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Hydrogen sulfide exposure in moderate doses can induce profound but reversible hypo-
metabolism in mammals. At a cellular level, H,S inhibits the electron transport chain
(ETC), augments aerobic glycolysis, and glutamine-dependent carbon utilization via
reductive carboxylation; however, the durability of these changes is unknown. We report
that despite its volatility, H,S preconditioning increases Ps,), the O, pressure for
half-maximal cellular respiration, and has pleiotropic effects on oxidative metabolism
that persist up to 24 to 48 h later. Notably, cyanide, another complex IV inhibitor,
does not induce this type of metabolic memory. Sulfide-mediated prolonged fractional
inhibition of complex IV by H,S is modulated by sulfide quinone oxidoreductase, which
commits sulfide to oxidative catabolism. Since induced hypometabolism can be ben-
eficial in disease settings that involve insufficient or interrupted blood flow, our study
has important implications for attenuating reperfusion-induced ischemic injury and/
or prolonging the shelf life of biologics like platelets.
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Clinical outcomes of traumatic injury or diseases that result from insufficient or inter-
rupted blood supply can be improved by decreasing metabolic demand (1, 2). The dis-
covery of H,S as a signaling molecule (3) paved a paradigm shift in our understanding of
its biology from that of a mere environmental toxin to a modulator of mammalian energy
metabolism (4, 5). Moderate exposure to H,S (~80 ppm, 6 h) in mice elicits profound
hypometabolism that is characterized by a drop in metabolic rate by 90% and in the core
body temperature to 15 °C, which is rapidly reversed in room air (6). While the mechanism
of sulfide-induced hypometabolism remains elusive, an ever-increasing span of physio-
logical effects has been ascribed to H,S, which encompasses major organ systems, including
the cardiovascular, gastrointestinal, and central nervous system (7—11). At a cellular level,
the durability and multifaceted implications of “buying time” by suppressing oxidative
metabolism are poorly understood, and the therapeutic promise of sulfide in clinical and
experimental models of injury and disease remains to be realized.

The steady-state levels of H,S are estimated to be in the tens of nanomolar range in
most tissues (12—14). Fluctuations in sulfur metabolism due to factors such as dietary
sulfur intake, antibiotic use, gut microbial composition, or hypoxia can potentially disturb
the delicate balance between H,S synthesis and clearance, allowing cellular levels to spike
transiently. In the gut, sulfide-producing and using microbes contribute to colonic con-
centrations estimated to range from 0.2 to 2.4 mM H,S (15, 16). Sulfide is efficiently
oxidized by sulfide quinone oxidoreductase (SQOR), an inner mitochondrial membrane
enzyme (17, 18), which shields complex IV from respiratory poisoning (19). The reversible
inhibition of complex IV by H,S is accompanied by induction of reductive stress, which
propagates from the mitochondrion to other compartments, and serves as an important
mechanism of H,S signaling (4, 5).

The sulfide oxidation pathway converts H,S through a series of oxidation and sulfur
transferase steps to thiosulfate and sulfate (Fig. 14). SQOR commits H,S to catabolism,
utilizes coenzyme Q (CoQ) as an electron acceptor, and thus resides at the intersection
of sulfide oxidation pathway and the electron transport chain (ETC) (20, 21).
SQOR-dependent H,S oxidation not only clears this respiratory poison but also enhances
proton-coupled electron transfer, fueling ATP synthesis (19, 22). However, when con-
centrations exceed SQOR clearance capacity, H,S inhibits complex IV (23), which man-
ifests as a decrease in the cellular oxygen consumption rate (OCR). The twin effects of
H,S as a respiratory substrate and an inhibitor influence the redox state of CoQ, which
is used by multiple ETC feeders. As H,S levels rise and complex IV is inhibited, the
restricted availability of CoQ causes a reductive shift in the NAD(P)" pool (19) (Fig. 1A4).
The ripple effects of the reductive shift in the ETC influence both central carbon and lipid
metabolism (19, 24-26). The interaction between H,S and the ETC is also postulated to
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Significance

As a respiratory substrate and

a poison, low hydrogen sulfide
concentrations can induce
significant, but reversible,
changes in metabolism by
mechanisms that are poorly
understood. In this study, we
report the surprising durability
of sulfide-induced changes in
cellular O, metabolism, following
an acute sulfide exposure. We
also furnish a quantitative
analysis of sulfide
preconditioning on Psyoy), the

