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ARTICLE INFO ABSTRACT

Keywords: Hydropersulfide and hydropolysulfide metabolites are increasingly important reactive sulfur species (RSS)
Cystathionine gamma lyase regulating numerous cellular redox dependent functions. Intracellular production of these species is known to
Phosphorylation occur through RSS interactions or through translational mechanisms involving cysteinyl t-RNA synthetases.
Ezgz‘;f}iiie However, regulation of these species under cell stress conditions, such as hypoxia, that are known to modulate
AMP kinase RSS remain poorly understood. Here we define an important mechanism of increased persulfide and polysulfide
Ischemia production involving cystathionine gamma lyase (CSE) phosphorylation at serine 346 and threonine 355 in a

substrate specific manner, under acute hypoxic conditions. Hypoxic phosphorylation of CSE occurs in an AMP
kinase dependent manner increasing enzyme activity involving unique inter- and intramolecular interactions
within the tetramer. Importantly, both cellular hypoxia and tissue ischemia result in AMP Kinase dependent CSE
phosphorylation that regulates blood flow in ischemic tissues. Our findings reveal hypoxia molecular signaling
pathways regulating CSE dependent persulfide and polysulfide production impacting tissue and cellular response
to stress.

Molecular modeling

1. Introduction

Reactive sulfur species (RSS) are important for numerous biological
functions and pathophysiological roles in cardiovascular, neurological,
inflammatory, and immune systems, and in other disease states [1-3].
Hydrogen sulfide (H,S) has received predominant attention among RSS
and is produced by enzymes in the trans-sulfuration pathway, cys-
tathionine B-synthase (CBS) and cystathionine y-lyase (CSE/CTH), as
well as by 3-mercaptopyruvate sulfurtransferase, which is involved in
cysteine catabolism. However, endogenous sulfide may be present in
three biochemically distinct forms, including, readily available free
sulfide, acid-labile (e.g. iron-sulfur clusters that are localized in active

centers of respiratory enzymes), and as bound sulfane sulfur forms (e.g.
hydropersulfides and hydropolysulfides) [1,2,4]. Free HyS can be
released by acid-labile and bound sulfane sulfur under acidic or reducing
conditions, respectively [1,2]. RSS are constantly maintained in
mammalian cells and can be influenced either through transcriptional
regulation of sulfide synthesis enzymes or via persulfidation popularly
called S-sulfhydration of cysteine residues on target proteins [5,6].
Importantly, bound sulfane sulfurs have unique biochemical properties
among all RSS as they can act as nucleophiles (reductant) or electro-
philes (oxidant) depending on intracellular conditions impacting a wide
range of molecules [4]. Our group has previously demonstrated that
ischemic and mechanical remodeling of the vasculature involves
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upregulation of sulfide metabolites that ramify on NO-dependent cyto- and other polysulfides [2,4,9,10]. These various intracellular poly-
protective responses revealing important roles for cardiovascular func- sulfide/persulfide species together constitute the total concentration of
tion [7]. However, specific mechanisms governing hypoxic formation of sulfane sulfur inside the cell. Importantly, recent studies show differ-
reactive sulfur species production are poorly understood. ential metabolism of these species during changes in pH or oxygen

It is now clear that hydropersulfides and polysulfides can be syn- (hypoxia or ischemia) that may influence lipid peroxidation and fer-
thesized independently of H,S. Polysulfide release from cysteinyl-tRNA roptosis [11,12]. As such, persulfides/polysulfides are now considered
synthetases (CARSs) has been demonstrated [8,9] and both CBS and CSE critical mediators within cellular redox signaling networks that regulate
utilize substrates such as cystine or glutathione disulfide, to catalyze the diverse cellular functions. However, a significant limitation remains

formation of cysteine hydropersulfide or glutathione hydropersulfide, with the lack of insight into specific mechanisms regulating the
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Fig. 1. Hypoxic per-polysulfide formation and CSE phosphorylation. Panel A shows MAECs exposed to either normoxia (21 % oxygen) or hypoxic (1 % oxygen)
conditions for 30min and analyzed for various sulfide metabolites, including free, acid-labile sulfide and bound sulfane sulfur (including persulfide and polysulfide)
using MBB/HPLC method. Panel B Per-polysulfides levels in MAECs treated with either normoxia or hypoxia for 30min using the fluorescent probe SSP4. Panel C
CSE enzyme activity under hypoxia compared to normoxia in MAECs. Panel D Per-polysulfide levels in MAECs transfected with either mock, CSE, CBS, MPST, CARS-
1 or CARS-2 siRNAs and then respectively were probed with SSP4 under hypoxic conditions. Panel E LC/MS HCD fragmentation spectrum of trypsin digested human
CSE purified from normoxic versus hypoxic treated HEK cells. CSE amino acid fragment 334-364 (LFTLAESLGGFESLAELPAIMTHASVLKNDR) was identified by
Protein Discoverer 2.5. (i) HCD spectra of native Human CSE [334—364] peptide. (ii) HCD spectra of singly phosphorylated Human CSE [334—364] at Ser346. (iii)
HCD spectra of singly phosphorylated Human CSE [334—364] at T355. Panel F Phospho peptide ratios comparing CSE[334-364] and CSE[365-395] from LC/MS
HCD fragmentation spectrum of trypsin digested human CSE purified from hypoxia. Panel G CSE activity of Control (Con), WT, or CSE phosphonegative alanine
mutant constructs of S346A or T355A transfected into HEK293 cells. Panel H CSE activity of HEK293 cells transfected with either Control, WT, CSE glutamate (E)
phospho-mimetics, S346E or T355E, under hypoxia. All the data are averaged from triplicates from each experiment with at least n = 5. *P < 0.0001; ***P <

0.0002; **P < 0.003; *P < 0.01.
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formation of per- and polysulfide compounds under various patho-
physiological conditions. In this study, we reveal an important AMP
kinase/CSE phosphorylation-dependent mechanism during hypo-
xia/ischemia leading to specific generation of per/polysulfide with
potent pathophysiological effects.

2. Results
2.1. Hypoxia induces polysulfide levels via novel CSE phosphorylation

We previously reported an increase in CSE activity and sulfide me-
tabolites under sustained tissue ischemia [7,13] but the mechanism(s)
responsible for these effects remain unknown. Murine aortic endothelial
cells were exposed to hypoxia and sulfide metabolites measured. We
observed a selective three-fold increase in bound sulfane sulfur con-
sisting of per- and polysulfide pools using the monobromobimane (MBB)
RP-HPLC quantitative analytical measurement after 30 min of hypoxia;
no changes in free or acid labile sulfide was observed (Fig. 1A). We next
utilized and standardized intracellular fluorescent probes to detect free
Ho,S using SF7 (Suppl. Fig. 1A), and per-polysulfide using SSP4 probe
(Suppl. Fig. 1B) and confirmed that hypoxia increased per-polysulfides
(Fig. 1B) without changing free HsS levels (Suppl. Fig. 1C). Further-
more, response from intracellular labeling with either SF7 or SSP4
mirrored measurement of per- and polysulfide pools via MBB-HPLC. We
observed that hypoxia significantly increased CSE activity suggesting a
primary role for this enzyme in observed per-polysulfide generation
(Fig. 1C). Further, to determine the source of increased per-polysulfides
and HyS, we used siRNA against known sulfur metabolite producing
enzymes, including CSE, CBS, MPST, CARS1 or CARS2, and then
exposed murine endothelial cells to hypoxia and measured
per-polysulfides using SSP4 (Fig. 1D), and HyS using SF7 (Suppl.
Fig. 1D). Significant decreases in mRNA and protein levels of siRNA
treatment for CSE, CBS, MPST CARS1 and CARS2 was confirmed by
qRT-PCR and Western blot (Suppl. Fig. 1 E-I and J-N). In CSE siRNA
cells, hypoxia dependent increased in SSP4 fluorescence was inhibited
>70 % (Fig. 1D); while a 30 % reduction was observed in SF7 intensity.
A moderate yet significant reduction in SSP4 intensity was also observed
with CARS1 siRNA (Fig. 1D). Interestingly, this inhibition is significantly
less compared to inhibition of both per-polysulfides (SSP4), and HsS
(SF7), respectively via CSE siRNA. These findings are consistent with
previous findings of these enzymes in per-polysulfide production.

