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Hydrogen sulfide-induced GAPDH sulfhydration disrupts the CCAR2-SIRT1
interaction to initiate autophagy
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ABSTRACT

The deacetylase SIRT1 (sirtuin 1) has emerged as a major regulator of nucleocytoplasmic distribution
of macroautophagy/autophagy marker MAP1LC3/LC3 (microtubule-associated protein 1 light
chain 3). Activation of SIRT1 leads to the deacetylation of LC3 and its translocation from the nucleus
into the cytoplasm leading to an increase in the autophagy flux. Notably, hydrogen sulfide (H,S) is
a cytoprotective gasotransmitter known to activate SIRT1 and autophagy; however, the underlying
mechanism for both remains unknown. Herein, we demonstrate that H,S sulfhydrates the active site
cysteine of the glycolytic enzyme GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Sulfhydration of GAPDH leads to its redistribution into the nucleus. Importantly, nuclear localization
of GAPDH is critical for H,S-mediated activation of autophagy as H,S does not induce autophagy in
cells with GAPDH ablation or cells overexpressing a GAPDH mutant lacking the active site cysteine.
Importantly, we observed that nuclear GAPDH interacts with CCAR2/DBC1 (cell cycle activator a nd
apoptosis regulator 2) inside the nucleus. CCAR2 interacts with the deacetylase SIRT1 to inhibit its
activity. Interaction of GAPDH with CCAR2 disrupts the inhibitory effect of CCAR2 on SIRTI.
Activated SIRT1 then deacetylates MAP1LC3B/LC3B (microtubule-associated protein 1 light chain 3
beta) to induce its translocation into the cytoplasm and activate autophagy. Additionally, we
demonstrate this pathway’s physiological role in autophagy-mediated trafficking of Mycobacterium
tuberculosis into lysosomes to restrict intracellular mycobacteria growth. We think that the pathway
described here could be involved in H,S-mediated clearance of intracellular pathogens and other
health benefits.

Abbreviations: ATG5: autophagy related 5; ATG7: autophagy related 7; BECN1: beclin 1, autophagy
related; CCAR2/DBC1: cell cycle activator and apoptosis regulator 2; CFU: colony-forming units; DLG4/
PSD95: discs large MAGUK scaffold protein 4; EX-527: 6-chloro-2,3,4,9-tetrahydro-1H-carbazole-1-carbox-
amide; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; H,S: hydrogen sulfide; HEK: human
embryonic kidney cells; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain 3 beta; MEF:
mouse embryonic fibroblast; Mtb: Mycobacterium tuberculosis; MTOR: mechanistic target of rapamycin
kinase; MOI: multiplicity of infection; NO: nitric oxide; PI3K: phosphatidylinositol-4,5-bisphosphate
3-kinase; PLA: proximity ligation assay; PRKAA: protein kinase, AMP-activated, alpha catalytic subunit;
SIAH1: siah E3 ubiquitin protein ligase 1A; SIRT1: sirtuin 1; TB: tuberculosis; TP53INP2/DOR: transforma-
tion related protein 53 inducible nuclear protein 2; TRP53/TP53: transformation related protein 53
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Introduction

Hydrogen sulfide (H,S) is a gasotransmitter analogous to
nitric oxide (NO) and carbon monoxide (CO). Various
cytoprotective functions, such as thermotolerance, antioxi-
dant defense, vasorelaxation, neurotransmission, lifespan

degradation of PSD95 (postsynaptic density 95 protein)
and results in memory impairment [5]. Importantly,
GAPDH can be nitrosylated at C150, which induces its
translocation into the nucleus [6], wherein it S-trans-

extension, autophagy induction, etc., are ascribed to H,S [1].
H,S primarily functions through S-sulthydration or persulf-
hydration of cysteine residues on proteins to modulate their
function [2,3]. GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) and actin are the most abundant proteins that are
sulfhydrated by H,S [4]. Sulthydration of GAPDH at the
active site cysteine (C150) induces its enzymatic activity [4]
and stabilizes its interaction with the E3 ubiquitin ligase
SIAH1 (seven in absentia homolog 1), which enables

nitrosylates and inactivates the NAD+ dependent deacetylase
SIRT1 (sirtuin 1) [7]. Interestingly, H,S also induces expres-
sion [8] and activity [9] of SIRT1. Increased SIRT1 activity
imparts a plethora of health benefits, including retardation
of cellular senescence and aging, aversion of metabolic dis-
eases, cancer, cardiac aging, neurodegeneration, etc [10].
However, the molecular basis of the H,S-mediated increase
in SIRT1 activity remains poorly defined.
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Several benefits associated with H,S are also attributed
to macroautophagy (hereafter referred to as autophagy).
Autophagy is a cytoprotective process through which
damaged organelles, intracellular pathogens, etc., are
sequestered within a double membrane structure called
the autophagosome, which then fuses with lysosomes to
facilitate degradation and recycling of the sequestered
material. Importantly, antigen-presenting cells such as
macrophages and dendritic cells utilize autophagy for the
trafficking of pathogens to lysosomes and thus their clear-
ance [11]. Besides eliminating pathogens, autophagy plays
a critical role in regulating innate and adaptive immune
responses and therefore dictates the outcome of several
infectious diseases such as tuberculosis [12-15]. It also
plays an essential role in interferon-gamma mediated
restriction of growth of intracellular Mycobacterium [16].
Besides, the regulation of the immune response and elim-
inating pathogens, it plays a vital role in cellular home-
ostasis. Since autophagy is essential for cellular
homeostasis, its initiation, elongation, and maturation of
autophagosomes are tightly regulated [17]. Some of the
proteins involved in autophagy initiation, such as ATGS5,
ATG7, and MAPILC3/LC3 (microtubule-associated pro-
tein 1 light chain 3; a mammalian homolog of yeast
Atg8), reside inside the nucleus in acetylated form. Upon
glucose starvation, PRKAA (protein kinase, AMP-
activated, alpha catalytic subunit; a subunit of AMP-
activated protein kinase, AMPK) phosphorylates GAPDH
on serine 122 (serine 120 in mice). It induces redistribu-
tion of GAPDH into the nucleus, where it interacts with
SIRT1. This interaction leads to the activation of SIRTI
through the displacement of the SIRT1 inhibitor, CCAR2/
DBC1 (cell cycle activator and apoptosis regulator 2) from
the SIRT1-CCAR2 complex [18]. Activation of SIRT1
leads to the deacetylation of ATG5, ATG7, and LC3.
This deacetylation enables the interaction of these proteins
with the TP53INP2 (transformation related protein 53
inducible nuclear protein 2). TP53INP2 facilitates the
movement of LC3 from the nucleus to the cytoplasm,
where it is conjugated with phosphatidylethanolamine
and plays a critical role in autophagosome formation
[19]. Recent studies indicate that H,S induces autophagy
[20,21]. However, the molecular basis of autophagy regu-
lation by H,S remains elusive. Given that H,S induces
SIRT1 activity and sulfhydrates GAPDH directly, the
GAPDH-SIRT1-LC3 axis’s role in the modulation of auto-
phagy by H,S could be analyzed.

In this study, we utilized immunofluorescence micro-
scopy, subcellular fractionation, and transient expression
of GFP-tagged GAPDH to demonstrate that GAPDH
translocates to the nucleus in response to H,S exposure.
Furthermore, several assays were utilized to elucidate the
role of GAPDH in autophagy modulation by H,S. Several
independent approaches were employed to demonstrate
the interaction between GAPDH with CCAR2, ultimately
leading to the activation of SIRT1 and autophagy. We
think that this work has identified a sulfhydrated-

GAPDH-CCAR2-SIRT1 signaling axis that regulates auto-
phagy in response to H,S.