O, pressure for half-maximal
cellular respiration, revealing the
underlying mechanism for flux
modulation through the electron
transport chain. We demonstrate
the persistence of the Psq oy
effect up to 24 h after H,S
exposure and downstream
metabolic changes, which impact
fuel utilization and storage,
revealing a cellular strategy for
long-lived regulation by sulfide.
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Fig. 1. Effect of repeated sulfide exposure on ETC flux. (A) Sulfide inhibition of complex IV (CIV) causes electron acceptor insufficiency in the ETC due to a
predicted build-up of NADH, CoQH,, and reduced cytochrome c (cyt c). IMS is intermembrane space, ETHE1 is persulfide dioxygenase, TST is thiosulfate sulfur
transferase, and SO is sulfite oxidase. (B) Rotenone (0.5 uM)-treated HT29 cells exposed to low sulfide (5 to 10 uM) showed sharp increases in OCR with each
aliquot of Na,S. At higher Na,S concentrations (15 to 30 uM), complex kinetics were observed. (C) Replotting the data in B as described under Methods showed
a bell-shaped dependence of OCR on sulfide dose and an O,:sulfide ratio of 1.0 + 0.1 between 5 and 35 uM Na,S. The data are representative of at least four
independent experiments and represent the mean + SD. (D) Experimental setup for removing residual sulfide and secreted oxidation products (Top). Washing
did not impact the persistence of Na,S-triggered OCR (Bottom). Data are representative of at least three independent experiments. Black and red arrows indicate
when rotenone and sulfide, respectively, were added.
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underlie the profound but reversible ability of H,S to trigger hypo-
metabolism, leading to a state of suspended animation even in a
nonhibernating animal (6). Additionally, short-term H,S exposure
protects mice against lethal hypoxia, suggesting thatan H,S-dependent
decrease in O, metabolism is important for attenuating hypoxia-
induced damage (27).

In this study, we report that H,S preconditioning elicits persistent
bioenergetic perturbations, which we refer to as “H,S memory.” The
sustained metabolic alterations include an increase in the O, pressure
for half-maximal respiration (Ps,) and enhanced sensitivity to
subsequent H,S exposure. The potency of this cellular memory
exhibits a dose dependence on H,S, is attenuated by dissipation of
the mitochondrial NADH pool, but exacerbated by attenuation of
SQOR. Furthermore, SQOR expression levels across cell lines cor-
relate inversely with the persistence of H,S memory. Collectively,
these data reveal the mechanism underlying the sustained and plei-
otropic effects of H,S on metabolism, including a reductive shift in
cofactor pools, increased aerobic glycolysis, utilization of glutamine
via reductive carboxylation and lipid accumulation, as well as
changes in the pentose phosphate and pyrimidine biosynthetic path-
ways. These alterations result from the H,S-dependent fractional
inhibition of complex IV, revealing a heretofore unappreciated cel-
lular strategy for long-lived regulation of ETC flux.

Results

Sulfide Elicits Dose-Dependent Changes in Oxygen Consumption
Kinetics. We characterized the dose-dependent changes in
respiratory rate following a single acute exposure to sulfide. Low
sulfide concentrations (5 to 10 uM) elicited sharp increases in O,
consumption in HT29 cells, while mixed kinetics were seen at
20 uM Na,S (87 Appendix, Fig. S1A). The different phases at 20
UM Na,S presumably represent the sum of OCR activation and
inhibition due to the dual action of H,S at this concentration. At
230 pM Na,S, a net decrease in OCR was observed, consistent with
inhibition of respiration (S Appendix, Fig. S1B). The protracted
recovery times for establishing a new stationary OCR and the
persistent fractional inhibition of OCR during the experimental
time frame correlated with sulfide concentration (SI Appendix,

Fig. S1 Cand D).

Effect of Repeated Acute Sulfide Exposure on ETC Flux. Next,
we examined whether repeated H,S exposure elicits sustained
inhibition of complex IV, which might have implications for
long-term metabolic rewiring. The impact of repeated sulfide
addition on OCR was more readily observed in the presence of
rotenone, a complex I inhibitor that decreases competition for the
CoQ pool (Fig. 1B). Under these conditions, the first injection
of sulfide generally induced a net increase in OCR, although
the kinetics of the response varied in a dose-dependent way.
Low sulfide concentrations (<15 pM) triggered a sharp increase
followed by a return to basal OCR while higher concentrations
(220 uM) elicited complex kinetics. At low concentrations (<10
UM), consecutive sulfide injections led to its clearance with similar
kinetics, while at higher concentrations (=15 uM), complex
kinetics and longer clearance times were observed, consistent with
sustained inhibition of complex IV.

The maximal change in OCR exhibited a bell-shaped depend-
ence on sulfide concentration, and a stoichiometry of 1.0 + 0.1
O, consumed to sulfide added was observed across the Na,S con-
centration range (Fig. 1C). Washing cells to remove thiosulfate, a
product of the sulfide oxidation pathway that accumulates in the
conditioned medium (25), did not affect sensitivity to subsequent
sulfide injections (Fig. 1D).
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SQOR Increases the IC5q for Complex IV Inhibition by H,S. We
evaluated the magnitude of ETC protection conferred by SQOR
by comparing the sulfide-dependent inhibition of OCR in SQOR
knockdown (HT29°°R*KD) versus scrambled control (HT29)
cells. Sulfide inhibits complex IV in vitro with an estimated K;
of 0.2 uM and £,, and kg values of 1.5 x 10* M s and 6 x
107457, respectively, at 30 °C (28). Sulfide can bind to Cug (in
the 1 + or 2 + oxidation states) and the heme a; site in the MT-
COl1 subunit of complex IV (Fig. 24). shRNA-induced SQOR
knockdown led to a 90 to 95% decrease in protein expression (19)
(81 Appendix, Fig. S2 A and B). From the sigmoidal dependence on
sulfide concentration, an ICs, value of 30 + 1 uM was estimated
(Hill coefficient = 4.8) for HT29° cells and 6.0 + 0.3 uM (Hill
coefficient of 5.2) for HT29%ROR KD (]| (Fig. 2B). These data
provide a quantitative measure of the protection afforded by