We next examined CSE protein for post-translational modifications
under normoxia versus hypoxia, wild type human CSE FLAG-tagged
construct was expressed in murine endothelial cells, treated under
normoxia or hypoxia, purified and trypsin digested for LC/MS HCD
(higher-energy C-trap dissociation) fragmentation spectrum (Fig. 1E). A
three-fold increase in phospho-peptide abundance ratio in HCD spectra
for CSE amino acid fragment [334—364] under hypoxia compared to
normoxia was observed. The LC/MS HCD fragmentation spectrum
identified hypoxia dependent phosphorylation site at serine 346 (S346)
and threonine 355 (T355) (Fig. 1E, inset ii and 1E, inset iii). Moreover,
we observed that the abundance ratio of CSE[334-364] peptide frag-
ment was 3 fold higher than CSE[365-395] peptide fragment containing
the phospho-inhibitory serine 377 residue under hypoxia compared to
normoxia conditions (Fig. 1F). To check if these phosphorylation sites
impact CSE activity, we generated phospho-mimetic glutamate or
phospho-negative alanine mutants of either S346 or T355 and examined
their enzyme activities in transfected HEK cells. A two-fold decrease in
cystathionine consumption (i.e. CSE enzyme activity) with the phospho-
negative S346A or T355A (Fig. 1G) was observed under hypoxia;
whereas the phospho-mimetic S346E or T355E significantly increased
CSE enzyme activity under hypoxia (Fig. 1H).
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2.2. Substrate influences CSE-mediated per-polysulfide generation under
hypoxia

CSE is a promiscuous enzyme where based on its substrate utilization
the kinetics can vary with change in the microenvironment [14]. Next,
we investigated the role of the identified phosphorylation sites and their
role in the subsequent production of per-polysulfide or free HyS levels
using different substrates under hypoxia. Wild type and CSE
phospho-negative or mimetic constructs were FLAG tagged and used for
transient transfection studies in HEK cells and confirmed by FLAG
immunoblotting for uniform expression (Suppl. Figs. 2A and B). Hypoxia
dependent increases in SSP4 per-polysulfide were completely blunted by
either S346A or T355A using cysteine, cystine, or cystathionine sub-
strates (Fig. 2A, B, and C) as well as under normoxic conditions (Suppl.
Figs. 3A, B, and C). Free H,S levels were not significantly different with
various substrates under hypoxia (Fig. 2D, E, and F) or normoxia (Suppl.
Figs. 3D, E, and F).

We next examined the effect of CSE phosphomimetic constructs
S346E and T355E under hypoxia with various substrates. A significant
2.5- and 2.75-fold increase, respectively in per-polysulfides was
observed with cysteine and cystine (Fig. 3A and B); but only a 1.5-fold
increase with cystathionine (Fig. 3C) as a substrate. While S346E or
T355E significantly increased SSP4 signal they did not significantly
change H,S levels as measured by SF7 under hypoxia (Fig. 3D, E, and F)
These data reveal that CSE phospho-mimetic favors hypoxic per-
polysulfide production with cystine or cysteine as substrates versus
cystathionine. Similar observations of substrate-specific per-polysulfide
generation was observed with phosphomimetics S346E or T355E under
normoxic conditions (Suppl. Figs. 4A, B, and C) although with sub-
stantially reduced SSP4 signal compared to hypoxic conditions. Impor-
tantly, no significant changes were noticed with free HaS generation
(Suppl. Figs. 4D, E, and F).

2.3. HPE-IAM detection of CSE-mediated glutathione per-polysulfide
generation under hypoxia

We further examined specific per/polysulfide species from cystine
substrate utilization under hypoxia in mouse aortic endothelial cells
transfected with wild type, S346A, T355A, S346E or T355E CSE con-
structs followed by derivatization with HPE-IAM for per-polysulfide LC/
MS analyses [15]. Significant increases in GSSH persulfide and GSSSSH
polysulfide with wild type CSE were observed under normoxia (N-WT)
compared to hypoxia (H-WT) (Fig. 4A and B, respectively). Both S346A
or T355A significantly blunted hypoxic (H-346A or H-355A) GSSH
persulfide (Fig. 4A) and GSSSSH polysulfide (Fig. 4B) production
compared to hypoxia wild type CSE (H-WT). Conversely, S346E and
T355E phospho-mimetics significantly increased hypoxic (H-346E or
H-355E) GSSH persulfide and GSSSSH polysulfide above that of wild
type CSE (H-WT) (Fig. 4A and B). These data corroborate findings using
SSP4 and delineate specific sulfane sulfur species that are formed.

2.4. Molecular modeling determines molecular stabilization of CSE via
phosphorylation

CSE is arranged as a tetramer with D2 symmetry [16]; so, we ques-
tioned whether phosphorylation could modulate CSE activity via allo-
steric mechanisms. We confirmed these effects of phosphorylation sites
S346 or T355 on human CSE tetrameric structure using molecular dy-
namics simulations (Fig. 5A and B). For reference, each monomer is
labeled as hCSE4, hCSEg, hCSE, and hCSEp, (Fig. 5A), and the location
of S346 shown in purple and T355 in gold (Fig. 5B). As can be seen in
Fig. 5C and D, snapshots of the trajectories reveal that phosphorylation
of these two residues establishes several new electrostatic interactions
within and between each monomer of the CSE tetramer. Phosphoryla-
tion of S346 induces novel intra- and inter-molecular electrostatic in-
teractions that include but are not limited to pS346, — E381,, K260
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Fig. 2. Phospho-negative mutants reduces per-polysulfide levels under hypoxia. HEK293 cells transfected with either Control (Con), wild type CSE (WT),
phospho-negative mutant S346A or T355A under hypoxia (1 % oxygen) for 30 min and probed for per-polysulfide (SSP4 fluorophore) or hydrogen sulfide (SF7
fluorophore) signal. Panels A, B, and C show SSP4 signal using cysteine, cystine, or cystathionine as substrates, respectively. Panels D, E, and F show SF7 signal
using cysteine, cystine, or cystathionine as substrates, respectively. All data were averaged from triplicates from each experiment with at least n = 5. ****P < 0.0001;