Results

Hydrogen sulfide-induced autophagy modulates
trafficking and survival of Mycobacterium tuberculosis
(Mtb) inside macrophages

H,S has been reported to modulate autophagy. Few reports
indicate that H,S induces autophagy [21,22], while others
suggest a negative correlation of H,S with autophagy
[23,24]. This difference could be due to the use of different
cell lines and different concentrations of H,S through distinct
donors in various studies. So we began with assessing whether
H,S modulates autophagy in macrophages. Several H,
S donors are available for studying its biological function
[25,26]. We treated various cell lines with H,S donor
GYY4137. GYY4137 was used as an H,S donor in these
experiments since it is water-soluble and releases H,S slowly
[27]. We analyzed H,S mediated changes in lipidation of
LC3B by western blotting. Lipidation of LC3B is considered
a key biomarker for measuring autophagic flux [28]. We
found an increase in the lipidated LC3B-II form (as normal-
ized to ACTB/p-actin levels) upon H,S treatment in RAW
264.7 macrophages, human embryonic kidney cells (HEK)
293 T, and mouse embryonic fibroblasts (MEFs) (Figure
1A). Moreover, treatment with bafilomycin A; in combina-
tion with the H,S donor increased LC3B lipidation compared
to bafilomycin A; alone (Figure 1A), suggesting an increase in
autophagy flux rather than inhibition of autophagy.
Furthermore, we tested whether H,S modulates autophagy
in primary macrophages. H,S induced autophagy in bone
marrow-derived macrophages (BMDMs) (Figure S1A). We
confirmed these results by overexpression of ptfLC3 in
RAW 264.7 macrophages, which simultaneously measures
autophagosome formation and maturation [29]. We observed
that H,S exposure leads to increased autophagic flux (Figure
1B-D and S1B). These observations were verified using
a GFP-LC3 construct as well (Figure SIC-E). The possibility
of GFP aggregation upon overexpression was ruled out using
an LC3 mutant, LC3-AG120, defective in punctae-formation
[30] (Figure S1F). Next, to test whether H,S-induced auto-
phagy is canonical, we treated cells with H,S in the presence
of wortmannin, a known phosphatidylinositol-4,5-bispho-
sphate 3-kinase (PI3K) inhibitor. We found that wortmannin
inhibited H,S-induced autophagy, suggesting that H,
S induces autophagy via the canonical pathway (Figure
S1G). Furthermore, DQ™ Red BSA was used to demonstrate
that H,S induces autolysosome maturation (Figure S1H).
Earlier studies have shown that H,S could induce apoptosis
through the activation of TP53 [31]. Thus, we tested whether
the concentration of H,S used herein, induces apoptosis. We
observed that the concentrations (250-500 uM of GYY4137)
of H,S used in this study do not induce apoptosis (Figure
S1I). We also analyzed whether the increase in autophagy flux
results in a decrease in the levels of SQSTM]I, which is used as
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Figure 1. Hydrogen sulfide-induced autophagy modulates trafficking and survival of Mtb inside macrophages. (A) RAW 264.7 macrophages, HEK 293 T cells, and MEF
cells were pre-treated with bafilomycin A; (Baf A1, 100 nM) for 2 h followed by treatment with H,S for 2 h. Western blotting was performed to analyze the LC3 flux.
Western blotting was performed to measure LC3B lipidation. ACTB was used for normalization. The numbers below lanes indicate the fold change of LC3B-II relative
to the ACTB signal calculated by performing densitometric analysis using ImageJ software. (B) RAW 264.7 macrophages transiently expressing ptfLC3 were treated
with H,S for 2 h and imaged using a confocal microscope. (C) An average number of autophagosomes per cell, as in (B), was quantified using ImageJ. (D) An average
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number of autolysosomes per cell, as in (B), was quantified using Image). Data (in C and D) represent the mean + SEM from 3 independent experiments (n = 60; 20
randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. (E) RAW 264.7 macrophages were
infected with GFP-Mtb H37Rv at an MOI of 1:5 and treated with H,S or control buffer for 2 h. Lysosomes were visualized using LysoTracker® Red and imaged using
confocal microscopy. (F) Percent colocalization of GFP-Mtb H37Rv with Lysotracker® Red was calculated using Image). Data represent the mean + SEM from 3
independent experiments (n = 180; 60 randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test.
(G) RAW 264.7 macrophages infected with GFP-Mtb H37Rv at an MOI of 1:5 were pulsed with DQ™ Red BSA for 20 min and washed to remove the excess. Cells were
treated with H,S or control buffer for 2 h and fixed using 4% PFA. Cells were imaged using confocal microscopy. (H) Percent colocalization of GFP-Mtb H37Rv with
DQ™ Red BSA was calculated using Image). Data represent the mean + SEM from 3 independent experiments (n = 150; 50 randomly chosen cells from each
experiment were quantified). Statistical significance was determined using Student’s t-test. (I) Mtb H37Rv survival in RAW 264.7 macrophages upon 250 pM GYY4137
treatment for 2 h was calculated using CFU estimation. Data represent mean + SEM from 3 independent experiments. Statistical significance was determined using
Student's t-test. ** indicates a P value of <0.01, *** indicates a P value of <0.001 and **** represents a P value of <0.0001. Scale bar: 5 pm.

another marker of autophagy [32]. We did not observe any
change in the SQSTMI levels upon the exposure of H,
S (Figure S1J).

Mpycobacterium tuberculosis (Mtb) arrests the maturation of
autophagosomes and inhibits their fusion with lysosomes.
Activation of macrophages through cytokines such as inter-
feron-gamma is known to activate autophagy [16,33].
Induction of autophagy facilitates the maturation of phago-
somes and fusion with lysosomes to restrict the growth of
intracellular Mtb [16,33]. Interestingly, innate immunity reg-
ulator TBK1(TANK binding kinase 1) [34] and ubiquitin
ligase parkin [35] play an important role in autophagic
response to TB infection. To establish the physiological rele-
vance of H,S-induced autophagy, we analyzed whether it
modulates the trafficking of Mtb to lysosomes and its intra-
cellular survival. We infected RAW 264.7 macrophages with
Mtb  expressing GFP (GFP-Mtb H37Rv) and used
LysoTracker® Red to visualize the lysosomes. We observed
that H,S-mediated induction of autophagy overcame the
blockade of autophagosome-lysosome fusion induced by
Mtb (Figure 1E,F). ~ 2.5-fold increase in the localization of
Mtb cells with lysosomes was observed in H,S treated macro-
phages compared to untreated cells (Figure 1E,F).
Furthermore, we also utilized the DQ™ Red BSA to visualize
the active lysosomes and observed an increase in Mtb’s loca-
lization into functional lysosomes in H,S stimulated cells
compared to untreated cells (Figure 1G,H). Since the localiza-
tion of Mtb cells to the lysosomes is associated with decreased
survival of Mtb, we analyzed whether H,S exposure of macro-
phages could reduce the survival of intracellular Mtb. As
anticipated, we observed a significant reduction in intracellu-
lar Mtb survival in the H,S treated macrophages compared
with untreated macrophages (Figure 11I). It is possible that H,
S could directly inhibit the mycobacterial growth through
inhibition of respiration. Thus we exposed exponential phase
cultures of Mtb to H,S for 72 h and measured the mycobac-
terial survival. We did not observe inhibition of mycobacterial
growth by H,S (Figure S1K).

Hydrogen sulfide induces nuclear translocation of GAPDH
through sulfhydration

Earlier studies have suggested that GAPDH is one of the
significant targets of H,S mediated sulfhydration [4]. Thus
we tested whether concentrations used in this study induce
sulfhydration on GAPDH. Toward this, we utilized a modified
biotin switch assay [4] and validated that H,S exposure leads
to sulthydration of GAPDH (Figure 2A). Earlier studies have

indicated that nitrosylation of GAPDH induces its nuclear
localization. However, the effect of sulfhydration on the sub-
cellular localization of mammalian GAPDH is not known. We
hypothesized that H,S modulates the subcellular localization
of GAPDH. To test this hypothesis, we examined the subcel-
lular localization of GAPDH upon exposure of macrophages
with H,S using starvation as a positive control to visualize the
nuclear translocation of GAPDH. Immuno-staining for endo-
genous GAPDH demonstrated that H,S exposure results in
translocation of GAPDH into the nucleus similar to starvation
(Figure 2B and C). These findings were confirmed by transi-
ently expressing GFP tagged GAPDH in RAW 264.7 macro-
phages (Figure 2D and E). To determine whether the same is
true for human origin cells, we transiently expressed GFP-
tagged GAPDH in HEK 293 cells and treated them with H,
S. We observed significant nuclear localization of GAPDH in
response to exogenous H,S exposure in these cells as well
(Figure S2A and B). These results were validated by subcel-
lular fractionation of HEK 293 cells exposed to H,S. We
observed higher levels of GAPDH in the nuclear fractions
from H,S-treated cells (Figure 2F). Cell fractionation in
RAW 264.7 macrophages also confirmed that H,S induces
nuclear translocation of GAPDH (Figure S2C). We also ana-
lyzed whether this increase in nuclear GAPDH is due to
increased expression of GAPDH. Western blot analysis sug-
gested that H,S does not induce the expression of GAPDH
(Figure S2D). Next, we analyzed whether the nuclear localiza-
tion of GAPDH upon H,S exposure is reversible or not.
Toward this, the RAW 264.7 macrophages were exposed to
H.,S for two hours, washed with PBS, and then incubated with
fresh medium without the H,S donor for another two hours.
Immuno-staining for endogenous GAPDH after removing H,
S demonstrated the redistribution of GAPDH from the
nucleus to the cytoplasm (Figure 2G and H), suggesting that
GAPDH translocation to the nucleus is a reversible and
dynamic process.