SQOR against sulfide poisoning in HT29 cells.
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Fig. 2. H,S increases Py, for complex IV. (A) Postulated mechanism for
sulfide binding to the metal sites in the MT-CO1 subunit of complex IV. (B)
Inhibition of OCR as a function of sulfide concentration in HT29°“ (purple)
and HT29°%°R¥? (blue) cells yielded ICs, estimates of 30 + 1 and 6.0 + 0.3
uM, respectively. Data represent the mean + SD of three to five independent
experiments. (C) Dependence of Psyq, (blue) and /.02 (Purple) values on
sulfide concentration in HT29 cells. Data represent the mean + SD of at least
three independent experiments. (D and E) Na,S increases the Py, and
decreases the Jaoz Value in HT29°2°R P (at 10 uM) but not in HT29° cells
(n = 4). (F) The Psgoz) and Jpaxo2 of HEK293 and 143B cells are significantly
altered by 20 uM Na,S as in HT29 cells, while Ea.hy926 cells need 40 uM Na,S
for similar modulation (n = 3). The two-sample unpaired t test was performed
for statistical analysis.
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H,S Increases Psg gy for Complex IV. We postulated that the
sustained decrease in ETC flux after single or repeated sulfide
exposure (SI Appendix, Fig. S1D and Fig. 1C) results from
fractional inhibition of complex IV and assessed this by evaluating
sulfide-dependent modulation of the O, pressure at half-maximal
respiration, a measure of O, affinity. The Py, value increased
from 0.50 + 0.05 to 1.49 + 0.07 uM while /, 0, decreased
from 90 + 10 to 58 + 9 nM s at 37 °C, as sulfide concentrations
increased from 0 to 50 uM (Fig. 2C). Technical issues precluded
determination of Py, values at higher sulfide concentrations as the
dissolved O, was depleted during the recovery time, i.e., before
cells could establish a new stationary OCR. Due to the greater
sensitivity of HT29° 2R KD cells, P50 modulation could only
be evaluated at low Na,S (5 to 10 pM) concentrations (Fig. 2
D and E). In contrast to HT29% cells (Fig. 2D), HT29SQORKD
cells showed a 1.3-fold increase in Py, (0.56 + 0.05 versus
0.70 + 0.06 uM) with 5 uM Na,S, while the /, .0, value was
unchanged (89 + 9 versus 93 + 8 nM s™') (Fig. 2E). A 2.5-fold
increase in Py, (1.4 + 0.1 uM) was observed at 10 uM Na,S,
which was accompanied by a 30% decrease in the /.oy value
(57 +3nMs™).

The ability of sulfide to modulate O, metabolism was compared
across cell lines (Fig. 2F). In HEK293 and 143B cells, 20 pM Na,S
sulfide was sufficient to achieve a similar magnitude of 5, mod-
ulation as 40 UM Na,$ in Ea.hy926 and HT29 cells. The Py
value increased 2.4-fold (0.71 £ 0.08 to 1.70 + 0.04 uM) in HEK293
cells while /.0, decreased from 126 + 9 to 71 + 11 nM s’ In
143B cells, Ps () increased 2.2-fold (from 0.87 + 0.04 to 1.91
0.13 uM) while /.0, decreased from 68 + 17 to 41 + 4 nM s
In Ea.hy926 cells, Py, increased 2.5-fold (from 0.64 + 0.06 to
1.7+ 0.1 uM) and /.., (02 decreased from 91 + 4 to 60 + 10 nM s

A Single Acute H,S Exposure Elicits Long-Lived Effects on
0, Metabolism. Unlike the short-term response of cells to
acute H,S exposure (19, 24-26), the long-term impacts are
less well characterized. We therefore examined the durability
of metabolic effects following a single acute exposure to Na,S
(100 uM) after 4, 24, or 48 h (Fig. 3 A and B). Perturbed OCR
kinetics were clearly visible even 48 h later as evidenced by an
increased sensitivity to subsequent Na,S exposure. A measurable
increase in the Ps o, value was seen 24 h after a single exposure
to Na,§, but the effect was dissipated at 48 h (Fig. 3C). Sulfide
preconditioning decreased H,S consumption and thiosulfate
production (Fig. 3D).

Next, the sensitivity of preconditioning to the sulfide dose was
examined. Sulfide pretreatment (4 or 24 h) at concentrations as
low as 25 uM H,S increased OCR inhibition by a subsequent
injection of sulfide (Fig. 3E). The recovery time to a new stationary
OCR, showed significant differences with 250 pM sulfide pre-
treatment (Fig. 3F). Regardless of the duration of recovery, control
and sulfide pretreated cells consumed 30 + 1 uM O, before estab-
lishing a new stationary OCR, corresponding to an O,:sulfide
ratio of ~1.5 + 0.1 (Fig. 3G).

Acute H,S exposure did not increase SQOR expression
(SI Appendix, Fig. S2 A-C) or affect mitochondrial content as
monitored by cardiolipin levels (S/ Appendix, Fig. S34). Acute
sulfide exposure led to small but statistically significant decreases
in MT-CO1 and MT-CO2 protein levels, which was correlated
with slightly lower complex IV activity (S Appendix, Fig. S3
B-D).

