Gibson, 2019). Consciously, the mechanistic

insights beyond this phenomenon are still mystical. To further

demonstrate how succinylation or desuccinylation of Lysine 7

affects MAVS aggregation will get insights to the mechanism of

SIRT5 in regulating antiviral innate immunity.

Notably, ubiquitination of Lysine 7 in MAVS catalyzed by TRIM25

and MARCH5 has been identified, which promotes proteasome-

mediated degradation of MAVS (Castanier et al, 2012; Yoo et al,

2015). In this study, we found that desuccinylation of Lysine 7 in

MAVS by SIRT5 apparently had no impact on MAVS protein stability.

Thus, succinylation of MAVS Lysine 7 might not influence MAVS

ubiquitination at Lysine 7. However, we observed that SIRT5 attenu-

ated K63-linked polyubiquitination of MAVS, which is consistent with

the suppressive role of SIRT5 on MAVS activation (Liu et al, 2017).

Whether the enzyme responsible for succinylation existed is still

debatable, but SIRT5 has been identified as an important desucciny-

lase, which plays pivotal functions in diverse pathways (Park et al,

2013; Rardin et al, 2013; Anderson et al, 2014; Wang et al, 2017a;

Heinonen et al, 2018). However, to date, the connection between

protein desuccinylation catalyzed by SIRT5 and RLR-mediated

innate immune activation has remained elusive. Our study identified

that SIRT5 catalyzes desuccinylation of MAVS at Lysine 7, thereby

attenuating RLR signaling and downstream type I IFN production.

This finding suggests a critical role of MAVS desuccinylation in

antiviral innate immunity.

Since the desuccinylase activity of SIRT5 has been reported,

increasing evidence supports its pivotal role in desuccinylation (Du

et al, 2011; Park et al, 2013; Wang et al, 2017a; Yang & Gibson,

2019). However, in addition to desuccinylase activity, demalony-

lase, and deglutarylase activity have been revealed for SIRT5 (Du

et al, 2011; Tan et al, 2014; Nishida et al, 2015). To further investi-

gate whether these activities owned by SIRT5 can affect MAVS acti-

vation and antiviral response will be interesting.

SIRT5 mainly localizes in mitochondrial (Finkel et al, 2009). In

fact, MAVS localizes in mitochondria to function (Seth et al,

2005; Liu et al, 2017; Dai et al, 2018). Here, we identified that

SIRT5 co-localizes with MAVS in mitochondria and catalyzes

◀ Figure 4. SIRT5 negatively regulates cellular antiviral response.

A–C Quantitative real-time PCR analysis (qPCR) of IFNb (A), CXCL10 (B), and IFIT1 (C) mRNA in HEK293T cells transfected with the control plasmid (Myc empty) or the
plasmid expressing Myc-SIRT5 (Myc-SIRT5) for 24 h, followed by infection with or without SeV (SeV or UI) for 8 h.

D–F qPCR analysis of IFNb (D), CXCL10 (E), and IFIT1 (F) mRNA in SIRT5-deficient or WT H1299 cells (SIRT5�/� or SIRT5+/+) infected with or without SeV (SeV or UI) for
8 h.

G–I qPCR analysis of IFNb (G), CXCL10 (H), and IFIT1 (I) mRNA in SIRT5-deficient or WT H1299 cells (SIRT5�/� or SIRT5+/+) infected with or without VSV (VSV or UI) for
8 h.

J qPCR analysis of IFNb mRNA in HEK293T cells transfected with the control plasmid (Myc empty), or the plasmid expressing Myc-SIRT5 (Myc-SIRT5), or its enzyme-
deficient mutant H158Y (Myc-SIRT5-H158Y) for 24 h, followed by stimulation with or without poly(I:C) for 8 h.

K qPCR analysis of IFNb mRNA in SIRT5-deficient H1299 cells (SIRT5�/�) transfected with the control plasmid (Myc empty) or the plasmid expressing Myc-SIRT5
(Myc-SIRT5) or its enzyme-deficient mutant H158Y (Myc-SIRT5-H158Y) for 24 h, followed by infection with (+) or without (�) SeV for 8 h.