Sulfhydration of active site cysteine is critical for nuclear
translocation of GAPDH

Our studies have suggested that H,S sulfhydrates GAPDH.
We next analyzed whether the active site cysteine (C150) of
GAPDH is the primary target for sulthydration. Toward this,
we employed the protein persulfide detection protocol
(ProPerDP) that directly measures the sulfhydration of
a protein [36]. We overexpressed FLAG-tagged WT GAPDH
and GAPDH"% in HEK 293 T cells. The cells were exposed
to H,S, and sulfhydration of GAPDH was determined using
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Figure 2. Hydrogen sulfide induces nuclear translocation of GAPDH through sulfhydration. (A) Biotin- switch assay was performed, and S-sulfhydrated GAPDH was
detected through western blotting in HEK293 cells. Total GAPDH was used for normalization. Numbers below lanes indicate the fold change of S-sulfhydrated GAPDH
relative to the total GAPDH signal calculated using ImageJ. (B) Representative confocal images of the intracellular distribution of GAPDH in RAW 264.7 macrophages
independently treated with H,S, control buffer, or starved for 2 h, followed by staining with anti-GAPDH antibody (green). Cell nuclei were counterstained with DAPI
(blue). (C) Quantification of the nuclear:cytoplasmic ratio of GAPDH for the experiment described in (B) using ImageJ software. Data represent mean + SEM from 3
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independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test.
(D) Representative confocal images of the distribution of GFP-GAPDH overexpressed in RAW 264.7 cells. RAW 264.7 cells were treated with H,S or starved for 2 h,
followed by staining with DAPI (blue) to visualize nuclei. (E) Quantification of nuclear/cytoplasmic GAPDH using ImageJ software for the experiment described in (D).
Data represent mean + SEM from 3 independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical significance was
determined using Student’s t-test. (F) Western blots of subcellular fractions from HEK 293 cells treated with H,S or their control. LMNB1 and ACTB were used as
markers for nuclear and cytoplasmic fractions, respectively. The numbers below lanes indicate the fold change calculated using the densitometric analysis of GAPDH
relative to the ACTB signal in cytoplasmic fraction and LMNB1 signal in nuclear fraction using ImageJ software. (G) Representative confocal images of the intracellular
distribution of GAPDH in RAW 264.7 macrophages independently treated with H,S or control buffer for 2 h and cells treated with H,S for 2 h followed by washing
and supplementation of fresh normal media (NM) for 2 h. Cells were stained with anti-GAPDH antibody (green), and cell nuclei were counterstained with DAPI (blue).
(H) Quantification of the nuclear:cytoplasmic ratio of GAPDH for the experiment described in (G) using ImageJ software. Data represent mean + SEM from 3
independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student's t-test.

***¥indicates a P value of <0.0001. Scale bar: 5 um.

the ProPerDP. These experiments suggest that H,S mediated
sulthydration primarily happens at the active site cysteine
(Figure 3A). Next, we analyzed whether sulthydration of
C150 is critical for H,S mediated nuclear translocation of
GAPDH. Toward this, we analyzed the subcellular localization
of GFP-tagged WT GAPDH and GAPDH“"*% in response to
H,S, where starvation was used as a positive control.
Importantly, we observed that although GFP-WT GAPDH
localizes to the nucleus, the GAPDH®"** variant of GAPDH
does not translocate into the nucleus (Figure 3B,C). Since
serine can fuse with homocysteine during cysteine biosynth-
esis [37], we also utilized the GAPDH "4 to study the role of
sulthydration in nuclear translocation of GAPDH. We
observed that in line with the earlier observations, the
GAPDH"*** could not translocate into the nucleus (Figure
3D,E). Collectively these observations suggest that sulfhydra-
tion of GAPDH at C150 is critical for its nuclear localization
in response to H,S.

Sulfhydration of GAPDH active site cysteine is critical for
hydrogen sulfide-induced autophagy

Recently, GAPDH was shown to regulate starvation-induced
autophagy [18]. Thus, we assessed whether GAPDH plays
a role in the induction of autophagy by H,S. To this end,
we silenced Gapdh in RAW 264.7 macrophages and exposed
them to H,S. We observed that in cells with Gapdh knock-
down, H,S was unable to induce autophagy as deduced
through western blot analysis for lipidation of LC3B (Figure
4A). These findings were confirmed through confocal micro-
scopy-based visualization of GFP-LC3 puncta formation
(Figure 4B,C). To verify that these changes are primarily due
to the sulfhydration of GAPDH at the active site cysteine by
H,S, we overexpressed the GAPDH®"* in RAW 264.7 cells.
In these cells, the capability of H,S to induce autophagy was
attenuated as observed by lipidation of LC3B (Figure 4D) and
formation of LC3B puncta (Figure 4E,F). The critical role of
sulthydration of GAPDH at cysteine 150 in H,S mediated
induction of autophagy was further validated using the
GAPDH“"*** (Figure 4G,H). Since the above findings suggest
that sulthydration of active site cysteine is critical for nuclear
localization of GAPDH and activation of autophagy, we
hypothesized that in cells overexpressing GAPDH tagged
with a nuclear exclusion signal (GAPDH-NES), H,S would
be unable to induce autophagy. Indeed, we observed that H,
S failed to induce autophagy in cells overexpressing NES-
GAPDH (Figure S3A and B). In light of these findings, we

also tested whether overexpression of GAPDH with a nuclear
localization signal (GAPDH-NLS) activates autophagy. We
observed that the nuclear localization of GAPDH alone is
not sufficient for the induction of autophagy (Figure S3C
and D). These observations suggest that sulfhydration of
GAPDH in the cytoplasm is important for the induction of
autophagy.

Hydrogen sulfide-mediated induction of autophagy does
not depend upon activation of PRKAA

An elegant study earlier demonstrated that GAPDH is phos-
phorylated on serine 120 by activated PRKAA in response to
glucose starvation [18]. This phosphorylation induces the
translocation of GAPDH into the nucleus. Thus, we hypothe-
sized that upon stimulation of cells with H,S, PRKAA would
be activated to phosphorylate GAPDH and mediate its
nuclear translocation, subsequently leading to autophagy
induction. To test this hypothesis, we assessed whether H,
S treatment leads to phosphorylation and activation of
PRKAA. We treated RAW 264.7 macrophages with the H,
S donor GYY4137 and measured phosphorylation of PRKAA.
We did not observe any noticeable increase in the levels of
phospho-PRKAA upon treatment with H,S (Figure S4A). We
also analyzed whether H,S induces nuclear localization of
GAPDH in the presence of compound C (also known as
dorsomorphin), an established PRKAA inhibitor. To this
end, we utilized GFP-tagged GAPDH. To our surprise, we
observed that GAPDH translocates to the nucleus upon expo-
sure to H,S, even in the presence of compound C, suggesting
that H,S-induced nuclear localization of GAPDH occurs inde-
pendently of PRKAA (Figure 5A,B). Since PRKAA-mediated
phosphorylation of GAPDH at serine 120 is critical for its
nuclear translocation in response to starvation, we analyzed
whether GAPDH®*'*** translocates to the nucleus upon H,
S treatment. We observed that GAPDH®'?** translocates to
the nucleus upon treatment with H,S (Figure 5C,D), while it
does not translocate to the nucleus upon starvation, as
demonstrated previously [18]. We further analyzed whether
H,S-induced autophagy is altered by inhibition of PRKAA via
monitoring lipidation of LC3B (Figure 5E). These observa-
tions were confirmed using siRNA for Prkaal (Figure 5F).
Furthermore, we utilized the LC3 mCherry probe for mon-
itoring autophagy in cells wherein Prkaal was knocked down
(Figure 5G,H). Additionally, we also observed that H,
S induces LC3 punctae formation in cells overexpressing the
GAPDH®'?° variant (Figure 51]). In sum, these observations
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Figure 3. Sulfhydration of active site cysteine is critical for nuclear translocation of GAPDH (A) S-sulfhydrated GAPDH was detected using protein persulphide
detection protocol. Sulfhydrated GAPDH was labeled with lodoacetyl-PEG,-Biotin and biotinylated S-sulfhydrated GAPDH was pulled down using streptavidin agarose
beads, followed by its detection using western blotting in HEK293T cells. Numbers below lanes indicate the fold change of S-sulfhydrated GAPDH relative to the
FLAG-GAPDH signal in input calculated by the densitometric analysis using ImageJ software. (B) Representative confocal images for analysis of the distribution of
GAPDH in the nucleus and cytoplasm. RAW 264.7 macrophages transiently overexpressing GFP- WT GAPDH or GFP-GAPDH '*% were treated with H,S donor, control
buffer, or starved for 2 h followed by staining with DAPI. (C) Quantification of GAPDH nuclear:cytoplasmic ratio in RAW 264.7 macrophages transiently overexpressing
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GFP- WT GAPDH or GFP-GAPDH®">% using Image) software on experiments described in (B). Data represent mean + SEM from 3 independent experiments (n = 60;
20 randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. (D) Representative confocal images
for analysis of the distribution of GAPDH in the nucleus and cytoplasm. RAW 264.7 macrophages transiently overexpressing GFP- WT GAPDH or GFP-GAPDH®">%
were treated with H,S donor or control buffer and followed téy staining with DAPI. (E) Quantification of GAPDH nuclear:cytoplasmic ratio in RAW 264.7 macrophages
transiently overexpressing GFP- WT GAPDH or GFP-GAPDH®'*®* using ImageJ software on experiments described in (D). Data represent mean + SEM from 3
independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. ***

indicates a P value of <0.001 and **** represents a P value of <0.0001. Scale bar: 5 pm.

suggest PRKAA mediated phosphorylation of GAPDH at
S120 is not critical for H,S mediated autophagy induction.
H,S can inhibit mitochondrial respiration at high concentra-
tions, while at low concentrations, it induces cellular bioener-
getics and increases cellular ATP [1]. Since depletion of ATP
leads to the activation of PRKAA via STK11/LKB1, we also
analyzed cellular ATP levels using a genetically encoded bio-
sensor, Perceval-HR [38]. We observed that the concentration
of H,S used in this study leads to the activation of cellular
energetics and increased ATP levels (Figure S4B). These
observations suggest that H,S increases cellular ATP and
that autophagy induced by H,S is not dependent on PRKAA.