Cyanide also inhibits complex IV (29). However, unlike sulfide,
cyanide only coordinates to the heme a5 iron (in the ferric or
ferrous state) but not to Cug in MT-CO1 (SI Appendix, Fig. S4A).
The X for the in vitro inhibition of complex IV by cyanide is 0.2 uM,
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Fig.3. H,Smemoryis long-lived. (A) Scheme showing the experimental setup
used to test the durability of sulfide exposure. (B) Representative OCR traces
for cells £ 100 uM Na,S after 4, 24, and 48 h. While control cells rapidly oxidized
20 uM Na,S (red arrow), pretreated cells were inhibited up to 48 h. The black
and red lines represent the OCR before and after recovery from 20 uM Na,S,
respectively. (C) Changes in cellular Psy o, values 4, 24, and 48 h after a single
exposure to 100 uM Na,S. (D) Pretreatment with 100 uM Na,S results in lower
H.,S clearance and thiosulfate production 4 h later. (E-G) Sulfide (0 to 100
uM) pretreatment (4 or 24 h) resulted in a dose-dependent inhibition of OCR
following Na,S reexposure (20 uM) (), increased time to recovery of a new
stationary OCR (F), but had no impact on the total O, consumed during the
recovery time (G). The average total O, consumed per sulfide was estimated
tobe 1.5+ 0.1 across all sulfide pretreatment concentrations. The two-sample
unpaired t test was performed for statistical analysis (C-G).

with £, =5 x 10> M's" and kg =5 x 107 s at 30 °C (28).
Surprisingly, cyanide pretreatment (500 uM, 4 h) enhanced
sulfide-triggered OCR and recovery, following subsequent expo-
sure to sulfide (87 Appendix, Fig. S4 B-D). These data suggest a
specific mechanism for H,S preconditioning effects that is not
general to complex IV inhibition.

Durability of H,S Preconditioning Correlates with SQOR
Expression Levels. We examined whether an ~10-fold difference
in SQOR expression levels across five cell lines (S Appendix,
Fig. S5A) is correlated with the durability of the preconditioning
effect. HEK293 cells have very low SQOR expression and
showed prolonged inhibition in response to Na,S over ~50 min

pnas.org
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(SI Appendix, Fig. S5B). Similarly, pretreatment of HT29° R KP
but not HT29>" control cells with sulfide for 4 or 24 h led to
sustained inhibition of OCR after a subsequent injection with
a low (10 pM) Na,S (87 Appendix, Fig. S2 D—G). Panc-1 cells
showed the highest SQOR expression and were the least sensitive
to the preconditioning effect (S7 Appendix, Fig. S5C). However,
HT?29, LoVo, and Ea.hy926 cells showed variable sensitivity to
sulfide preconditioning although they had similar SQOR levels,

suggesting that additional factors influence cellular H,S memory.

H,S Induces Long-Lived Changes in Mitochondrial Function. We
evaluated which aspects of mitochondrial function are impacted by
sulfide exposure and their modulation by SQOR. Mitochondrial
function analysis revealed pleiotropic changes in response to
H,S (100 uM, 4 h) in HT29, HT29%, and HT2952R P cells
(Fig. 4A4 and SI Appendix, Fig. S6A). Basal, ATP-linked, and
maximal respiration as well as the proton leak rate decreased,
while nonmitochondrial respiration was unaffected, except in
HT29%RORKD e (Fig. 4 B—G and SI Appendix, Fig. S6 B-G).
Each of these parameters was more impacted in HT29°R K
relative to HT29°" controls.

Prolonged and dose-dependent perturbations in mitochondrial
bioenergetics were observed in HT29° %% X cells after sulfide
pretreatment (10 to 300 uM, 24 h). Enhanced sensitivity to res-
piratory inhibition was evident at concentrations as low as 10 pM
Na,S, which elicited a pronounced decrease in the stationary
OCR, indicative of fractional inhibition (Fig. 4 H and 1).

H,S Induces Long-Lived Metabolic Changes. The long-lived effects
of sulfide on mitochondrial function are expected to have more
widespread metabolic effects. Indeed, our metabolomics analysis
revealed changes in numerous metabolites (Fig. 54) 24 h after a
single exposure to H,S, including some in the pentose phosphate
and pyrimidine biosynthesis pathways (Fig. 5 B and C and
SI Appendix, Table S1), as well as an ~50% decrease in serine levels
(SI Appendix, Fig. S7A). We have previously shown that sulfide
induces an ~2-fold increase in the glycolytic rate in HT29 cells to
compensate for decreased ATP-linked respiration (25). Remarkably,
the dose-dependent increase in glucose consumption and lactate
production persisted 24 h after an initial exposure to 25 to 300 UM
sulfide (Fig. 5 D and E). We have also shown that repeated exposure
to sulfide increases incorporation of glutamine carbon to lipids via
reductive carboxylation (19, 24). Surprisingly, a single exposure to
100 or 300 uM Na,S was sufficient to increase [' C]-glutamine
incorporation into lipids by 70% and 150%, respectively (Fig. 5F).