**P < 0.003; *P < 0.01.

(Fig. 5C, inset i); pS3465 — E381p, R257,4, K260, (Fig. 5C, inset ii); p346p
- T336p, K48, (Fig. 5C, inset iii); and pS346¢ — S218¢, T336¢, E345¢,
E381¢, K260p (Fig. 5C, inset iv). We also observed several novel intra-
and inter-molecular electrostatic interactions formed by phosphoryla-
tion of T355. These include but are not limited to pT3555 — H55p, R62p,
R119, (Fig. 5D, inset i); pT355p — R119p (Fig. 5D, inset ii); pT355p —
Q323p, M354p, H356p, S358p, V359 (Fig. 5D, inset iii); and pT355¢ —
R119¢, H356¢, R62p, N241g (Fig. 5D, inset iv). We next tested whether
phosphorylation modulated interactions with CSE and PLP using the
inhibitor propargyl glycine (PAG). PAG treatment of HEK transfected
with wild type, S346E, or T355E CSE constructs significantly blunted
hypoxia and cystine dependent increases in SSP4 fluorescence (Fig. 5E).
Conversely, PAG had no effect on hypoxia and cysteine dependent ef-
fects with S346A or T355A (Fig. S5F) suggesting that S346 and T355
phosphorylation preferentially conveys tetramer structural organization
enabling PLP binding. These data indicate that S346 and T355 may be
unique specific targets for CSE enzyme inhibition that requires further
study.

2.5. Hypoxia dependent AMP kinase regulation of CSE phosphorylation
and polysulfide formation in endothelial cells

Next, we examined whether conservation of CSE S346 and T355
sequences are similar across different species using the homology search
tool OrthologR. Both the CSE phosphorylation sites S346 and T355 are
conserved across species, including human, monkey, zebra fish, frog,
rat, mouse, C. cerevisiae, D. melanogaster, and C. elegans (Fig. 6A)
suggesting a key role for phosphorylation in CSE activity regulation.
Assessment of potential protein Serine/Threonine kinases (using Scan-
site 4) that may phosphorylate CSE at S346 and T355 identified AMP
Kinase basophilic Serine/Threonine kinase group motifs (Fig. 6B).
Mouse endothelial cells were exposed to hypoxia (0-90 min) and

phosphorylation of CSE assessed by immunoblotting with pCSES346
polyclonal antibodies generated by phospho-peptide specific immuni-
zation. In parallel, pAMPK was also measured (Fig. 6C). We observed a
significant two-fold increase in pCSE at 30, 60 and 90 min, along with a
significant increase in pAMPK levels at 30 and 60min (Fig. 6D). We next
examined whether AMPK regulates hypoxic CSE phosphorylation and
subsequent increases in per-polysulfide using the ATP competitive
AMPK inhibitor, dorsomorphin (AMPK-I). Dorsomorphin significantly
blunted hypoxia mediated pAMPK and pCSES346 (Fig. 6E and F) that
was associated with a significant reduction in hypoxia dependent SSP4
fluorescence (Fig. 6G), as well as SF7 (Suppl. Fig. 5A). Similar effects
were observed with HUVECs indicating this pathway is operational in
human cells associated with bound sulfide production (Fig. 6H, I and J).
We corroborated that hypoxia also increased per-polysulfide SSP4 signal
in HUVECs (Suppl. Fig. 5B); however, hypoxia did not significantly in-
crease free HoS SF7 signal (Suppl. Fig. 5C), although AMPK inhibition
moderately reduced free HyS SF7 signal (Suppl. Fig. 5D) under hypoxia.

2.6. AMP kinase isomer inhibition impairs CSE phosphorylation and
polysulfide formation in endothelial cells

AMPK is a heterotrimeric protein kinase composed of a catalytic o
subunit (a1 or «2) subunit [17,18]. We further investigated the effects of
specific AMPK a subunit inhibition on pCSE and per-polysulfide levels
using siRNA treatment of mouse aortic endothelial cells. Individual
knockdown of AMPKal (Fig. 7A) or a2 (Fig. 7B) selectively reduced al
or a2 mRNA, respectively. We next exposed mouse aortic endothelial
cells treated with AMPK siRNAs for al or a2 subunits and assessed
hypoxic changes by immunoblotting for CSE, AMPK, pAMPK or
pCSES346 polyclonal antibodies confirming that siRNA inhibition of
AMPK ol or o2 blunted total and pAMPK while only affecting pCSE346
(Fig. 7C, D and E). Lastly, siRNA inhibition of AMPKal or AMPKa2
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Fig. 3. Phospho-mimetics induces per-polysulfide levels under hypoxia. HEK293 cells transfected with either Control (Con), wild type CSE (WT), phospho-
mimetic mutants S346E or T355E under hypoxia (1 % oxygen) for 30 min and probed for per-polysulfide (SSP4 fluorophore) or hydrogen sulfide (SF7 fluo-
rophore) signal. Panels A, B, and C show SSP4 signal using cysteine, cystine, or cystathionine as substrates, respectively. Panels D, E, and F show SF7 signal using
cysteine, cystine, or cystathionine as substrates, respectively. All data were averaged from triplicates from each experiment with at least n = 5. ****P < 0.0001; **P
< 0.003; *P < 0.01.
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Fig. 4. Per and polysulfide levels in endothelial cells transfected with CSE phospho mutants. Abundance of per/polysulfide to protein (fold change) was
measured by HPE-IAM LC/MS in MAECs transfected with either wild type CSE (WT) under normoxia (N-WT) or hypoxia (H-WT), phospho negative mutants S346A
(H-346A), T355A (H-355A); phospho-mimetics mutant S346E (H-346E) or T355E (H-355E) under hypoxia. Panel A reports glutathionine persulfide (GSSH) and
panel B illustrates glutathionine polysulfide (GSSSSH). All data are averaged from triplicates from each experiment with at least n = 3. ****P < 0.0001; ***P <
0.0002; **P < 0.003.
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Fig. 5. Molecular dynamics simulations of cystathionine gamma lyase. Three-dimensional structure of CSE as a tetramer and the respective composite
monomers generated by AlphaFold. Molecular dynamics simulations of 350 ns were performed with linear constraint solver (LINCS) constraints for all bonds for
panel A WT CSE, and panel B CSE with phospho sites $346 (purple), and T355 (gold). Molecular dynamics simulations Phosphorylation of residues $346 and T355
modeled in Pymol using the PyTMs plugin. All were performed using GROMACS 2019 software with the GROMOS 54A7 force field and SPC216 water model. Frames
were recorded every 2 ps. Panel C The 300 ns simulation showing extensive intra- and inter-molecular contacts induced by phosphorylation of 346. Each p346
monomer were color coded belongs to and kept the scheme as shown panel A to illustrate which contacts are intra vs inter-molecular contacts. The backbone RMSD
was monitored over the production run of each protein to ensure the stability and convergence of the simulated trajectories. p346 leads to a novel interaction
between monomer A (p346) and B (K260, R257), monomer B (p346, H217, E345) and monomer A (K260, R257), monomer C (p346, T336) and monomer A (K48),
and monomer D (p346, E345, E381) and monomer C (K260). Panel D Intra- and inter-molecular electrostatic interactions formed by phosphorylation of T355.
Interactions to pT3554 — H55p, R62p, R1194 (Fig. 4D, inset i); pT3555 — R119g (Fig. 4D, inset ii); pT355p — Q323p, M354p, H356p, S358p, V359, (Fig. 4d, inset iii);
and pT355¢ — R119¢, H356¢, R62p, N241y (Fig. 4d, inset iv). Panel E HEK293 cells transfected with either Control (Con), wild type CSE (WT), phospho-mimetic
mutants S346E or T355E with or without PAG under hypoxia (1 % oxygen) for 30 min and probed for per-polysulfide (SSP4 fluorophore) Panel F HEK293 cells
transfected with either Control (Con), wild type CSE (WT), phospho-negative mutants S346A or T355A with or without PAG under hypoxia (1 % oxygen) for 30 min
and probed for per-polysulfide (SSP4 fluorophore). All the data are averaged from triplicates from each experiment with at least n = 5. ****P < 0.0001; ***P <
0.0002; *P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

significantly reduced hypoxia mediated increased per-polysulfide SSP4
fluorescence (Fig. 7F). These data confirm pharmacological inhibitor
findings that AMP Kinase activity critically regulates CSE phosphory-
lation and subsequent sulfane sulfur production.