SIRT1 is essential for hydrogen sulfide-induced
autophagy

SIRT1 plays a critical role in starvation-induced autophagy
[19]. Significantly, SIRT1 catalyzes the deacetylation of the
autophagic proteins LC3, ATG7, and ATG5. Under normal
conditions, the activity of SIRT1 is inhibited by CCAR2, while
during glucose starvation, GAPDH interacts with SIRT1 and
relieves the inhibition of CCAR2 [18]. To determine whether
SIRT1 is also essential for H,S-induced autophagy, we
employed a SIRTI1 specific inhibitor, EX-527. Pretreatment
with EX-527 inhibited H,S-induced lipidation of LC3B
(Figure 6A). Genetic ablation of Sirtl through siRNA demon-
strated that H,S-induced autophagy is dependent on SIRT1
(Figure 6B). These findings were confirmed using the GFP-
RFP-LC3 probe, suggesting that H,S cannot induce autophagy
if SIRT1 is inhibited (Figure 6C-E). Analysis with GFP-LC3
suggested a role for SIRT1 in the induction of autophagy by
H,S (Figure S5A). Furthermore, we found that SIRT1 inhibi-
tor EX-527 inhibits H,S-induced maturation of autolysosomes
using DQ™ Red BSA (Figure S5B). Since LC3, ATG7, and
ATGS interact with SIRT1 and are its substrates, we examined
whether SIRT1 also interacts with ATG proteins during H,
S-induced autophagy. We found an increase in the interaction
of SIRT1 and LC3 in the presence of H,S, and inhibition of
SIRT1 activity using EX-527 abrogates this interaction (Figure
6F). Two other critical autophagic proteins, ATG5 and ATG?7,
also interact with SIRT1 upon exposure to H,S (Figure S5C
and D). Earlier studies have demonstrated that upon starva-
tion, SIRT1 is activated, and it catalyzes the deacetylation of
LC3 [19]. This enables the interaction of LC3 with TP53INP2
and its export from the nucleus into the cytoplasm. Since H,
S induces the interaction of SIRT1 with LC3, it would perhaps
induce its deacetylation to facilitate its export from the
nucleus to the cytoplasm. Treatment of H,S caused the export
of LC3 from the nucleus to the cytoplasm (Figure 6G). We
also analyzed if this translocation of LC3 into the cytoplasm is
dependent on sulthydration of GAPDH. We observed that H,

S is attenuated for inducing translocation of LC3 into the
cytoplasm in the RAW 264.7 macrophages overexpressing
the GAPDH“"% (Figure 6H).

Next, we examined whether SIRT1 has any role in H,
S-mediated trafficking of Mtb into lysosomes or regulating
its intracellular growth. To this end, we infected RAW 264.7
macrophages with GFP-Mtb H37Rv. LysoTracker® Red was
used to visualize lysosomes in these experiments. We
observed that macrophages treated with the SIRT1 inhibitor
EX-527 exhibited significantly attenuated trafficking of Mtb
cells into lysosomes in response to H,S exposure (Figure 6L]).
We also utilized DQ™ Red BSA for visualizing active lyso-
somes (Figure S5E). Next, we analyzed whether SIRT1 is
required for H,S-mediated clearance of Mtb cells. Estimation
of surviving intracellular Mtb cells suggested that the capabil-
ity of H,S to retard intracellular mycobacterial growth is
attenuated upon inhibition of SIRT1 function by EX-527
(Figure 6K). These findings indicate that H,S-mediated induc-
tion of autophagy and control of mycobacterial growth
depends on the function of SIRT1.

Hydrogen sulfide induces the interaction of GAPDH with
CCAR2

A recent study has suggested that GAPDH localizes to the
nucleus and directly interacts with SIRT1 during glucose
starvation [18]. The experiments described above indicated
that H,S induces SIRT1 activity. Thus, we analyzed whether
sulthydrated GAPDH interacts with SIRT1. To this end, we
performed pull-down assays and studied protein-protein
interactions. In co-immunoprecipitation experiments, we did
not observe any interaction between SIRT1 and GAPDH
upon H,S exposure. We think that this might be due to
a weak interaction, if any, between GAPDH and SIRTI.
Given that H,S does not induce an interaction between
GAPDH and SIRT1 but activates SIRT1-mediated deacetyla-
tion, we hypothesized that sulfthydrated GAPDH interacts
with CCAR2, an inhibitor of SIRT1 function. To test this
hypothesis, we performed co-immunoprecipitation experi-
ments in H,S-treated and untreated cells. We observed
a robust interaction of GAPDH with CCAR2 in H,S-treated
HEK 293 T (Figure 7A) and MEF cells (Figure S6A).
Importantly, this interaction was detected with endogenous
GAPDH and CCAR2 as well (Figure 7B). To quantify the
strength of interaction, we utilized the proximity ligation
assay (PLA). PLA allows quantitative measurement of the
interaction between two proteins at endogenous expression
levels. In these experiments, we observed a high-affinity inter-
action between CCAR2 and GAPDH (Figure 7C,D). In agree-
ment with our earlier observations, we did not detect an
interaction between GAPDH and SIRTI1 in response to
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Figure 4. Sulfhydration of GAPDH active site cysteine is critical for hydrogen sulfide-induced autophagy. (A) RAW 264.7 macrophages were transfected with non-
targeting siRNA or Gapdh siRNA. Cells were then treated with control buffer or H,S for 2 h, and lysates were subjected to western blotting. Numbers below lanes
indicate the fold change of LC3B-l relative to the ACTB signal calculated by the densitometric analysis using ImageJ. (B) RAW 264.7 macrophages were co-transfected
with GFP-LC3 plasmid and non-targeting siRNA or Gapdh siRNA followed by treatment with H,S for 2 h. Nuclei were counterstained with DAPI (blue) and were
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imaged using confocal microscopy. (C) Quantification of cells as in (B) using ImagelJ. Data represent mean + SEM of 3 independent experiments (n = 60; 20 randomly
chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. (D) RAW 264.7 macrophages were transiently
transfected with FLAG-WT GAPDH or FLAG-GAPDH "% construct followed by treatment with control buffer or H,S for 2 h. Lysates were prepared and subjected to
western blotting. ACTB was used as a loading control, whereas FLAG-GAPDH was used as a transfection control. Numbers below lanes indicate the fold change of
LC3B-II relative to the ACTB signal calculated by the densitometric analysis using ImageJ software. (E) Representative confocal images of RAW 264.7 macrophages
transiently expressing mCherry-LC3 and GFP-WT GAPDH or GFP GAPDH'%, Cells were treated with H,S for 2 h, and images were acquired using a confocal
microscope. (F) Quantification of cells as in (E) using ImageJ. Data represent mean + SEM of 3 independent experiments (n = 60; 20 representative cells from each
experiment were quantified). Statistical significance was determined using Student’s t-test. (G) Representative confocal images of RAW 264.7 macrophages transiently
expressing mCherry-LC3 and GFP-WT GAPDH or GFP-GAPDH"?A, Cells were treated with H,S for 2 h, and images were acquired using a confocal microscope. (H)
Quantification of cells as in (G) using ImagelJ. Data represent mean + SEM of 3 independent experiments (n = 60; 20 representative cells from each experiment were
quantified). Statistical significance was determined using Student’s t-test. *** indicates a P value of <0.001 and **** represents a P value of <0.0001. Scale bar: 5 pm.

treatment with H,S. We further analyzed whether H,
S treatment leads to a reduced interaction between SIRT1
and CCAR?2 using co-immunoprecipitation experiments. Co-
immunoprecipitation experiments with CCAR2 suggested
that H,S treatment reduced the interaction between CCAR2
and SIRT1 (Figure 7E and S6B), resulting in increased activity
of SIRT1 as demonstrated previously with LC3, ATG7, and
ATGS as substrates. These data were verified by PLA experi-
ments, which confirmed that treatment with H,S leads to
inhibition of the interaction between CCAR2 and SIRT1
(Figure 7F,G). Since sulfhydration of GAPDH plays a critical
role in the translocation of GAPDH into the nucleus and H,
S increases the interaction between GAPDH and CCAR2, we
next analyzed whether sulfhydration of GAPDH is crucial for
its interaction with CCAR2. We overexpressed GAPDH®'**
and WT GAPDH in HEK 293 T cells and performed co-
immunoprecipitation experiments to test this hypothesis.
We observed a strong interaction between WT GAPDH and
CCAR?2 in H,S treated cells, while no interaction was detected
with the GAPDH"*% mutant (Figure S6C). These observa-
tions strongly suggest that sulthydration of GAPDH is critical
for its interaction with CCAR2.