Electron Acceptor Insufficiency Contributes to H,S Memory. A
backup in the ETC is expected to cause an upstream reductive
shift, resulting in electron acceptor insufficiency. We tested the
hypothesis that CoQH, recycling is limiting during the period
that cells exhibit H,S memory. For this, electron transfer from
complex I to CoQ was limited either by knockdown of the
NDUFS3 subunit of complex I or via heterologous expression
of LONOX, a water-generating NADH oxidase (30), which
can be targeted to the cytoplasm or mitochondria (Fig. 5G).
In comparison to the HT29° controls, H,S memory was
substantially attenuated in HT29NPUFS3 KD ce[[s as monitored
by recovery time (Fig. 5H). Mitochondrial but not cytoplasmic
LONOX expression also decreased recovery time compared to
the empty vector control (Fig. 5/). Complex II reversal with
fumarate, serving as an electron acceptor, can recycle CoQH,
(26) during acute H,S exposure (SI Appendix, Fig. S7B).
However, neither knockdown of the SDHA subunit of complex
IT nor provision of dimethyl fumarate, a membrane-permeable
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fumarate derivative, alleviated H,S memory (87 Appendix, Fig. S7
Cand D).

Discussion

The remarkable response of mice to moderate H,S exposure has
the hallmarks of inducing hibernation-like behavior, including
low core body temperature and depressed cardiac and metabolic
function (6,27, 31). A study using a synthetic model of cytochrome
c oxidase ascribed the molecular basis of these changes to reversible
sulfide coordination at ferrous heme a; in a manner that is com-
petitive with O, (32). While characterizing the short-term con-
sequences of H,S exposure in a cell culture model in which systems
like SQOR that interact with H,S are present, we found that
H,S-induced metabolic perturbations endure over 4 to 48 h. The
durability of this cellular memory, which is sensitive to H,S dose
during pretreatment, and the intrinsic capacity for sulfide oxida-
tion by SQOR, was observed across all tested cell lines.

The persistence of cellular sulfide effects is surprising because
H,S disappears rapidly under culture conditions (t'/, ~4 min in
6-cm plates, 37 °C) (25). The durability of the preconditioning
effects is also surprising since conserved stress response pathways
exist to sense and alleviate acute reductive stress to preserve cellular
integrity. For example, the redox status of conserved cysteines on
ENIP1 (folliculin interacting Erotein 1) in myoblasts is sensed by
the E3 ubiquitin ligase CUL2™™'®, leading to FNIP degradation
under reductive stress, with a consequent increase in mitochon-
drial activity (33). Despite recent advances in our understanding
of the acute effects of H,S on cellular metabolism (4, 5, 34), the
durability of the stress response to this volatile metabolite is not
known.

The interaction of sulfide with the MT-CO1 subunit of com-
plex IV is complex and poorly characterized (28), and much less
is known about its interaction with the dicopper-containing
MT-CO2 subunit. Sulfide reacts with fully oxidized MT-CO1 to
give ferric heme a; with a sulfide ligand and cuprous Cug (35).
Sulfide oxidation can occur from this mixed valence state of
MT-COL1 although the product, which might be HSSH, poly-
sulfide, S°, or Sg» remains to be characterized (Fig. 6A4). Sulfide
binding and oxidation to catenated sulfur species has been
described for other hemeproteins (36-39).

In a cellular milieu, the interaction of H,S with complex IV is
modulated by SQOR (19). We posit that at low concentrations,
SQOR limits H,S exposure, leading to reversible complex IV inhi-
bition via formation of ferrous heme a; (Fig. 64). When the capac-
ity to clear sulfide is limiting or compromised, as in SQOR
deficiency, H,S concentrations rise and MT-CO1 containing ferric
heme a; and cuprous Cug-sulfide is predicted to accumulate
(Fig. 6B). Indeed, spectroscopic analysis of sulfide-treated MT-CO1
reveals that while the Cuy site binds to and is reduced by sulfide,
it is resistant to subsequent air oxidation, which reoxidizes the heme
centers. This resistance of cuprous Cuy to oxidation has been inter-
preted as evidence for an increase in its redox potential via direct
sulfide coordination (40). Long-lived fractional inhibition of com-
plex IV following H,S preconditioning, would explain lower basal
OCR, ATP-linked respiration, and spare respiratory capacity as
well as higher Psy, values (Figs. 3C and 4 and SI Appendix,
Fig. S6). Sustained fractional inhibition of complex IV is also sup-
ported by the statistically significant decrease in its activity
(SI Appendix, Fig. S3D), which could be an underestimate since
ascorbate/ TMPD could promote loss of the sulfide ligand. While
the effect of sulfide coordination on the stability of MT-CO1 or
MT-CO?2 is unknown, we note small but statistically significant
decreases in protein levels just 4 h after an acute sulfide exposure
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Fig. 4. SQOR modulates the impact of H,S on mitochondrial function. (A) Representative traces of mitochondrial function profiles in HT29°" (Left) and HT2

Na,S pretreatment, uM

9SQOR KD

(Right) cells treated for 4 h +100 uM Na,S in response to oligomycin (125 nM), FCCP (125 nM), and rotenone and antimycin A (0.5 uM each). (B-G) Quantitative
analysis of the data in A reveals the effects of sulfide pretreatment on basal respiration (B), ATP-linked respiration (C), maximal respiration (D), spare capacity
(E), nonmitochondrial respiration (F), and proton leak rate (G). (H and /) Dose-dependent effects of Na,S pretreatment (10 to 300 uM, 24 h) on OCR (H) and the
fraction of OCR inhibited (/) in HT29°°R¥P cells following exposure to 10 uM Na,S (red arrow). The two-sample paired t test was performed for statistical analysis.