2.7. Inhibition of AMP kinase impairs ischemia dependent
phosphorylation of CSE, per-polysulfide formation, and blood flow

CSE and H,S regulate vascular dilation and ischemic vascular
remodeling involving arteriogenesis and angiogenic properties [7,19].
We examined the effect of tissue ischemia on CSE and AMP kinase
phosphorylation using the femoral artery ligation (FAL) model at
various time points (0, 3hrs, 24hrs and 5 days) (Fig. 8A). Ischemia
increased CSE phosphorylation (pCSES346) rapidly (3 h) in the
gastrocnemius muscle that was sustained over 5 days (Fig. 8B). Likewise,
ischemic tissue AMP kinase phosphorylation coincided with pCSE
beginning at 3 h and lasting over 5 days (Fig. 8B). Next we assessed
whether AMPK modulates CSE phosphorylation and activity in vivo, by

treating mice with AMPK-I dorsomorphin (10 mg/kg) for 5 days during
FAL. Skeletal muscle tissues from non-ischemic (NI), ischemic (Isch) or
Isch + AMPK-I groups were probed for pCSE and pAMPK protein levels
(Fig. 8C). We found a three-fold increase in pCSES346 and pAMPK
protein levels, which was completely blunted with AMPK-I treatment
(Fig. 8D). We also evaluated FAL physiological ischemic hindlimb blood
flow changes between saline vehicle versus AMPK-I at day 5 (Fig. 8E).
Laser speckle blood flow quantification shows that saline vehicle treat-
ment results in a characteristic ~55-60 % reduction in hind limb blood
flow after FAL at day 5 but that AMPK-I treatment resulted in more than
a 80 % reduction in hind limb blood flow after FAL (Fig. 8F). Lastly, we
examined AMPK-I treatment on FAL plasma per/polysulfide generation
using the MBB/HPLC method and found a profound and significant
decrease in plasma bound sulfane sulfur with AMPK-I compared to sa-
line vehicle (Fig. 8G).



S. Alam et al.

Redox Biology 68 (2023) 102949

A 346 355 B
Human LGGF LAELPAIMyHASVLKN
Danio rerio (Zebrafish) | g G LA PAIMiIHASVCEE Basophilic
Kemopusiprepicale (Fog) B LAEHPA IMUHAAVPEE AMPKinase  erine/Threonine 5346 ESLGGFESLAELPAI it WAL
Rat LGG LAELPAIMUHASVPEK (AMPIO) S "
AMP Kinase Basophilic PRKAA1
Mouse LGG LAELPAIMHASVPEK (AMPK) Serine/Threonine  T355  AELPAIMTHASVLKN appKi_HUMAN
C. cerevisie LGG | E|LLEVPAVMUHGG | PKE kinase group
D. melanogaster L GG LAELPSIMyHASVPAE
C. elegan LGGC LAELPSIMyHASVPSAT
Conservation u T | B -
c Omin  5min 15min 30min 60min 90min D
sk
PCSES346|™ s s st S S5 S &5 5 o == == P 3.0 v % 5.0
[
Hn Fkkk 33 4.0-
(03] = T E ok pp—— £ 2 2.0 £
28 9 © 3.0
65 o35
oo o i
pPAMPK el 2.4 £ £ 8 2 8. w o 1.0 v 3 20
: i 0w o w
Q =~ 1.04
o <
AVMPK| o o o o o oo o e oo o o o O'O_QQ(\(\(\(\ 2 .04
S SLSE SESS&S
- 5O D S D QDO D S D
*kk
E Hypoxia F G
Normoxia Hypoxia + AMPK-I sk
******* skk
pCSES346 T T T w 257 L w 2.5 YkEk 157 o
° © = ¢
3% 2.0 3 g 2.0 o
CSE I"’ ----------- | ci_-, qu) = §" N 2 1.0
‘S 8 1.57 S S 1.57 2 A
35 o, 8% o S g
PAMPK s — £ T 1.0 o5 1.0+ .
2 X8 w0
3= 0.5 = < 0.5 ¥
AMPK | | 2 <Q- %
0.0- 0.0- 0.0-
GAPDH | | o o 1~ PR
] PR ° L & Q oF
IR & & oF K
o
e ‘bxv.@ éo( Q&v& oxv.é
(o x
Q o KQ
J Q:\Q B
H Hypoxia I J
Normoxia Hypoxia + AMPK-| skokk Kok
3.0 P 3.0+ = 2.0
(2]
pCSES346 T — - S < *k K % *k
(T) g‘) —~ O o 1.5
= ¢ 2.0+ £ € 2.0 = <
£ A S8 £ o
CSE |————-—-——-———| 2% o 20 A O 1.0
S o oo T (1
| | a5 1.0+ v © 1.0 S
pAMPK i ———— D W ——— — bu,E-’ %L\L’ 1-0'5_
13} < &
o a 17,)
AMPK e A e 0.0- 0.0- 0.0-
o O 4> O O 4> o >
& & oF & & oF L ¥
—— o( %*V.QQ éo‘ ‘b*v.éq ‘2\ xv.@
GAPDH S S O
& 83 s

(caption on next page)