L SDD-AGE analysis of MAVS aggregates in HEK293T cells transfected HA-MAVS together with WT Myc-SIRT5 or its enzyme-deficient mutant (Myc-SIRT5-H158Y)
after infected with SeV for 12 h. SDS–PAGE immunoblotting was used as a loading control.

M, N IFNb promoter activity (M) and ISRE reporter activity (N) in HEK293T cells co-transfected Myc-SIRT5 together with HA-MAVS or HA-MAVS-K7R.
O–Q SIRT5-deficient or WT H1299 cells (SIRT5�/� or SIRT5+/+) were infected with VSV-GFP viruses (MOI = 0.1) for 12 h, and viral infectivity was detected by fluorescence

microscopy (O), Western blot analysis (P), or flow cytometry analysis (n = 3) (Q).

Data information: UI, uninfected. The graphs represent fold induction relative to the untreated cells. All data are presented as the mean values based on three
independent experiments, and error bars indicate s.e.m. (unpaired two-tailed Student’s t-test).
Source data are available online for this figure.

▸Figure 5. Sirt5 deficiency potentiates the host innate antiviral immune response.

A–F qPCR analysis of Ifnb (A), Ifna1 (B), Ifna4 (C), Ifit1 (D), Cxcl10 (E), and Cxcl11 (F) mRNA in WT or Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) infected with or
without SeV (SeV or UI) for 8 h.

G WT or Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) were infected with or without SeV for the indicated times, and the cell lysates were analyzed by
immunoblotting for monomeric (Monomer) and dimeric (Dimer) Irf3 (top; native PAGE), phosphorylated Irf3 (p-Irf3), total Irf3, Sirt5, and GAPDH (bottom).

H WT or Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) were infected with or without SeV for 8 h, and the interaction between endogenous MAVS and Rig-I was
revealed by immunoprecipitation using anti-MAVS antibody, followed by immunoblotting with anti-Rig-I antibody.

I SDD-AGE analysis of MAVS aggregates in WT or Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) infected with SeV for 12 h. SDS–PAGE immunoblotting was used as a
loading control.

J–O qPCR analysis of Ifnb (J), Ifna1 (K), Ifna4 (L), Ifit1 (M), Cxcl10 (N), and Cxcl11 (O) mRNA in WT or Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) infected with or
without VSV (VSV or UI) for 8 h.

P–R WT or Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) were infected with or without VSV-GFP viruses for 12 h, and viral infectivity was detected by fluorescence
microscopy (P), Western blot analysis (Q), and flow cytometry analysis (n = 3) (R).

Data information: UI, uninfected. The graphs represent fold induction relative to the untreated cells. All data are presented as the mean values based on three
independent experiments, and error bars indicate s.e.m. (unpaired two-tailed Student’s t-test).
Source data are available online for this figure.
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Figure 6. Sirt5 deficiency potentiates antiviral immune response in bone marrow-derived dendritic (BMDC) cells.

A–G qPCR analysis of Ifnb (A), Ifna1 (B), Ifna4 (C), Ifit1 (D), Rig-I (E), Cxcl10 (F), and Cxcl11 (G) mRNA in WT or Sirt5-deficient BMDCs (Sirt5+/+ or Sirt5�/�) infected with or
without SeV (Sev or UI) for 8 h.

H–N qPCR analysis of Ifnb (H), Ifna1 (I), Ifna4 (J), Ifit1 (K), Rig-I (L), Cxcl10 (M), and Cxcl11 (N) mRNA in WT or Sirt5-deficient BMDCs (Sirt5+/+ or Sirt5�/�) infected with or
without VSV viruses (VSV or UI) for 8 h.

O Confocal fluorescence microscopy image of replication in WT or Sirt5-deficient BMDCs (Sirt5+/+ or Sirt5�/�) after infected with VSV-GFP viruses for 12 h (MOI = 1)
(fluorescence, upper; bright-field, bottom). Scale bar = 75 lm.