(81 Appendix, Fig. S3 Band C). Our model also explains why cya-
nide, which interacts with the heme but not the copper site, fails
to elicit comparable long-lived changes (S7 Appendix, Fig. S4).
The cellular response to H,S ranges from stimulation of O,
consumption at low, to inhibition at high concentrations, while
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complex kinetics are observed at intermediate concentrations,
which reflect the dual ETC substrate and inhibitor dynamic of this
metabolite. Regardless of the initial response, cells appear to return
to basal OCR, superficially suggesting reversibility. However, a
closer inspection reveals fractionally lower stationary OCR values
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Fig. 5. Sulfide preconditioning induces long-term metabolic changes implicating electron acceptor insufficiency. (A) Metabolomics analysis in HT29 cells 24
h after £100 uM Na,S exposure. (B and C) Changes in pentose phosphate (B) and pyrimidine biosynthesis (C) pathway metabolites are among the changes
observed in the metabolomics profile. (D and E) Pretreatment with sulfide (25 to 300 uM, 24 h) increased the relative rates of glucose consumption (D) and
lactate production (£). Data are representative of at least four independent experiments. (F) A single bolus exposure to sulfide (100 or 300 uM) increased
[U”—C]-glutamine incorporation into lipids 13 h later (n = 3). (G) Scheme showing how knockdown of the complex | subunit, NDUSF3, or mitochondrial LbNOX
expression can impact CoQ availability. (H and /) NDUSF3 knockdown (H) and expression of mitochondrial but not cytosolic LbNOX (/) decreased recovery time.

after successive exposure to H,S, which is more evident at the higher
concentrations (Fig. 1B8) and marked in HT295R KD efs
(81 Appendix, Fig. S2 D and F). Persistent dampening of the ETC flux
after sulfide injection is more readily seen in sulfide-pretreated cells
(Fig. 3B) and particularly in HT29RORKD e (Fig. 4 H and 1),
raising questions as to the underlying mechanism.

The observed increase in Py, with a concomitant decrease in
Jmax(02) (Fig. 20), is inconsistent with noncompetitive inhibition

PNAS 2024 Vol.121 No.12 2319473121

by sulfide with respect to O,, as reported in an in vitro steady-state
kinetic analysis (29). It has been argued that the slow off-rate for
sulfide (k4= 6 x 1074s57Y) (28) likely distorted the kinetic pattern,
decreasing V. while having a minimal effect on the Ky, due
to an increasing fraction of the enzyme being inactive with increas-
ing sulfide concentration. We posit that the ability of sulfide to
increase Py, for complex IV explains the protective effects of
sulfide preconditioning on lethal hypoxia (27) as well as limiting
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Fig. 6. Summary of H,S interactions with MT-CO1 at low and high H,S
concentrations. (A) At low sulfide concentrations, H,S is efficiently cleared by
SQOR, and its interaction with MT-CO1 leads to weak and reversible inhibition
that is competitive with respect to O,. (B) When SQOR capacity is exceeded
and H,S levels rise, coordination to the Cug site in MT-CO1 leads to long-lived
inhibition of complex IV.

MT CO1

reperfusion injury following ischemia (8). Decreased ETC flux by
sulfide is expected to protect against oxidative injury by averting
the buildup of a large proton motive force during the early reper-
fusion phase, which is one of the factors that drives reverse electron
transfer and reactive oxygen species formation (41).

SQOR releases two electrons per catalytic cycle, generating one
equivalent of COQH, that leads to the reduction of 0.5 O, per
mole of sulfide oxidized. Since glutathione persulfide, the other
product of the SQOR reaction, is further oxidized to sulfite, con-
suming one mole of O,, the predicted stoichiometry of O, con-
sumed:sulfide is 1.5. However, if H,S also serves as an alternate
sulfane sulfur acceptor, generating HSSH (20), the expected
O,:sulfide (1.5:2.0) stoichiometry is 0.75. The experimentally
determined ratio was 1.0 + 0.1 in rotenone-treated cells (Fig. 1C),
and 1.5 + 0.2 in sulfide-preconditioned cells (in the absence of
rotenone) (Fig. 3G). Both values are higher than the 0.74 to 0.89
stoichiometry reported previously (42). Loss through volatilization
of H,S is unlikely to be a significant factor in the closed respirom-
etry chamber used in our study. Furthermore, a larger fractional
deviation from the expected stoichiometry would be expected due
to H,S loss at lower sulfide concentrations, which was not observed.
Deviation from the 1.5 stoichiometry in rotenone-treated cells
could be explained by i) incomplete coupling between the SQOR
and ETHE1-catalyzed reactions or between SQOR and complex
11 act1v1ty (Fig. 14), ii) the dual use of H S (ko /Ky = 3.7 x 10°

M s and GSH (£ /Ky = 1.6 x 10 M "5 (20) as sulfur
acceptors during an acute H,S exposure, or iii) diversion of CoQH,
to complex II functioning in reverse (SI Appendix, Fig. S7B) (26).