S. Alam et al. Redox Biology 68 (2023) 102949
Fig. 6. Hypoxia induces per-polysulfide via AMPK-mediated phosphorylation of CSE. Panel A Conservation sequence of human CSE at S346 and T355
compared across various species, including human, monkey, Danio rerio (Zebra fish), Xenopus tropicalis (frog), rat, mouse, Saccharomyces cerevisiae, Drosophila
melanogaster, and Caenorhabditis elegans. Panel B CSE phospho sites S346 and T355 showing modular signaling domains of protein Serine/Threonine kinases motif
groups using Scansite 4. Panel C Representative blots of MAEC treated under hypoxia for 0, 5, 15, 30, 60 and 90 min probed for pCSES346, total CSE, pAMPK, AMPK
and GAPDH. Panel D Quantitation of pCSES346 and p-AMPK protein levels, respectively from western blots in Panel A. Panel E Representative blots of MAEC treated
with mock or AMPK inhibitor (AMPK-I) Dorsomorphin under hypoxia for 30min. Panel F Quantitation of pCSES346 and pAMPK protein levels, from western blots in
Panel E. Panel G MAEC treated with mock or AMPK inhibitor (AMPK-I), Dorsomorphin under hypoxia for 30 min followed by per-polysulfide (SSP4 fluorophore)
signal. Panel H Representative blots from HUVEC treated under normoxia or hypoxia or hypoxia + AMPK-I for protein levels of pCSES346, total CSE, pAMPK, AMPK
and GAPDH. Panel I quantitation of HUVEC blots for pCSES346 and pAMPK treated with mock or AMPK inhibitor (AMPK-I) Dorsomorphin under hypoxia for 30
min. Panel J HUVECs treated under hypoxia or hypoxia + AMPK-I for 30 min followed by per-polysulfide (SSP4 fluorophore) measurement. Densiometric analysis of
p-AMPK and p-CSE346 blots were normalized to total AMPK or total CSE (normalized to GAPDH for protein). All data are averaged from triplicates from each
Experiment with at least n = 5. ****P < 0.0001; ***P < 0.0002; *P < 0.01.
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Fig. 7. AMPK isomer siRNA reduces hypoxic CSE phosphorylation and per-polysulfide formation. MAEC were treated with si-Con, siAMPKal or siAMPKa2
was examined for AMPKal and AMPKa2 mRNA expression (Panels A and B). Panel C shows representative blots of pCSES346, total CSE, pAMPK, total AMPK and
GAPDH from MAEC treated under hypoxia with siCon, siAMPKa1, or siAMPKa2. Panels D and E respectively show quantitation of pCSES346 and pAMPK protein
levels from immunoblots in Panel C. Panel F illustrates SSP4 levels from MAEC transfected with siCon, siAMPKa1, or siAMPKa2 under hypoxia. Densiometric
analysis of p-AMPK and p-CSE346 blots were normalized to total AMPK or total CSE (normalized to GAPDH for protein). All data are averaged from triplicates from
each experiment with at least n = 5. ****P < 0.0001; ***P < 0.0002; **P < 0.003; *P < 0.01.

responses highlighting a crucial role for cardiovascular and likely other
pathophysiological responses.

Previous work has reported an increase in CSE expression and sub-
sequent increase in total sulfide levels under tissue ischemia over pro-
longed time periods [7]; however, underlying molecular mechanisms
have remained unknown. We observed a preferential increase in sulfide
as bound sulfane sulfur that includes per-polysulfides. Formation of
per-polysulfide biochemical species under hypoxia may be an evolu-
tionarily ideal response from a chemical biology perspective. Preferen-

3. Discussion

The current investigation reveals a unique molecular signaling
pathway regulating sulfide metabolism involving hypoxia dependent
phosphorylation of CSE and formation of sulfane sulfur. We identified
serine 346 (S346) and threonine 355 (T355) as two phosphorylation
sites, which enhanced CSE activity under cellular hypoxia and tissue
ischemic conditions. Molecular modeling revealed these post-
translational modifications likely stabilize tetramer organization and

function due to numerous inter- and intramolecular interactions. This
was confirmed by specific phospho-negative mutants that remove these
modifications which inhibited hypoxia-mediated increase in CSE activ-
ity as well as decreased per-polysulfide generation. Whereas phospho-
mimetic mutant CSE constructs expressed under hypoxia significantly
elevate per-polysulfide generation. Importantly, AMPK inhibition abol-
ished hypoxia/ischemia induced CSE phosphorylation and per-
polysulfide generation along with impairment of ischemic vascular

tial formation of polysulfides under hypoxia, as opposed to free H,S,
likely reflects cellular responses that ensure reactive sulfide availability
under conditions (e.g. low tissue pH) that would favor HsS formation
and diffusion. Moreover, polysulfides can readily liberate free sulfide,
contribute sulfur to metal complexes, serve as potent nucleophilic and
electrophilic redox mediators, and are more biologically stable forms of
RSS than H,S alone [4,12,20,21]. Apart from CSE, CBS, and MPST;
cysteinyl-tRNA synthetases (CARSs) have been reported to produce
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Fig. 8. AMPK inhibition reduces CSE phosphorylation, per-polysulfide and ischemic blood flow. Panel A Representative blots of ischemic gastrocnemius
muscle tissues from mice subject to the femoral artery ligation (FAL) Ohrs, 3hrs, 24hrs and 5 days probed for pCSES346, total CSE, pAMPK, AMPK and GAPDH. Panel

B Graphic representation of the densitometry quantification depicted in Panel A for

PCSE346 and p-AMPK protein expression. Panel C Representative western blots

were performed from non-ischemic (NI), ischemic (Isch), and ischemic AMPK-I (Isch + AMPK-I) skeletal muscle (SkM) tissues collected at day 5 post femoral artery
ligation. Panel D Graphic representation of the densitometry quantification of pCSE346 and p-AMPK protein expression. Panel E Representative angiogram images
of hindlimbs showing blood flow (blue color = lowest flow; red color = highest flow) from saline treated post-ligation at day 5 (upper panel; Sal-D5) and AMPK
inhibitor treated post-ligation at day 5 (lower panel; AMPK-I-D5). Panel F Graphic representation of the densitometry quantification depicted in Panel E for ischemic
limb blood flow. Panel G Plasma sulfide levels, including free/acid labile pools (F/Al) and bound sulfide of pre-FAL, saline (sal) or AMPK-I treated mice. In all
densiometric analysis of western blots, p-AMPK and p-CSE346 are normalized to total AMPK or total CSE that are normalized to GAPDH. All the data were
representative of at least n = 5. ****P < 0.0001; **P < 0.003; *P < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

per-polysulfides [8,22]. Interestingly, no significant role for formation
of per-polysulfides was observed under hypoxia with knockdown of CBS,
MPST, or CARS2, with only a moderate role for CARS1. This sub-
stantiates earlier observations of CSE-mediated sulfide release under
hypoxia [7], and identifies CSE as the predominant enzyme producing
per-polysulfides in endothelium under hypoxia.

Dietary modifications, such as methionine restriction (MR) has
received considerable attention as they can improve metabolism,
including insulin sensitivity and longevity [23,24]. Effects of MR are
attributed, to increased CSE/H,S signaling that regulates substrates such

as cysteine or cystine [24]. CSE plays a critical role under MR with
significant beneficial towards improved metabolism with substrate uti-
lization [23]. Additionally, CSE is known to be promiscuous for its
substrate utilization that can change with its microenvironment [6].
With a decrease in cellular cysteine levels, CSE can catalyze f-elimina-
tion of cysteine persulfides from cystine, to produce HsS and cysteine
[23]. Interestingly, we observed that CSE, does in fact utilize cystine or
cysteine as substrates apart from cystathionine to produce
per-polysulfides under hypoxic conditions. Moreover, production of
these sulfane sulfur metabolites appears more abundant with cystine
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than cysteine or cystathionine under hypoxia when CSE is phosphory-
lated. Possible presence of low cystathionine and cysteine levels under
hypoxia may also favor utilization of cystine as a substrate thus serving
as an alternative pathway to salvage intracellular cysteine and HjS.
These results indicate that CSE utilization of cystine or cysteine to
generate per-polysulfides under hypoxia (rather than H,S) may be a
metabolic and redox pathway to maintain cellular function during
stress.