Discussion

H,S activates SIRT1 and induces autophagy, but the under-
lying mechanism remains poorly defined. Here, we demon-
strated that H,S induces nuclear translocation of mammalian
GAPDH through sulfhydration at its C150 residue in the
active site. This nuclear translocation is critical for the induc-
tion of autophagy in response to H,S, and the ablation of
GAPDH attenuates the ability of H,S to induce autophagy.
We further demonstrated that nuclear GAPDH interacts with
CCAR?2 to disrupt the inhibitory interaction between CCAR2
and SIRT1. Upon activation, SIRT1 deacetylates LC3 and
autophagy-related proteins, facilitating their localization
from the nucleus into the cytoplasm, where they participate
in autophagy. Additionally, examining the physiological rele-
vance of H,S-induced autophagy, we demonstrated that H,
S-induced autophagy is critical for the trafficking of Mtb cells
into lysosomes and intracellular survival.

One of the critical findings of this study is that H,
S induced autophagy is dependent on sulthydration of
GAPDH. This finding establishes a crucial link between H,
S mediated protection with sulfhydration of GAPDH.
Importantly, H,S induces nuclear translocation of GAPDH
through sulfhydration of active site cysteine (C150). Earlier,

Sen et al’s elegant study demonstrated that nitrosylation at
C150 (SNO-GAPDH) also results in nuclear translocation of
GAPDH [39]. This nitrosylation induces the interaction of
GAPDH with STAHI1, which assists in the nuclear localization
of GAPDH. Sulfhydration of GAPDH also induces the inter-
action of GAPDH with SIAHI1 [5], which could potentially
facilitate the nuclear translocation of GAPDH. However, it
must be noted that S-sulthydration and S-nitrosylation have
different effects on the enzymatic activity of GAPDH;
S-nitrosylation inhibits [40] while S-sulfhydration (at C150)
induces the enzymatic activity of GAPDH [4]. Furthermore,
nuclear translocation associated with nitrosylation of GAPDH
leads to the induction of apoptotic cell death through activa-
tion of TP53 (tumor protein p53) via histone acetyltransferase
EP300/p300 (E1A binding protein p300) [39]; however, sulf-
hydrated GAPDH does not interact with EP300/p300 or sti-
mulate cell death [5]. Given that NO inhibits autophagy and
H,S induces autophagy, opposing effects of NO and H,S on
the activity of GAPDH become important. Importantly, NO
and H,S also have opposing effects on SIRT1 activity.
Exposure to exogenous NO inhibits the enzymatic activity of
SIRT1 [7,41], while H,S induces it [9,42]. Notably, an earlier
study demonstrated that NO-mediated SIRT1 activity inhibi-
tion depends on GAPDH [7]. S-nitrosylation of GAPDH leads
to the formation of SNO-GAPDH that transnitrosylates
SIRT1 [7] to inhibit its activity, thereby increasing levels of
acetylated TP53 for induction of apoptosis [39]. Notably, we
observed that sulthydrated GAPDH interacts with CCAR2 to
release SIRT1, thereby activating SIRT1. Besides activating
autophagy through deacetylation of LC3B, ATGS5, and
ATG?7, SIRT1 could also activate autophagy through the dea-
cetylation of FOXOs, FOXO1, and FOXO3 [43]. In the future,
it will be interesting to delineate these pathways as well.

This study’s significant outcome was demonstrating the
interaction of sulthydrated GAPDH with CCAR2 instead of
SIRT1. This finding was surprising, albeit a critical one, and
was independently confirmed using co-immunoprecipitation,
pull-down assays, and PLA-based assays. Furthermore, we
have demonstrated that GAPDH-CCAR?2 interaction leads to
the activation of SIRT1, thus the deacetylation of LC3, ATGS5,
and ATG7 to induce autophagy. However, activation of SIRT1
by H,S through the pathway described in this manuscript
could modulate other signaling pathways such as apoptosis
through deacetylation of TP53 [44], and mitochondrial bio-
genesis as well as energetics through modulation of
PPARGCI1A [45]. We also think that the interaction of sulf-
hydrated GAPDH with CCAR2 could modulate other



AUTOPHAGY (&) 3521

A GFP B
GAPDH  DAPI

C GFP
GAPDH _ DAPI Merge

N
o
*
*
*
*

Ty
=]
g § 20
gt ,
-;:l:
Qg s
&< os =
20 o)
g o o0 >
TH p
4 IT) w)
c I
o
o %
o
£ D £
o] B
© o 225 @
(=)
€ 50
E 5 2.0
8'-:5: 1.51
L
>'D ®
G :
1] < w]
o (? 0.5 I
S @
S oo $
E o c >
Hs - o+ o+ - § s
Comp. C - - + + g
o — s | LC3B- g
. - - LC3B-lI
‘ A RS S S—— ‘ACTB F HS - + _ + _ +
Control siRNA — - + + — -
1.0 19 21 141 LC3B-Il:ACTB Prkaai siRNA _ _ + +
‘—--—. - - ‘p-PRKAA1
1.0 0.7 0.4 0.1 p-PRKAA1:PRKAA1
‘ — —— —— — ACTE
1.0 25 36 57 22 3.2 LC3B-I:ACTB
G H
mCherry » | GEP
Merge = = L
LC3 DAPI g 3 mCherry-LC3 GAPDH Merge
o] —
k3] o
S £ S
2 2 5 s
s & o 2
= 2 @
2 -
Z 2
>
Control siRNA Prkaa1 siRNA
J
';u - 50 Fekek ] Sk g
g 8 w " g @
= g 30 o %
@ < )
2 g_ 20 :«:3
@ 10 0, £
> 3 ) = <
€ F £ F
C)O
WT GAPDH GAPDH™™

Figure 5. Hydrogen sulfide-mediated induction of autophagy does not depend upon activation of PRKAA. (A) Representative confocal images of RAW 264.7
macrophages transiently expressing GFP-GAPDH plasmid. Cells were pretreated with 10 uM compound C for 2 h followed by treatment with H,S for another 2 h, and
images were acquired using confocal microscopy. (B) Quantification of the nuclear:cytoplasmic ratio of GAPDH in cells from the experiment (A) using ImageJ
software. Data represent the mean = SEM from 3 independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical
significance was determined using Student’s t-test. (C) Representative confocal images of RAW 264.7 macrophages transiently expressing GFP-WT GAPDH or GFP-
GAPDH®'? followed by treatment with H,S or starvation for 2 h. (D) Quantification of GAPDH nuclear:cytoplasmic ratio of cells in (C) using Image) software. Data
represent the mean + SEM from 3 independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical significance was
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determined using Student’s t-test. (E) RAW 264.7 macrophages were pretreated with compound C (10 uM) for 2 h, followed by treatment with H,S for another 2 h.
Cell lysates were then subjected to western blotting. Numbers below lanes indicate the fold change of LC3B-II relative to the ACTB signal and p-PRKAAT relative to
the PRKAAT1 signal calculated using Image) software. (F) RAW 264.7 macrophages were transfected with either non-targeting siRNA or PrkaaT siRNA. After 48 h, cells
were treated with H,S for 2 h, and cell lysates were then subjected to western blotting. Arrow indicates the specific band of PRKAAT, while * indicates the nonspecific
band. Numbers below lanes indicate the fold change of LC3B-II relative to the ACTB signal of LC3B-II relative to the ACTB signal calculated using Image) software. (G)
RAW 264.7 macrophages were co-transfected with mCherry LC3 plasmid and non-targeting siRNA or Prkaal siRNA followed by treatment with H,S for 2 h. Nuclei
were counterstained with DAPI (blue) and were imaged using confocal microscopy. (H) Quantification of cells as in (G) using ImageJ. Data represent mean + SEM of 3
independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. (1)
Representative confocal images of RAW 264.7 macrophages transiently expressing mCherry LC3 and GFP-WT GAPDH or GFP-GAPDH®'?%*, Cells were treated with H,
S for 2 h or control buffer, and images were acquired using confocal microscope. (J) Quantification of cells as in (I) using ImageJ. Data represent mean + SEM of 3
independent experiments (n = 60; 20 representative cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. ***
indicates a P value of <0.001 and **** represents a P value of <0.0001. Scale bar: 5 pm.

signaling pathways besides those wherein SIRT1 plays a role.
CCAR?2 interacts with epigenetic modifiers HDAC3, methyl-
transferase SUV39H1, and CCAR2-ZNF326 complex critical
for RNA splicing [46]. Further studies are required to analyze
whether H,S modulates the function of HDAC3 and
SUV39H1 through GAPDH-CCAR2 interaction.
Importantly, GAPDH transnitrosylates SIRT1 [7]. However,
whether GAPDH acts as a carrier for trans-S-sulthydration of
CCAR?2 to alter its binding with SIRT1 or other regulators
such as HDAC3 or SUV39H1 remains a potential and testable
hypothesis.