Data information: UI, uninfected. The graphs represent fold induction relative to the untreated cells. All data are presented as the mean values based on three
independent experiments, and error bars indicate s.e.m. (unpaired two-tailed Student’s t-test).
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MAVS desuccinylation, re-enforcing the impact of SIRT5 on MAVS

function.

In this study, we noticed that SIRT5 still suppresses MAVS-K7R

mutant activity even though the effect is not as dramatic as that on

WT MAVS activity. Thus, SIRT5 might modify other lysine (s) in addi-

tion to Lysine 7 of MAVS. To further determine whether other lysines

of MAVS are desuccinylated by SIRT5 and subsequently affect MAVS

function will gain a full picture of the role of SIRT5 in RLR signaling.
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Materials and Methods

Cell culture

HEK293T, H1299, and HCT116 cells were cultured in Dulbecco’s

modified Eagle medium (DMEM) (HyClone) with 10% fetal bovine

serum (FBS). WT Sirt5 and Sirt5-deficient mouse embryo fibroblasts

(MEFs) were maintained in DMEM supplemented with sodium

pyruvate (110 mg/l), 10% FBS, 1× nonessential amino acids

(Sigma) and 1% penicillin–streptomycin. The cells were grown at

37°C in a humidified incubator containing 5% CO2.

Mice

Sirt5 knockout (KO) mice (B6; 129 background) were purchased

from the Jackson Laboratory (https://www.jax.org/strain/012757).

All animal procedures were approved by Institutional Animal Care

and Use Committee (IACUC) at Institute of Hydrobiology, Chinese

Academy of Sciences. The Sirt5-deficient mice were backcrossed

seven generations onto a C57BL/6J background before conducting

this study. Mice were housed (12-h light/dark cycle, 22°C) and

given unrestricted access to standard diet and tap water under

specific pathogen-free conditions in Animal Research Center of

Wuhan University. Littermates of the same sex were randomly

assigned to experimental groups. All the analyses were performed

blindly.

Viruses

Sendai viruses (SeV) (provided by Dr. Bo Zhong; Wuhan University,

China), VSV-GFP viruses (VSV) (provided by Dr. Mingzhou Chen;

Wuhan University, China), and HSV-1 (provided by Dr. Chunfu

Zheng; Fujian Medical University, Fuzhou, China) were propagated

and tittered by plague assay on Vero cells.

Reagents and resources

The reagents and resources are listed in Appendix Table S1.

Luciferase reporter assays

Cells were grown in 24-well plates and transfected with various

amounts of plasmids by VigoFect (Vigorous Biotech, Beijing,

China), as well as with pCMV-Renilla used as an internal control.

After the cells were transfected for 18–24 h, the luciferase activity

was determined by the dual-luciferase reporter assay system

(Promega). Data were normalized to Renilla luciferase. Data are

reported as mean � s.e.m., which are representative of at least

three independent experiments, each performed in triplicate.

Quantitative real-time PCR (qPCR)

Total RNAs were extracted using RNAiso Plus (TaKaRa Bio., Beijing,

China) following the protocol provided by the manufacturer. cDNAs

were synthesized using the RevertAid First Strand cDNA Synthesis

Kit (Thermo Scientific, Waltham, MA, USA). MonAmpTM SYBR�

Green qPCR Mix (high Rox) (Monad Bio., Shanghai, China) was

used for quantitative RT–PCR assays. The primers for quantitative

real-time PCR assays are listed in Appendix Table S2.

SiRNA-mediated knockdown cell lines

The siRNA sequences targeting SIRT5 were described previously

(Wang et al, 2017a). The siRNA oligo was obtained from Gene-

Pharma Company and used at a final concentration of 100 lM.