CSE is a PLP-dependent enzyme consisting of 393 amino acid resi-
dues and one PLP moiety and is arranged as a tetramer [16]. Pyridoxal
phosphate is bound in the active site by Lys212 2. Apart from lysine,
PLP is anchored by strong hydrogen bonds between the phosphate
moieties, including Gly90, Leu91l, Thr211 and Arg62, that can
contribute towards stability of its binding with the CSE enzyme [25].
Molecular modeling data demonstrates that phosphorylation of CSE
significantly changes the molecular dynamics of CSE via electrostatic
interactions, including inter- and intramolecular binding between
monomers of CSE tetramer via S346 and T355. Interestingly, a signifi-
cant number of these novel electrostatic interactions involve amino
acids known to be functionally relevant for CSE activity. For instance,
Arg62 and Lys212 to form a hydrogen bond with the phosphate moiety
of PLP known to be functionally obligatory for CSE activity [25,26]. The
unstructured loop containing R119 (residues G115 - Y120) forms a
two-turn helix upon CSE binding PLP [25]. Furthermore, a recent study
posits that the guanidinium moiety of R119 forms a hydrogen bond with
the distal a-carboxylate of cystathionine while maintaining contact with
the adjacent monomer via a second hydrogen bond with $242 26, H55 is
also a part of a loop (residues D28 — S63) that is disordered in the
absence of PLP. There is no electron density in the apo structure for
residues T355 - V366, indicating that this region is disordered. Although
this region does not directly interact with PLP, it is theorized that it
could stabilize one side of the PLP binding pocket. For the apo structure,
the T355 - V366 region of the CSE:PLP complex is occupied by the M110
— N118 loop [25]. Finally, N241 plays an important role in the
inter-molecular stabilization of PLP in the active site of CSE [26]. Sup-
plement video 1shows non-phosphorylated CSE tetramer molecular in-
teractions over 300 ns, whereas supplement videos 2 and 3illustrate
phospho-S346 CSE or phospho-T355 CSE molecular interactions,
respectively. Molecular model simulations clearly demonstrate that
phospho-S346 engages in horizontal intermolecular monomer in-
teractions, whereas phospho-T355 predominantly engages in vertical
intra- and intermolecular monomer interactions. Importantly, phos-
phorylation of S346 and T355 transition the CSE tetramer from an open
to closed conformation, particularly within the PLP binding domain. We
posit that phosphorylation of S346 and T355 induce changes in
side-chain orientations of numerous functionally relevant residues,
thereby altering the function of CSE as observed in our biological ex-
periments. These results highlight the magnitude of conformational
changes involved via phosphorylation sites (S346 and T355) towards
structural stability of CSE tetramer as indicated by molecular modeling
simulations and represent alternative molecular targets for enzyme in-
hibition beyond interfering with PLP binding.

Prevailing understanding of CSE regulation has predominantly
focused on transcriptional regulation via Activating Transcription Fac-
tor 4 (ATF4) [27] and specificity protein-1 (Spl) [28] with Spl
consensus binding sites present in the core promoter region of the
human CSE gene [28]. Additionally, the transcription factor, activating
transcription factor 4 (ATF4) regulates CSE under stress conditions [27].
Moreover, regulatory mechanisms governing CSE function and its pro-
duction of per- and polysulfide generation has remained unknown. We
have previously reported CSE regulation of flow-dependent vascular
remodeling and endothelial activation preferentially involving altered
bound sulfane sulfur levels [29]. 17p-estradiol (E2) can enhance endo-
thelial CSE gene expression and HsS release by promoting phosphory-
lation of CSE via ERo-Spl interaction with binding sites in CSE gene
promoter, subsequently improving endothelial function [30,31].
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However, this study is predominantly applicable to females and doesn’t
identify how S56 effects CSE enzyme function. Bibli et al. has also re-
ported that sulfide levels are reduced under disturbed shear stress via
phosphorylation of serine 377 thereby inhibiting CSE, due to increased
IL-1p 32. However, these mechanisms explain the inhibitory regulation
of CSE alone. Our data reveals increased CSE enzyme function under
hypoxia via S346 and T355 phosphorylation. Interestingly, our results
from LC/MS analysis of CSE posttranslational modification found a
significant reduction in phospho peptides CSE[365-395] (containing
$377) in comparison to CSE[334-364] (containing S346 and T355). This
suggests an inhibition or reduction of phosphorylation of S377, a
negative regulator of CSE [32], under hypoxia that requires further
study.

AMP-activated protein kinase (AMPK) is a key regulatory molecule
for endothelial function, redox homeostasis, and importantly, hypoxia
and ischemia/reperfusion injury [33]. AMPK has been reported to
mediate myocardial protection from I/R injury [34]. AMPK prevents
apoptosis and reduces oxidative stress and inflammation upon I/R
injury, which is mediated via AMPK phosphorylation [35]. Specifically,
AMPK protects from myocardial I/R injury via phosphorylation of
AMPK at Thr172 in ischemic heart tissues [36]. While H,S -mediated
induction of AMPK and subsequent pharmacological actions has been
previously reported [37], AMPK regulation of CSE and subsequent sul-
fide metabolite levels have not been known. We demonstrated that
AMPK/pAMPK can regulate CSE by increasing its activity via phos-
phorylation (S346) under hypoxia/ischemia conditions. This increase in
CSE phosphorylation subsequently induced per-polysulfide generation,
which is significantly blunted upon inhibition of AMPK using dorso-
morphin or siRNA. AMPK is a heterotrimeric complex of catalytic
a-subunits, regulatory f§ and y-subunits. AMPK catalytic al and o2 iso-
forms are activated in cardiac ischemia irrespective of regulatory sub-
units [38]. AMPK can be activated by LKB1 and CaMKKf pathways that
elicits protective and adaptive mechanisms to various cellular stress
conditions in the endothelial cells, including hypoxia [39,40]. However,
the molecular regulation and the roles of specific AMPK subunit iso-
forms is not well defined. Our data demonstrates that under hypoxia,
molecular inhibition of either AMPKal or AMPKa2 in endothelial cells
significantly blunts AMPK activity, hypoxia mediated CSE S346 phos-
phorylation, and subsequent per-polysulfide production. Importantly,
inhibition of AMPK significantly impairs ischemic vascular blood flow in
mouse hindlimbs in a model of chronic ischemia that directly involves
altered CSE phosphorylation and bound sulfane sulfur production. These
results highlight a critical role of AMPK in regulation of CSE phos-
phorylation and pAMPK in regulating ischemic vascular blood flow. It is
conspicuous from our data that CSE S346 phosphorylation remains
elevated even at day 5 in ischemic hindlimb, which corroborates with
elevated sulfide levels as observed previously and in the current
manuscript [7]. This sustained elevation of CSE S346 could be due to
stress conditions as an adaptive process. Elevation of per/polysulfide
levels endure altered redox environment that could involve both meta-
bolic, and oxygen induced stress. However, future studies are needed to
elucidate how both these (or perhaps other) stress conditions may in-
fluence in regulating phosphorylation states.

In the family of serine-threonine kinases, AMPK, PKA, PKC, and PKG
play key role in catalyzing the phosphorylation of proteins [41,42].
Considering the possibility of CSE being a substrate of these
serine-threonine kinases, we performed in silico analysis using Scansite
4.0 tool which detects short protein sequence motifs that are phos-
phorylated by protein Ser/Thr- or Tyr-kinases. Besides AMPK, Scansite
4.0 analysis didn’t reveal a prominent motif for any other kinases.
Future studies aiming at how the gain or loss of these kinases affects
enzyme function may pave the way to delineating whether these kinases
are key modulators of CSE other than AMPK. One of the limitations of
our study is that we could not characterize the other phosphorylation
site, CSE T355, and its regulation by AMPK or other kinases. We
attempted to raise an antibody against pCSE355 but have been currently
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unsuccessful. We suspect this may be due to locational constraints of
T355 residue in protein structure/or antigenicity. Together, these results
elucidate molecular mechanisms of increased CSE activity and
per-polysulfide formation for tissue and cellular ischemic responses.
Implications for this signaling pathway and mechanism are many with
immediate relevancy to the regulation of tissue growth, metabolism,
adaptation responses, carcinogenesis pathways, and
reno-cardiovascular diseases.