The pathway delineated herein for modulation of autopha-
gy by H,S (summarized in Figure 8) is different than that
previously described in which H,S modulates PI3K-AKT-
MTOR signaling [22] or leads to downregulation of Mir30c,
relieving  suppression of BECNI1 expression [47].
Furthermore, since H,S-mediated autophagy induction is
rapid (within 20 min of exposure). Conventional pathways,
such as the increase of NAD", are unlikely to be critical as
they take several hours to induce SIRT1 activity. We think
that this pathway could be involved in H,S-mediated health
benefits wherein activation of SIRT1 plays an important role,
such as vascular remodeling, cellular senescence, myocardial
fibrosis, and others.

H,S modulates mitochondrial respiration and is regarded
as a regulator of cellular bioenergetics. PRKAA also regu-
lates cellular metabolism and plays a critical role in aging
[48]. Several effects mediated by H,S are dependent upon
the activation of PRKAA [49]. Recently, Chang et al
demonstrated that upon glucose starvation, PRKAA phos-
phorylates GAPDH at Ser122, leading to nuclear transloca-
tion of GAPDH [18]. Nuclear GAPDH directly interacts
with SIRT1 to activate it [18], leading to deacetylation
and export of LC3 from the nucleus [19]. Although the
pathway described here for H,S-induced GAPDH depen-
dent autophagy bear similarities with glucose starvation-
induced autophagy, there are several peculiar differences.
First, H,S-induced nuclear translocation of GAPDH is
independent of PRKAA-mediated phosphorylation of
GAPDH. Several lines of evidence presented in this manu-
script support this conclusion, including experiments
wherein genetic knockdown or pharmacological inhibition
of PRKAA did not alter the induction of autophagy or
nuclear translocation of GAPDH by H,S. The observation
supports these findings that H,S induces nuclear transloca-
tion of a GAPDH (S122A) variant wherein the target site
for PRKAA is mutated. It is plausible that the interaction of

sulfhydrated GAPDH with SIAH1 could play an essential
role in the nuclear translocation of GAPDH.

Furthermore, H,S induced autophagy in RAW 264.7
macrophages overexpressing a GAPDH (S122A) variant sug-
gests that it is independent of activation of PRKAA. Second
and most important is the observation that H,S-mediated
sulthydration of GAPDH does not interact with SIRT1 but
instead with CCAR?2 to relieve inhibition of SIRT1. The inter-
action between GAPDH and CCAR2 was confirmed using
PLA experiments. Given that the interaction between
CCAR2 and GAPDH is novel, it will be essential to delineate
the sites on GAPDH and CCAR?2 involved in this interaction.
Since the N-terminal domain of CCAR2 harbors a leucine
zipper (LZ) motif that interacts with SIRT1 [50], it will be
interesting to examine whether the same domain competi-
tively interacts with GAPDH. It is worth noting here that
unlike Chang et al. [18], we did not observe induction of
autophagy upon expression of nuclear GAPDH, suggesting
that nuclear localization of GAPDH alone is not sufficient to
induce autophagy. This difference could arise from different
cell types, for example. Chang et al. used MEFs, whereas we
used RAW 264.7 macrophages. Furthermore, the inability of
H,S to induce autophagy with cells overexpressing nuclear
GAPDH suggests that sulfhydration of GAPDH in the cyto-
plasm could facilitate yet unknown PTMs of GAPDH or
interaction with some other proteins that are critical for the
nuclear distribution and interaction of GAPDH with CCAR2.

The role of H,S in TB pathogenesis has not been analyzed,
although the roles of NO [51] and CO [52-54] have been
studied to appreciable depths. Since we observed that H,
S induces autophagy in RAW 264.7 macrophages, we analyzed
whether it relieved the inhibition of phagosome trafficking
triggered by Mtb. We observed that H,S facilitates the traf-
ficking of Mb to the lysosomes and activates its killing. These
findings are important in light of the availability of pharma-
cological donors of H,S that are being tested in various phases
of clinical trials. We further observed a critical role for SIRT1
in the autophagy-mediated clearance of Mtb. An earlier study
supports the function of SIRT1 in TB pathogenesis, wherein
activation of SIRT1 through resveratrol and SRT1720 led to
restriction of intracellular Mtb growth [55]. Furthermore,
mice with SIRTI deletion in the myeloid lineage were also
susceptible to TB infection [55]. Additionally, the expression
of SIRT1 is downregulated in TB patients. Downregulation of
SIRT1 upon Mtb infection is also associated with TAK1 activa-
tion, enhancing the secretion of IL6 and TNF/TNF-a via the
RELA/p65-MAPK/p38-MAPK/JNK-MAPK/ERK signaling axis
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Figure 6. SIRT1 is essential for hydrogen sulfide-induced autophagy. (A) RAW 264.7 macrophages were pretreated with the SIRT1 inhibitor EX-527 (10 uM) for 2 h,
followed by treatment with H,S for another 2 h. Cell lysates were then subjected to western blotting. Numbers below lanes indicate the fold change of LC3B-II
relative to the ACTB signal calculated using the ImageJ software. (B) RAW 264.7 macrophages were transfected with either non-targeting siRNA or SIRT1 specific
siRNA. After 48 h, cells were treated with H,S for 2 h, and lysates were subjected to western blotting. Numbers below lanes indicate the fold change of LC3B-II
relative to the ACTB signal calculated using ImageJ software. (C) RAW 264.7 macrophages transiently expressing ptfLC3 construct were pretreated with 10 pM EX-527
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for 2 h followed by treatment with H,S for another 2 h and imaged using confocal microscopy to observe autophagic flux. (D) An average number of
autophagosomes per cell, as in (C), was quantified using ImageJ. (E) An average number of autolysosomes per cell, as in (C), was quantified using ImageJ. Data
(in D and E) represent mean + SEM from 3 independent experiments (n = 60; 20 randomly chosen cells from each experiment were quantified). Statistical
significance was determined using Student’s t-test. (F) RAW 264.7 macrophages were treated as in (A), and immunoprecipitation was performed using the SIRT1
antibody followed by western blotting with LC3B or SIRT1 antibody. Numbers below lanes indicate the fold change calculated using the densitometric analysis of
LC3B-I relative to the IP:SIRT1 signal using ImagelJ software. (G) Representative confocal images of RAW 264.7 macrophages transiently expressing mCherry LC3. Cells
were treated with H,S for 2 h, and images were acquired using a confocal microscope. Nuclei were stained using DAPI. (H) Representative confocal images of RAW
264.7 macrophages transiently expressing mCherry LC3 and WT GAPDH or GAPDH"*®, Cells were treated with H,S for 2 h, and images were acquired using
a confocal microscope. Nuclei were stained using DAPI. Arrows represent the cells co-transfected with GFP-GAPDH and mCherry LC3. (l) Representative confocal
images of RAW 264.7 macrophages infected with GFP-Mtb H37Rv (MOI-1:5). Cells were pretreated with 10 uM EX-527 for 2 h, followed by treatment with H,S for
another 2 h. Lysosomes were stained using Lysotracker® Red, and images were acquired using confocal microscopy. (J) Percent colocalization of GFP-Mtb H37Rv with
Lysotracker® Red from the result obtained in (I) was calculated using ImagelJ. Data represent the mean + SEM from 3 independent experiments (n = 120; 40 randomly
chosen Mtb cells from each experiment were quantified). Statistical significance was determined using Student’s t-test. (K) Mtb H37Rv survival in RAW 264.7
macrophages upon 250 uM GYY4137 treatment in the presence or absence of the SIRT1 inhibitor EX-527 (10 pM) was analyzed using CFU estimation. Statistical
significance was determined using Student’s t-test. * indicates a P value of <0.05, ** indicates a P value of <0.01 and *** indicates a P value of <0.001. Scale bar:

5 pm.

[56]. We think that further research using mouse strains defec-
tive for CSE/CBS in the myeloid lineage could improve our
understanding of the role of endogenous H,S in TB pathogen-
esis. However, it must be noted that several bacteria, including
Bacillus, Pseudomonas, Staphylococcus, and Escherichia coli,
produce H,S, which imparts drug tolerance [57]. It would be
interesting to analyze whether Mtb also produces H,S and
whether it protects Mtb from antibiotics.