We have previously reported the profound effect of SQOR in
protecting against sulfide inhibition of the ETC (19) and charac-
terized it quantitatively in this study. SQOR deficiency decreased
the IC,, for H,S from 30 + 1 to 6.0 + 0.3 uM in HT29 cells and
rendered the Py, and /. oz values sensitive to low H,S con-
centrations (<10 uM) in SQOR knockdown but not in control
cells (Fig. 2 B, D, and E). Since the knockdown efficiency was ~90
to 95%, our study underestimates the full extent of ETC modu-
lation by SQOR in these cells. Patients with SQOR deficiency
present with Leigh disease and limited tissue analysis shows mark-
edly lower complex IV activity (43). The protein levels of only the
nuclear-encoded subunits were investigated in this study and
found to be normal, leading to the conclusion that complex IV
activity, but not its assembly, was affected by SQOR deficiency.
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Ethylmalonic encephalopathy, another inborn error of metabolism
characterized by elevated H,S, results from deficiency of ETHEL,
the second enzyme in the sulfide oxidation pathway (Fig. 14) (44).
The disease is characterized by severe deficiency of complex IV
activity, particularly in the brain and muscle, and decreased
MT-CO1 and MT-CO2 protein levels (45). These studies provide
additional support of our finding that acute H,S exposure has
long-lived effects on complex IV, which are exacerbated in the
absence of a functional sulfide oxidation pathway.

In summary, our study provides a quantitative analysis of ETC
regulation by H,S via decreased O, affinity, sustained complex IV
inhibition, and partial destabilization of the metal-containing
MT-CO1 and MT-CO2 subunits. SQOR activity, which is a key
determinant of cellular H,S levels (14), could represent both an
“on” and an “off” switch for sulfide-dependent ETC regulation
(34). The prolonged effects on oxidative metabolism provide an
opportunity for extending the time window in which the potential
therapeutic effects of H,S for attenuating injury or prolonging
platelet shelf life might be exploited.

Methods

Materials. Na,S, nonahydrate (99.99% purity (431648), rotenone (R8775), pro-
tease inhibitor cocktail for mammalian tissue extract (P8340), puromycin (P8833),
dimethyl fumarate (242926), doxycycline (D3447), hexane (110543), RIPA lysis
buffer (R0278), dimethyl sulfoxide (D2650), oligomycin A(75351), antimycin A
(A8674), and ascorbate (PHR1279-1G) were from Sigma. Dulbecco's modified
Eagle's medium (DMEM) [with 4.5 g/L glucose, 584 mg/L glutamine, and 110
mg/Lsodium pyruvate (11995-065)], RPMI 1640 with glutamine (11875-093),
fetal bovine serum (FBS, 10437-028), penicillin/streptomycin mixture (15140-
122),0.05% (w/v) trypsin-EDTA (25300-054), phenol red free 0.5% trypsin EDTA
(15400054), PBS (10010-023), and Dulbecco's phosphate-buffered saline
medium (DPBS, 14040-133) were from Gibco. Geneticin (10131-035) was
from Life Technologies. N,N,N’,N’-tetramethyl-p-phenylenediamine dihydro-
chloride (TPMD, T01511G), methanol (A452-4), molecular grade isopropanol
(BP2618-500), molecular grade HEPES (7365-45-9), and Tween20 (BP337500)
were from Fisher. [U-”C]-glutamine (281.0 mCi/mmol) was from PerkinElmer.
KCI (7447-40-7) was from Acros Organics and Nonidet P40 substitute (74385)
was from Fluka BioChemika. Nonyl acridine orange (NAQ, A1372) was pur-
chased from Invitrogen. The D-glucose detection kit (K-GluHK-110A) was from
Megazyme, Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 15218)
and the L-lactate assay kit (700510) were from Cayman Chemical. 10% Precast
tris-glycine gels (4561033), PVDF membranes (162-0177), thick blot filter paper
(1703932), and clarity ECL substrate (1705062) were purchased from Bio-Rad.
Anti-SQOR antibody (17256-1-AP) was from Proteintech; anti-MTC-01 and anti-
MT-CO2 antibodies (ab14705 and ab110258, respectively) were from Abcam.
Anti-rabbit horseradish peroxidase-linked IgG and anti-mouse IgG, horseradish
peroxidase-linked antibodies (NA944V and NA931, respectively) were from GE
Healthcare. Polystyrene round-bottom tubes (5 mL) with cell-strainer caps used
for FACS analysis were from BD Biosciences (720035).