4. Methods
4.1. Chemicals and reagents

Sulfane Sulfur Probe 4 (SSP4) and sodium trisulfide (NayS3) were
from Dojindo Molecular Technologies, Inc., MD, USA. Anhydrous so-
dium sulfide (NayS) was purchased from Alfa-Aesar Inc. Diallyl trisulfide
(DATS) was procured from Sigma-Aldrich, CA, USA. SF-7 probe was
purchased from Cayman Chemicals, MI, USA. -(4-Hydroxyphenyl)ethyl
iodoacetamide (HPE-IAM) obtained from Chem-Impex. The anti-CSE
antibody was from Proteintech (IL, USA), anti-CBS, anti-3MST were
from Abcam, MA, USA. All secondary fluorophore-labeled antibodies
were obtained from Jackson Immunoresearch Inc (West Grove, PA,
USA). Chemicals and tissue culture reagents were obtained from Sigma
unless otherwise noted.

4.2. Cell culture and treatments

Human embryonic kidney 293 cells (HEK) were purchased from
ATCC, Virginia, USA and Human umbilical vein endothelial cells
(HUVECs) were obtained from Lifeline Cell Technology, CA, USA (Cat#
FC-0044). Mouse aortic endothelial cells were isolated in our COBRE
molecular core and cultured in our laboratory. HUVECs were cultured in
VascuLife® Basal Medium (Cat# LM-0002) supplemented with the
appropriate LifeFactors® Kit (Cat# LL-0003). All cells were grown in
tissue culture flasks under normoxic conditions at 37 °C, 5 % CO2, and
21 % 02. All media was changed every 2-3 days. Cells were transfected
with transfection media (Lipofectamine 2000).

For hypoxia treatment, the cells were incubated in the hypoxic
chamber (5 % CO2, 37 °C, 1 % 02) for 30min. HUVECs from passages
2-4 was used in the experiments.

4.3. Site-directed mutagenesis of hCSE

Phosphorylation mutants of hCSE of WT, constitutively active
phospho negative alanine mutants S346A or T355A; phosphomimetic
mutants with glutamate substitution, S346E or T355E. For the genera-
tion of hCSE alanine or glutamate mutants, the Site-Directed Mutagen-
esis kit from Agilent Technologies (Catalog #200522) was utilized. We
performed PCR using two synthetic oligonucleotide primers, designed to
incorporate the desired mutation. After thermal cycling, DPN I digestion
was employed to selectively amplify PCR products containing the mu-
tation. Subsequently, the nicked vector DNA, now carrying the desired
mutations, was transformed into competent cells. Plasmids were
extracted from the resulting colonies and subjected to Sanger
sequencing, thereby confirming the presence of the intended mutants.
These mutated plasmids have been transfected into either HEKs, MAECS
or HUVEG: for various assays as mentioned in the manuscript.

4.4. Measurement of biological pools of HoS

HS was measured using monobromobimane by RP-HPLC as we
previously reported and described in detail elsewhere [43]. Briefly,
plasma or tissue samples were collected and stabilized in vials con-
taining 100 mM Tris-HCI buffer (pH 9.5, 0.1 mM DTPA) in a ratio of 1:5
(v/v) and snap-frozen until further analysis. Samples were derivatized
with monobromobimane (MBB) and analyzed using a reversed-phase
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high-performance liquid chromatography (RP-HPLC) system with an
Agilent Eclipse XDB-C18 column (5 pm, 80 2’\, 4.6 mmx250 mm) for
sulfide-dibimane fluorescence detection (excitation: 390 nm; emission:
475 nm).

4.5. Measurement of CSE activity

CSE activity was measured as we previously described [7]. Briefly,
samples were incubated with 2 mM cystathionine, 0.25 mM pyridoxal
5'-phosphate in 100 mM Tris-HCI buffer (pH 8.3) for 30 min at 37 °C. 20
% Trichloroacetic acid was added into reaction mixture. After centri-
fugation, the supernatant was mixed with 2 % ninhydrin reagent and
incubated for 5 min at 105 °C then quickly cooled to 4 °C. Samples were
then mixed with 97 % ethanol and read at 455 nm using a spectropho-
tometer (Biotek Inc.). CSE activity was assessed by cystathionine con-
sumption and enzyme activity expressed as fold change calculated from
nanomoles of cystathionine consumed per mg of total protein.

4.6. Fluorescent detection of polysulfide metabolite

Polysulfide was detected using a fluorescent probe SSP4 as described
earlier [44]. SSP4 was dissolved in DMSO to obtain a 1 mM stock so-
lution. CTAB, a surfactant was dissolved in ethanol to yield a 5 mM stock
solution. CTAB and SSP4 (5 pM) were dissolved in HBSS buffer and
added to the samples for a total of 100 pl in a black polystyrene,
flat-bottomed clear 96-well plate and incubated in the dark at room
temperature for 20 min. Samples were measured on a TECAN fluores-
cence spectrophotometer (emission 525 nm: excitation 485 nm).

4.7. Identification of phosphorylation by LC-MS/MS

Human CSE from HEK sample cells was performed SDS-PAGE, and
then stained with Imperial Protein Stain. The Gel lanes were cut into 2
mm x 2 mm cubes. The cubes underwent trypsin digestion, followed by
disulfide bond reduction and cysteine alkylation with dithiothreitol and
iodoacetamide, respectively. LC-MS/MS analysis was conducted by a
3000 RSLCnano system coupled via an EasySpray source to an Orbitrap
Exploris 480 mass spectrometer as mentioned previously [45]. The
digested peptides (5.0 pl) were loaded onto a trap column (PepMap C18,
2 cm x 100 pm, 100 A) at a flow rate of 20 pl/min using 0.1 % formic
acid and separated on an analytical column (EasySpray 50 cm x 75 pm,
C18 1.9 pm, 100 A) with a flow rate of 300 nl/min with a linear gradient
of 5-45 % solvent B (100 % ACN, 0.1 % formic acid) over a 120 min
gradient. Both precursor and fragment ions were acquired in the Orbi-
trap mass analyzer. Precursor ions were acquired in m/z range of
375-1500 with a resolution of 120,000 (at m/z 200). Precursor frag-
mentation was carried out using the higher-energy collisional dissocia-
tion method using normalized collision energy (NCE) of 32. The
fragment ions were acquired at a resolution of 150,000 (at m/z 200). The
scans were arranged in top-speed method with 3 s cycle time between
MS and MS/MS. Ion transfer capillary voltage were maintained at 2.1
kV. The raw mass spectrometry data were analyzed using Proteome
Discover (version 2.5, Thermo Fisher Scientific) software package with
SequestHT using species-specific fasta database and the Percolator
peptide validator. Cysteine alkylation was set as a fixed modification.
Phosphorylation on serine\threonine\tyrosine residues, and deamida-
tion of asparagine residues were selected as variable modifications.