CRISPR-Cas9 knockout cell lines

To generate H1299 or HCT116 SIRT5-knocked-out cell lines, sgRNA

sequence were ligated into LentiCRISPRv2 plasmid and then co-

transfected with viral packaging plasmids (psPAX2 and pMD2G)

into HEK293T cells. Six hours after transfection, medium was

changed, and viral supernatant was filtered through 0.45-lm
strainer 42 h later. Targeted cells were infected by viral supernatant

and selected by 1 lg/ml puromycin for 2 weeks. The sgRNA

sequences targeting SIRT5 and MAVS were described as previously

(Fang et al, 2017; Yang et al, 2018).

◀ Figure 7. Pivotal role of Sirt5 in MAVS desuccinylation and antiviral immune response in vivo.

A, B VSV infection increased MAVS succinylation in mouse livers (A) and lungs (B). Proteins in the livers (A) and lungs (B) of WT littermates injected intraperitoneally
with (+) VSV (1 × 107 plaque-forming units (PFU) per mouse) or PBS control (�) (n = 3 per group) were detected with the indicated antibodies. MAVS succinylation
was determined by anti-succ-K7-MAVS antibody. Relative succinylation level was quantified (right panel).

C, D Knockout of Sirt5 increased MAVS succinylation in mouse livers (C) and lungs (D) upon VSV infection. Proteins in the livers (C) and lungs (D) of Sirt5-
deficient or WT littermates (Sirt5�/� or Sirt5+/+) injected intraperitoneally with VSV (1 × 107 plaque-forming units (PFU) per mouse) (n = 3 per group) for
24 h were detected with the indicated antibodies. MAVS succinylation was determined by anti-succ-K7-MAVS antibody. Relative succinylation level was
quantified (right panel).

E Survival (Kaplan–Meier curve) of WT mice (n = 7) and Sirt5-deficient mice (n = 7) injected intraperitoneally with a high dose of VSV (5 × 107 PFU per mouse) and
monitored for 10 days.

F ELISA assay of Ifnb in serum from the WT mice (n = 4) and Sirt5-deficient mice (n = 4) injected intraperitoneally with VSV (1 × 107 plaque-forming units (PFU) per
mouse) or PBS control for 24 h.

G Hematoxylin-and-eosin-stained images of lung sections from mice in F. Scale bar = 50 lm.
H–O qPCR analysis of Ifnb (H), Ifna1 (I), Ifit1 (J), Isg15 (K), Cxcl10 (L), Cxcl11 (M), Rig-I (N), and Irf7 (O) mRNA in the lungs of WT or Sirt5-deficient mice (Sirt5+/+ or

Sirt5�/�) injected intraperitoneally with VSV (1 × 107 plaque-forming units (PFU) per mouse) or PBS control for 24 h.
P qPCR analysis of VSV mRNA in the lungs of WT or Sirt5-deficient mice (Sirt5+/+ or Sirt5�/�) injected intraperitoneally with VSV (1 × 107 plaque-forming units (PFU)

per mouse) or PBS control for 24 h.

Data information: The graphs represent fold induction relative to the untreated WT mice. PBS, phosphate-buffered saline. All data are presented as the mean values
based on three independent experiments, and error bars indicate s.e.m. (unpaired two-tailed Student’s t-test or two-way ANOVA analysis).
Source data are available online for this figure.
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Immunofluorescence confocal microscopy

Cells grown on glass coverslips were fixed with 4% paraformalde-

hyde in PBS for 20 min, permeabilized with 0.1% Triton X-100, and

blocked with 1% bovine serum albumin. Then, the cells were

stained with the indicated primary antibodies followed by incuba-

tion with fluorescent-dye-conjugated secondary antibodies. Nuclei

were counterstained with DAPI (Sigma-Aldrich). For mitochondrial

staining, living cells were incubated with 300 nM MitoTracker

(Invitrogen) for 30 min at 37°C. Imaging of the cells was carried out

using a Leica laser-scanning confocal microscope.

Immunoprecipitation and Western blot

Co-immunoprecipitation and Western blot analysis were performed

as described previously (Wang et al, 2017b). The Fuji Film LAS4000

mini-luminescent image analyzer was used to photograph the blots.