In summary, the findings presented in this manuscript
have delineated a novel signaling axis consisting of GAPDH-
CCAR2-SIRT1-LC3. H,S utilizes this axis for the induction of
autophagy and the restriction of growth of intracellular
Mycobacterium. This pathway could also play a role in other
H,S mediated health benefits wherein SIRT1 plays a critical
role. This pathway could also be important for the restriction
of the growth of intracellular pathogens.

Materials and methods
Plasmid constructs

pEGFP-LC3 (Addgene, 21073) [58] and ptfLC3 (Addgene,
21074)) [29] were a kind gift from Tamotsu Yoshimori.
mCherry-hLC3B-pcDNA3.1  was a gift from David
Rubinsztein (Addgene, 40827) [59]. pEX-GFP-hLC3AG was
a gift from Isei Tanida (Addgene, 24988) [60]. Mouse Gapdh
(Genbank: NM_008084.3) was cloned in pcDNA3.1
(Invitrogen, V795-20) with N-terminal GFP or C-terminal
FLAG using Kpnl & Xhol or HindIII & Apal, respectively
by Genscript® custom synthesis service. The cDNA sequences
coding the NES peptide (CTTGCACTCAAGGCGGGCTTG
GATATCCTTGCACTCAAGGCGGGCTTGGATATCCTTG-
CACTCAAGGCGGGCTTGGATATC) and the NLS peptide
(GATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAA-

GAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAGG-

TA) were synthesized, annealed, and then inserted into GFP-
GAPDH. FLAG or GFP GAPDH“"**® and GFP GAPDH*'*%*
were created using site directed mutagenesis. FLAG-SIRT1
(1791; deposited by Michael Greenberg’s lab) and pFRT/TO/
HIS/FLAG/HA-KIAA1967 (CCAR2; 38082; deposited by
Markus Landthaler’s lab) [61] were obtained from Addgene.
CCAR2 was sub-cloned from pFRT/TO/HIS/FLAG/HA-
KIAA1967 into pCDNA3.1- N-terminal FLAG tagged

plasmid. GW1-PercevalHR, probe for ATP measurement:
ADP ratio was a kind gift from Gary Yellen (Addgene,
49082) [38].

Antibodies and reagents

The antibodies for LC3B (2775), ATG5 (12994), ATG7
(8558 ¢) and PRKAA1l (2532) were obtained from Cell
Signaling Technology (CST). ACTB (A5441) and anti-FLAG
(F1804) antibodies were from Sigma Aldrich. Antibodies
against LMNB1 (ab133741), CCAR2 (ab70239), SIRT1
(ab12193), GAPDH (ab181602), PRKAA1 (ab80039), and
p-PRKAA1 (ab133448) were purchased from Abcam.
Antibodies used for the proximity ligation assay (PLA) were
CCAR2 (CST, 5857), GAPDH (Abcam, ab181602), and SIRT1
(Abcam, ab12193). Alexa Fluor 488 (A11034) and 647
(A21245)-tagged secondary antibodies for immunostaining
were from Molecular Probes, Invitrogen. Anti rabbit-HRP-
labeled secondary antibody was obtained from Santa Cruz
Biotechnology (sc 2357) and anti-mouse HRP-labeled second-
ary antibody (A9044) obtained from Sigma Aldrich. Anti-
FLAG beads were procured from Sigma Aldrich (A2220).

GYY4137 was procured from Cayman Chemicals (13345).
LysoTracker Red DND 99 (L7528), DQ™ Red BSA,
Lipofectamine 3000 (L3000001), Dulbecco’s Modified Eagle
Medium (DMEM, 10569010), fetal bovine serum (the
United States, certified,16000044), and Pierce™ Co-
Immunoprecipitation Kit (26149) were purchased from
Thermo Fisher Scientific

Cell culture, transfection, and treatment

RAW 264.7 cells obtained from ATCC (ATCC?®, TIB-71) were
grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum at 37°C under 5% CO,. WT
MEFs (ATCC®, CRL-2991™), 293/HEK293 (ATCC®, CRL-
1573), and 293 T (ATCC®, CRL-3216™) cells were cultured
at 37°C in DMEM supplemented with 10% fetal bovine serum
and non-essential amino acids. Transient transfections were
performed using Lipofectamine 3000 according to the manu-
facturer’s instructions. Cells were analyzed 18-24 h after
transfection.
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Figure 7. Hydrogen sulfide induces the interaction of GAPDH with CCAR2. (A) HEK 293 cells overexpressing FLAG-CCAR2 were treated with H,S for 2 h and subjected
to immunoprecipitation using FLAG beads. Western blotting was performed using anti-GAPDH and anti-FLAG antibodies. Numbers below lanes indicate the fold
change of GAPDH relative to the IP:FLAG-CCAR2 signal calculated using the ImageJ software. (B) HEK 293 cells were treated with H,S for 2 h and subjected to
immunoprecipitation using anti-CCAR2 antibody. Western blotting was performed using anti-GAPDH and anti- CCAR2 antibodies. Numbers below lanes indicate the
fold change of GAPDH relative to the IP:CCAR2 signal calculated using the ImageJ software. (C) Representative confocal images of RAW 264.7 macrophages after
in situ proximity ligation assay (PLA). Anti-GAPDH and anti-CCAR2 antibodies were used for the in situ PLA. (D) Quantification of PLA dots per nucleus from cells in
(C). Data (mean + SEM) are representative of three independent experiments performed in triplicate. Statistical significance was determined using Student's t-test. (E)
HEK 293 cells overexpressing FLAG-CCAR2 were treated with H,S for 2 h, and immunoprecipitation was performed using anti-FLAG beads. Western blotting was
performed to measure coimmunoprecipitated SIRT1. In the input image, arrow indicates a nonspecific band while * indicates the specific band of CCAR2. Numbers
below lanes indicate the fold change of SIRT1 relative to the IP:FLAG-CCAR2 signal calculated using the ImageJ software. (F) Representative confocal images of RAW



3526 I K. IQBAL ET AL.

264.7 macrophages after in situ PLA. Anti-CCAR2 and anti-SIRT1 antibodies were used for the in situ PLA. (G) Quantification of PLA dots per nucleus from cells in (F).
Data (mean + SEM) are representative of three independent experiments performed in triplicate. Statistical significance was determined using Student’s t-test. ***

indicates a P value of <0.001. Scale bars: 10 pm.

According to the manufacturer’s protocol for RNA inter-
ference, siRNA duplexes were transfected using Lipofectamine
3000 for 48 h. Sirtl (DIRME-000037)  siRNA
UGAAGUGCCUCAGAUAUUAATAT) was custom synthe-
sized from Dharmacon. The mission esiRNAs for Gapdh
(EMU184491) and Prkaal (EMU190491) were obtained
from Sigma Aldrich. Non-targeting siRNA was from
Dharmacon.

For H,S exposure, cells were treated with 500 pM
GYY4137 for 2 h. For starvation, cells were washed twice
with PBS (NaCl [Sigma Aldrich Aldrich, S8776], KCI [Sigma
Aldrich, 60128-1 KG], Na,HPO4 [Sigma Aldrich, S3264-
1 KG], KH,PO4 [Sigma Aldrich, P5655-500 G], pH 7.4) and
then incubated with EBSS for 2 h. Other treatments- EX-527
(Sigma Aldrich, E7034) 10 pM for 2 h, wortmannin (Sigma
Aldrich, W3144) 10 puM for 1 h, bafilomycin A, (Sigma
Aldrich, B1793) 100 nM for 2 h, compound C (Merck
Millipore, 171261) 10 uM for 2 h.

Immunostaining and confocal microscopy

For immunostaining, cells were fixed in 4% paraformalde-
hyde for 10 min at room temperature, followed by per-
meabilization and blocking with PBS containing 3% BSA
(HIMEDIA, MB083) and 0.1% saponin (Sigma Aldrich,
84510) for 30 min. The cells were then incubated for 1 h
at room temperature with the antibodies indicated in
figure legends, followed by incubation with appropriate
secondary antibodies. Images were acquired on a Nikon
A1R using scanning confocal microscope mode and ana-
lyzed with the Image] Software.
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Western blot and immunoprecipitation

Following the treatments, the cells were washed with DPBS
(Thermo Fischer,140190144), and the lysate was prepared in
RIPA buffer (Cell Signaling Technology, 9806) with
a protease inhibitor cocktail (Roche, 589270001). The protein
concentration was estimated using the BCA kit containing
BCA solution (B9643) and CuSO, (C2284) from Sigma
Aldrich, and the samples were subjected to SDS-PAGE fol-
lowed by transfer to a PVDF membrane (MDI Membrane
Technologies, SVFX8301XXXX101). Blots were developed
using HRP-conjugated secondary antibodies. Blots were
developed wusing enhanced chemiluminescence (ECL)-
Luminata forte (Merck, WBLUF0500) and exposed to
X ray retina film (XBE X ray film, 6574958) for visualization
of bands. Otherwise, digital images were acquired using the
ImageQuant LAS 4000 (GE healthcare bioscience).