4.8. Molecular dynamics simulations

The three-dimensional structure of cystathionine gamma lyase used
for the molecular dynamics simulations were generated by using
AlphaFold to predict the structural elements missing from the previously
solved crystal structure (PBD: 3ELP) [46]. Phosphorylation of residues
S$346 and T355 was modeled in Pymol using the PyTMs plugin [47]. All
molecular dynamics simulations were performed using GROMACS 2019
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software with the GROMOS 54A7 force field [48] and SPC216 water
model. Specifically, each protein was solvated with 72,319 SPC216
explicit water molecules and places in the center of a cubic box of 136 x
136 x 136 A [47]. Each system was neutralized by adding the appro-
priate number of Na™ ions. Energy minimization of each structure was
followed by a two-step equilibration (i.e., NVT equilibration followed by
NPT equilibration). The temperature of each system was controlled
through velocity rescaling [49] at 300 K with a time constant of 0.1 ps.
The pressure of each system was controlled using the Parrinello-Rahman
barostat [50] and set to 1 bar. The particle mesh Ewald algorithm [51]
was used to calculate long-range electrostatics while a cutoff of 1.0 nM
was used for short-range electrostatics and van der Waals’ interactions.
Molecular dynamics simulations of 350 ns were performed for WT,
S$346-P0O4, and T355-PO4 with linear constraint solver (LINCS) con-
straints for all bonds [52]. Frames were recorded every 2 ps. The
backbone RMSD was monitored over the production run of each protein
to ensure the stability and convergence of the simulated trajectories.

4.9. Creation of pCSES346 antibody

Polyclonal antibodies to specific phosphorylation site S346 was
produced by Genscript, USA Inc. The antibody against the consensus
CTH substrate was raised against the following synthetic peptide antigen
CAESLGGFE[pSer]LAE. The approach used for phospho antibodies
generation was consecutive iterations of subtractive purification using
non phosphopeptide resin followed by affinity purification by removing
unmodified proteins and/or low sequence complexity epitopes for
strong specificity of the phospho-antibody. Briefly, rabbits were
immunized with a synthetic phosphorylated peptide (KLH (keyhole
limpet hemocyanin) coupled) corresponding to residues surrounding
phosphorylation sites. Antibodies are then purified by to isolate the IgG
antibody fraction. Affinity chromatography was performed using pep-
tides coupled to SulfoLink resin. Both phosphopeptide-containing resin
and the corresponding non-phosphopeptide resin were prepared.
Following two rounds of subtractive purification using the non-
phosphopeptide resin; protein A eluate was incubated with non-
phosphopeptide resin by rotation in a sealed column at room tempera-
ture for 1 h to remove antibodies reactive with the non-phospho version
of the protein antigen. The column was drained, and the flow-through
(containing the desired antibody) was incubated with fresh non-
phosphopeptide resin. The flow-through from this second subtractive
step was next purified by incubation with phosphopeptide resin. After
the phospho-peptide column was washed twice with PBS, phospho-
specific antibody (bound to the resin) was eluted with 0.1 m glycine,
pH 2.7, and pooled fractions were neutralized with 1 m Tris-HCI, pH 9.5
(~1-2% of the fraction volume). The eluted phospho-specific antibody
was then dialyzed overnight in PBS at 4 °C.

4.10. Western blot analysis

Cells or mouse tissues were homogenized in a lysis solution (Ther-
mofisher Scientific Inc.), containing a protease inhibitor cocktail (Roche,
Indianapolis, IN), and phosphatase inhibitor cocktail type I and II
(Sigma, Saint Louis, MO). Homogenates were centrifuged at 500xg for
15 min and supernatants were collected. Protein concentrations were
analyzed using the Bradford protein assay (BioRad, Hercules, CA).
Proteins were separated using 10 % SDS-PAGE (mini or midi Bio-Rad,
Hercules, CA) and transferred onto PVDF membranes, and incubated
with antibodies against CSE (Cat# 12217-1-AP, Fisher Scientific), total
AMPKa (Cat# 5832S), p-AMPKa (Cat#2535S) and o/f-Tubulin
(Cat#2148) from Cell Signaling Technology. Chemiluminescent bands
were detected and quantified using NIH Image J software.

4.11. Quantitative PCR

Tissue samples were stored in TRIzol reagent (Thermo Fisher
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Scientific Inc., Waltham, MA, USA) and RNA was isolated as previously
reported [53]. RNA concentration was evaluated and purity with a
typical OD260 to OD280 ratio of RNA sample was approximately 2.0.
cDNA was synthesized using iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA, USA), from 1 pg of total RNA. Quantitative PCR reactions
were performed using the universal SYBR Green Supermix (Bio-Rad, CA,
USA) on a CFX96 thermal cycler with Bio-Rad CFX Manager software
(Bio-Rad, Hercules, CA, USA). The mean threshold cycle (Ct) values
were plotted against the logarithm of the cDNA dilution factor. Quan-
titative PCR primers for genes, including GAPDH, CSE, CBS, AMPKal,
AMPKa2 was used in this study.

4.12. Mouse hindlimb ischemia model and treatment routes

Twelve-week-old male C57BL/6J mice purchased from Jackson
Laboratory were used in this study as reported earlier [7]. Mice were
housed at the Louisiana State University Health Sciences
Center-Shreveport animal resources facility, which is accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care
International. All animal studies were approved by the LSU Institutional
Animal Care and Use Committee (LSU IACUC Protocol # P-21-010) and
in accordance with the Guide for the Care and Use of Laboratory Ani-
mals published by the National Institutes of Health. Chronic hindlimb
ischemia was induced in 12-16-week-old male C57BL6/J mice, as we
have reported previously [7]. After anesthesia with isoflurane (2-3%),
the left femoral artery was dissected, separated, ligated and excised
distal to profunda femoris artery to create the hindlimb ischemia model.
Mice were randomly assigned to different experimental groups by one
investigator and were treated and evaluated by a second blinded
investigator. AMPK inhibitor, Dorsomorphin (10 mg/kg) was adminis-
tered i. p. once a day during the length of the study.

4.13. Novadaq SPY imaging analysis

The SPY imaging device (Novadaq Technologies) was used to
quantify collateral vessel perfusion, as we have previously described
[13]. Briefly, a bolus injection of 30 pl indocyanine green (IC-Green,
Akorn Pharmaceutical, Lake Forest, IL) was administered
retro-orbitally, and angiograms were captured by an array of
light-emitting diodes at a wavelength of 806 nm and recorded for 1 min.
Angiograms were taken before ligation on day 0, and post-ligation on
day 5 and the percent change in blush rates were calculated as
mentioned [13].

4.14. Statistics

All statistical analyses were performed using GraphPad Prism 9
software. Numerical values were shown as mean + SEM. All data were
tested for normality using the Kolmogorov-Smirnov test, and the data
have passed the normality assumption Comparisons of two groups were
analyzed using Student’s t-test (two tailed) and post-hoc Bonferroni
adjustment has been performed. For more than two groups we have
performed a two-way ANOVA followed by post-hoc Bonferroni adjust-
ment. We have also performed a post-hoc Tukey’s test. P < 0.05 was
considered statistically significant. The nonsignificant difference be-
tween samples is indicated as “ns”; P values of significant differences are
shown in the graphs.
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