Multi Gauge V3.0 or ImageJ software (National Institutes of Health)

was used for quantifying the protein levels based on the band

density obtained in Western blot analysis.

In vitro succinylation assay

Reactions contain succinylation buffer (20 mmol/l pH 8.0 HEPES,

1 mmol/l dithiothreitol, 1 mmol/l phenylmethylsulfonyl fluoride,

and 0.1 mg/ml BSA), purified MAVS proteins, and different concen-

trations of succinyl-CoA (S1129, Sigma-Aldrich). Reaction mixture

was incubated at 30°C for 15 min. The reaction was stopped by

adding loading buffer and subjected to SDS–PAGE. Proteins were

analyzed by Western blot analysis and Coomassie blue staining.

Identification of MAVS succinylation site(s) by mass spectrometry

HEK293T cells were transfected with Flag-MAVS plasmid. Cell lysate

was immunoprecipitated with anti-Flag Ab-conjugated agarose

beads overnight. Immunoprecipitated MAVS proteins were

subjected to 8% SDS–PAGE gel, and MAVS bands were excised from

the gel and analyzed by mass spectrometry in Protein Gene Biotech,

Wuhan, Hubei, China.

Generation of anti-succ-K7-MAVS antibody

MAVS K7 site-specific succinylation antibody (anti-succ-K7-MAVS)

was generated by using a human MAVS succinylated peptide

(MPFAED(succ-K)TYKYIC) as an antigen. After purifying the anti-

bodies with excess unmodified peptide (MPFAEDKTYKYIC), anti-

bodies recognizing site-specific succinylation were enriched by

biotin labeled MAVS succinylated peptides. The specificity of anti-

succ-K7-MAVS antibody was verified by dot blot assay.

MEF cells, BMDM cells, and BMDCs

Primary mouse embryonic fibroblasts (MEFs) were prepared from

embryos at embryonic days 12.5–14.5 and were cultured in DMEM

containing 20% FBS, 1% streptomycin–penicillin, and 10 lM b-
mercaptoethanol. Bone marrow cells were isolated from mouse

femur. The cells were cultured in DMEM containing 10% FBS, 1%

streptomycin–penicillin, and 10 lM b-mercaptoethanol, with M-

CSF (10 ng/ml, Peprotech) for BMDM differentiation or GM-CSF

(20 ng/ml, Peprotech) for BMDC differentiation, respectively. On

day 6, the cells were re-seeded and used for subsequent experi-

ments.

Native PAGE

Cells were harvested and lysed with lysis buffer (50 mM Tris–HCl, pH

7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and protease inhibitor),

and 20 lg total protein was applied for native PAGE after centrifuga-

tion at 11,950 g. Native PAGE was performed with an 8% gel without

SDS. The gel was pre-run with the running buffer (25 mM Tris–HCl,

pH 8.4, 192 mM glycine, with or without 0.2% deoxycholate in the

cathode and anode buffer, respectively) at 75 V for 30 min. The

samples were electrophoresed at 75 V for 3 h in a cold temperature

and followed by transferring onto membrane for immunoblot analysis.

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)

Crude mitochondria and cytosolic extracts were separated from

HEK293T or MEF cells using differential centrifugation. After

infected with SeV for 9 h, the cells were harvested and resus-

pended in buffer A (10 mM Tris–HCl pH 7.5, 1.5 mM MgCl2,

10 mM KCl, 0.25 M d-mannitol) and then lysed by grinding; cell

debris and the supernatant were separated by centrifugation at

700 g for 10 min. The supernatants were then removed to a new

EP tube and centrifuged at 10,000 g for 10 min at 4°C to separate

crude mitochondria and cytosolic extracts. The crude mitochondria

were resuspended in 1× sample buffer (0.5 × TBE, 10% glycerol,

2% SDS, and 0.0025% bromophenol blue) and loaded onto a

1.5% agarose gel. Then, the samples were electrophoresed at a

constant voltage of 100 V at 4°C until the bromophenol blue dye

reached the bottom of the agarose gel. The proteins were trans-

ferred to PVDF membranes (Millipore) for immunoblotting.