For immunoprecipitation, cells were lysed in lysis buffer
(50 mM Tris [Invitrogen, AM9850G], pH 7.0, 150 mM NaCl
[Invitrogen, AM9759], 1 mM EDTA [Invitrogen, AM9260G],
1% Triton X-100 [Sigma Aldrich,78787]) containing protease
inhibitor cocktail and incubated with anti-FLAG beads (Sigma
Aldrich, A2220) or primary antibody coupled with Amino
linked beads (Pierce, 26149) for overnight at 4°C. Co-
Immunoprecipitation was performed according to the manu-
facturer’s protocol using the FLAG Co-IP kit or amino link
Co-IP kit. Immunocomplexes were separated by SDS-PAGE
and detected with western blot.

Subcellular fractionation

Nuclear and cytoplasmic fractions were isolated, as previously
described [62]. Briefly, after treatment, the cells were washed
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Figure 8. Model depicting the mechanism of hydrogen sulfide mediated activation of autophagy. Under resting conditions (panel i), SIRT1 is inhibited by CCAR2.
Exogenous or endogenous hydrogen sulfide leads to sulfhydration of active site cysteine, which guides the nuclear translocation of GAPDH (panel ii). Nuclear GAPDH
interacts with CCAR2 leading to disruption of the SIRT1-CCAR2 complex and activation of SIRT1. Activation of SIRT1 results in the deacetylation of LC3B, ATG5, and
ATG?7 and their redistribution to the cytoplasm and, thus, activation of autophagy. Pathway highlighted using the red arrow and red box are the novel findings of this

study.



twice with PBS and lysed in cytosol buffer containing 50 mM
HEPES, pH 7.4, 150 mM NaCl, and 25 pg/ml digitonin
(Sigma Aldrich, D141) supplemented with protease inhibitor
cocktail. The lysate was centrifuged at 7000 X g, 10 min to
pellet the nuclei. The supernatant contained the cytosolic
fraction, and the pellet was washed twice with PBS to remove
any cytosolic fraction. The pellet was resuspended in a nuclear
buffer composed of 50 mM HEPES, pH 7.4, 150 mM NaCl,
0.5% sodium deoxycholate (Sigma Aldrich, 30970), 0.1% SDS
(Sigma Aldrich, L5750), 1 U/ml benzonase (Sigma Aldrich,
E8263), and protease inhibitor cocktail followed by incubation
with end-to-end mixing at 4°C for overnight. The supernatant
obtained after centrifugation at 7000 X g, 10 min represented
the nuclear fraction.

LysoTracker® red staining

For LysoTracker® Red staining, after 3 h of GFP-Mtb H37Rv
infection, the cells were washed and treated as indicated in the
figure legends. After the treatment, the cells were stained with
150 nM of LysoTracker Red DND99 for 20 min, followed by
washing with PBS and slide preparation. 488-nm and 561-nm
laser sources were used for detecting GFP-Mtb H37Rv and
LysoTracker® Red, respectively.

Colony-forming unit assay

RAW 264.7 macrophages (0.5 x 10°) were plated in a 6-well
plate. The cells were infected with Mtb H37Rv (1:10 multi-
plicity of infection [MOI]) for 3 h and treated as indicated in
the figure legends. The cells were lysed with 0.06% SDS after
72 h, serially diluted, and plated on Middlebrook 7HI11
(Becton Dickinson, Difco, 212203) plates supplemented with
10% OADC (NaCl [Sigma Aldrich Aldrich, S8776], Dextrose
[Merck Millipore, QD5P65116], BSA fraction V [HIMEDIA,
GRM105], Catalase [Sigma Aldrich,C1345] and Oleic acid
[Sigma Aldrich, 01008]). The plates were incubated at 37°C,
and the Mtb colonies were counted after 2 to 3 weeks.

Proximity ligation assay

Cells were treated as described and fixed using 4% parafor-
maldehyde (Sigma Aldrich,158122). This was followed by
permeabilization using 0.1% saponin for 5 min. The in-situ
proximity ligation was performed according to the manufac-
turer’s protocol (Sigma Aldrich, DUO92004), and images
were captured using a confocal microscope (A1R; Nikon).
PLA signals were quantified using Image].

Modified biotin switch assay

The assay was carried out, as described previously [4]. Briefly,
cells treated were lysed in HEN buffer (250 mM HEPES, pH
7.7, 1 mM EDTA, and 0.1 mM neocuproine [Sigma Aldrich,
N1501]) supplemented with protease and phosphatase
(Roche, 589270001) inhibitor. The Cell lysates were added to
the blocking buffer (HEN buffer adjusted to 2.5% SDS and
20 mM MMTS [Thermo Fischer, 23011]) at 50°C for 20 min
with mixing at 394 X g. The MMTS was then removed by
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acetone precipitation. After acetone removal, the proteins
were resuspended in HENS buffer (HEN buffer adjusted to
1% SDS) containing 0.8 mM biotin-HPDP (Thermo Fischer,
21341) and incubated for two h at room temperature.
Biotinylated proteins were affinity isolated using streptavidin
agarose beads (Sigma Aldrich, E5529), followed by washing
with HENS buffer. The biotinylated proteins were eluted by
adding SDS-PAGE sample buffer and subjected to western
blot analysis. For quantification of GAPDH sulfhydration,
samples were run on blots alongside total lysates and sub-
jected to immunoblotting with GAPDH.

Protein persulphide detection protocol (ProPerDP)

Protein sulfhydration was detected by using the earlier
described method [36]. HEK293T cells were seeded in 90-
mm dishes and transfected with FLAG-WT GAPDH and
FLAG-GAPDH®"% vector using Lipofectamine 3000 accord-
ing to the manufacturer’s protocol (. Briefly, cells were treated
with 100 pM of sodium hydrogen sulfide (hydrate) (Cayman
Chemical, 10012555for 2 h at 37°C. Cells were washed with
PBS and incubated with 1 mM EZ-link-Iodoacetyl-PEG,-
Biotin (Sigma Aldrich, 21334) for 3 h at 37°C. The cells
were washed twice with PBS and lysed using lysis buffer
(40 mM HEPES [Sigma Aldrich, H3375], 50 Mm NaCl,
1 mM EGTA [Sigma Aldrich, E8145], 1 mM EDTA, pH 7.4,
1% CHAPS [Sigma Aldrich, C9426]) containing 1% protease
inhibitor cocktail. Biotinylated proteins were pulled down
using streptavidin agarose beads followed by washing with
lysis buffer to remove unbound proteins. The biotinylated
protein was eluted using 25 mM dithiothreitol (Sigma
Aldrich, 43815) and subjected to western blotting with anti-
FLAG antibody (CST, 2368).

ANXA5/annexin V-7AAD staining

FITC-conjugated ANXA5/annexin V (Invitrogen,V13241)
and 7AAD (Invitrogen, A1310) staining were performed as
per the manufacturer protocol to detect apoptotic cell popula-
tion. Briefly, RAW 264.7 cells were seeded in a 6-well plate
and treated with 500 uM GYY4137 for 7 h. After treatment,
cells were washed with PBS twice and detached using PBS-
EDTA. Afterward, cells were washed with 1X ANXAS5/
annexin V binding buffer and stained with ANXA5/annexin
V- FITC for 15 min, followed with 7AAD staining for 5 min
in the dark, at room temperature. The apoptotic population
(ANXA5" 7AAD™"") was determined by acquiring the sam-
ples using the BD-FACS verse cell analyzer. Data were ana-
lyzed using FACS-verse software.

Culturing mycobacterium

Mtb H37Rv (ATCC, 27294) and GFP-Mtb H37Rv were cul-
tured in 7H9 medium (Becton Dickinson, Difco, 271310) with
0.1% Tween 80 (MP Biomedicals, 103170) and 10%
Middlebrook OADC enrichment until the optical density at
600 nm reached 0.8 to 1.0. The culture was then centrifuged at
1811 X g for 10 min, and the pellet was suspended in a freez-
ing medium (complete 7H9 medium + 20% glycerol). Colony-
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forming unit (CFU) plating was performed to estimate the
number of viable cells, and the stocks were prepared and
stored at —80°C. These stocks were used for all the experi-
ments. All experiments involving Mtb H37Rv were conducted
in a BSL-3/A-BSL-3 facility at CSIR-IMTech, Chandigarh.

DQ™ Red BSA staining

Following the infection of RAW 264.7 cells with GFP-Mtb
H37Ryv, cells were pulsed with DQ™ Red BSA for 20 min and
washed to remove the excess. Cells were treated as indicated
in the figure legends and fixed using 4% paraformaldehyde.
Images were acquired using Nikon A1R confocal laser scan-
ning microscope.

Statistical analysis

All the statistical data are presented as mean + SEM from at
least three independent experiments. The statistical signifi-
cance of differences was determined using GraphPad Prism
v6.04 (GraphPad Software Inc., USA) by applying Student’s
t-test. p < 0.05 was considered to be statistically significant.
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