Flow cytometry assay

H1299 and MEF cells were harvested and washed with PBS. Total

cells were analyzed using Beckman CytoFLEX S. The data were

analyzed and generated with FlowJo software.

Viral infection in vivo

For in vivo viral infection studies, age- and sex-matched Sirt5+/+ and

Sirt5�/� mice (6–8 weeks old) were infected with VSV (1 × 107 pfu/

mouse) by intraperitoneal injection. IFNb concentration in super-

natants of serum from Sirt5+/+ and Sirt5�/� mice was determined by

using the mouse IFNb ELASA kit (BioLegend, 439408) according to

the manufacturer’s protocol. The VSV mRNA levels in the lung and

spleen were determined by quantitative real-time PCR assays (qPCR).

For the survival experiments, mice were monitored for survival after

VSV (5 × 107 pfu/mouse) infection by intraperitoneal injection.

Lung histology

Age- and sex-matched Sirt5+/+ and Sirt5�/� mice were infected

with VSV (1 × 107 pfu/mouse) by intraperitoneal injection. Twenty-

four h post-infection, lungs from control or virus-infected mice were
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dissected, fixed in 10% phosphate-buffered formalin, embedded into

paraffin, sectioned, stained with hematoxylin and eosin (H & E)

solution, examined, and photographed under a microscope.

Cellular succinate measurement

Intracellular succinate levels were measured using a commercial

assay kit (ab204718, Abcam) following the protocol provided by the

manufacturer. Briefly, 2 × 106 cells/each group were collected and

cell pellets were homogenized with assay buffer; then, the debris

was removed by centrifugation. The supernatant was further depro-

teinized using Amicon Ultra-10k centrifugal filter (Millipore) and

subjected to succinate measurement.

Ubiquitination assay

Ubiquitination assays were followed the protocol described previ-

ously with some modifications (Liu et al, 2017). Briefly,

HEK293T cells were transfected with the plasmids expressing

Flag-MAVS, His-ubiquitin(WT), His-ubiquitin(K63), and Myc-

SIRT5 for 24 h and then lysed by denatured buffer (6 M guani-

dine-HCl, 0.1 M Na2HPO4/NaH2PO4, 10 mM imidazole), followed

by nickel bead purification and immunoblotting with the indi-

cated antibodies.

For ubiquitination assay in MEF cells, MEF cells were infected

with or without VSV for 8 h, then collected, and lysed with the lysis

buffer (100 ll). The supernatants were denatured at 95°C for 5 min

in the presence of 1% SDS. The denatured lysates were diluted with

lysis buffer to reduce the concentration of SDS (less than 0.1%).

Immunoprecipitation (denature-IP) was conducted using anti-MAVS

antibody and then subjected to immunoblotting with anti-K63-

linked ubiquitin antibody.

Viral titer determination

Viral titer determination was followed the protocol described previ-

ously with some modifications (Liu et al, 2017). Briefly, WT or

Sirt5-deficient MEF cells (Sirt5+/+ or Sirt5�/�) cells were plated

24 h before infection. The cells were infected with VSV (MOI = 0.1).

One hour later, the cells were washed with PBS and then added with

fresh medium. After the cells were incubated for 12 h, the super-

natants were collected and the plaque assay was conducted for

determining VSV titers.

Statistical analysis

GraphPad Prism 6 software (GraphPad Software, San Diego, CA) was

used for all statistical analyses. Differences between experimental

and control groups were determined by unpaired two-tailed Student’s

t-test (where two groups of data were compared) or two-way ANOVA

analysis (where more than two groups of data were compared). P

values less than 0.05 were considered statistically significant. For

animal survival analysis, the Kaplan–Meier method was adopted to

generate graphs, and the survival curves were analyzed by log-rank

analysis.

Expanded View for this article is available online.
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