Cell Culture. HT29 and Panc-1 cells were maintained in RPMI 1640 medium.
HEK293, RKO, LoVo, and Ea.hy926 cells were maintained in DMEM medium. Both
RPMIand DMEM media were supplemented with 10% FBS along with 100 units/
mL penicillin and 100 pg/mL streptomycin. Al cells were maintained at 37 °C
with ambient 0, and 5% CO,. A separate incubator was used for cells exposed to
Na,S to avoid cross-contamination of control samples with the volatile metabolite.
HT29%, HT29%20R KD HT2gNDUSF3KD 3nd HT29DMAKD call fines were maintained
in the same medium as the parent HT29 cells but with 1 pg/mL puromycin.
Puromycin was removed from the culture medium for 2 to 3 d experiments to
avoid potential off target effects of the additional antibiotic. HT29 cells express-
ing the cytosolic or mitochondrial LbNOX were cultured as described previously
(24), with geneticin antibiotic (300 ug/mL) added for selection and 300 ng/mL
doxycycline used for induction 24 h before the start of the experiment.

OCR Measurements. All OCR measurements were performed using a respirom-
eter (Oroboros Instruments Corp) at 37 °C with a stirring rate of 750 rpm. Cells
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were harvested from 10 cm plates (at ~70 to 90% confluency) washed with 1 x 8
mLPBS priorto digestion with 1 mLtrypsin (0.05%) at 37 °Cfor 5 to 10 min. Cells
were collected in 7 mL of the cell culture medium and centrifuged at 1600xg
for 5 min, and pellets were resuspended in 1 mL modified PBS (MPBS) or DPBS
+5mM glucose + 20 mM HEPES, pH 7.4. Cell suspensions were transferred to
preweighed tubes and centrifuged at 1600xg for 3 min, and the supernatant
was carefully aspirated with a 2-pL tip fixed to a vacuum line. The wet weight of
the pellet was determined to prepare 5% (w/v) cell suspensions in MPBS, which
were kept on ice and used for dilution to 0.75% or 1% (w/v) suspensions for
OCR experiments. Experiments in which 0.75% (w/v) cell suspensions were used
included those performed in the presence of rotenone (before Na,S treatment) or
with LbBNOX expressing cells and in experiments in which mitochondrial function
was assessed.

Analysis of OCR traces was performed using DatLab v6 (Oroboros Instruments,
Austria) and replotted in Origin 7.0. Recovery time following Na,S injection is
defined as the time taken by cells to return to a new stationary basal OCR. Sulfide-
dependent "% OCRinhibition” refers to the maximal drop in OCR following sulfide
injection and is denoted as a percent of the starting basal OCR (Figs. 2B and 3E).
"Fractional inhibition of OCR" refers to the change in basal OCR following recov-
ery from sulfide-induced inhibition and is expressed as a fractional difference
between the basal OCR at the start of the experiment and the new stationary
basal OCR (S! Appendix, Fig. S1D and Fig. 4/). When calculating the ratio of O,
consumed per sulfide added, the contribution of nonmitochondrial respiration,
which was determined to be 10% of the basal OCR in HT29 cells, was subtracted
from the total 0, consumed before dividing by the concentration of sulfide added
(5to0 35 uM).The AOCR,,,, represents the maximal change in OCR in response
to 5to 35 uM Na,S in rotenone-treated cells.

Mitochondrial Function Analysis. The two chambers in the Oroboros instrument
were filled with control versus 100 uM Na,S pretreated (4 h) HT29, HT29%2RK? or
HT29°“ cell suspensions (0.75%, 2 mL total volume). Once basal OCR stabilized,
1 ulL of 250 uM oligomycin (125 nM final concentration) was injected into each
chamber to inhibit ATP-linked respiration. After the OCR stabilized (~3 min), 1 L
of 250 uM FCCP (125 nM) was added to elicit maximal respiration, followed 2 to
3 min later by 0.5 ulL of a combined stock of 2 mM rotenone + 2 mM antimycin A
(0.5 uM each, final concentration). Working stocks of oligomycin (250 uM), FCCP
(250 uM) and rotenone + antimycin A(2 mM each) were prepared in cell culture
grade DMSO, aliquoted, stored at —20 °C, and thawed for single use.

Complex IV Activity Measurements Using the TMPD Assay. Complex IV
activity was measured in 1% (w/v) cell suspensions of control and Na,S pretreated
(100 uM, 4 h) cells in the Oroboros instrument as described previously (46).
Briefly, once basal OCR stabilized, complexes | and Il were blocked with rotenone
and antimycin A (0.5 uM each final concentration). After a new stable OCR was
established, FCCP (1 uM) was added, followed after a few minutes by ascorbate
(200 uM)and then N,N,N’,N’-tetramethyl-p-phenylenediamine dihydrochloride
(TMPD, 80 uM). TMPD leads to a spike in the OCR, corresponding to complex IV
activity, and was recorded over at least 2 min. The ascorbate stock solution (200
mM) was prepared by diluting a freshly prepared 800 mM stock solution whose
pH was adjusted to ~6 with 5 N HC.

Psoo2) and Jmaxoz Analysis. Cell suspensions (1% (w/v)) were prepared as
described above for all other OCR experiments. Temperature and stirrer settings
were as noted (37 °Cand 750 rpm). Cells were pretreated with 100 uM Na,S (4,
24 or 48 h) and Na,S (5-50 uM) was injected into the Oroboros chamber after
stabilization of basal OCR (typically, 70-15 min). O, concentration was recorded
at0.5 stime intervals until O, in the chamber was depleted and for an additional
5 min to determine the flux at zero O, for background correction. DatlLab v2
(Oroboros Instruments) was used to estimate the Psy o) (or apparent Ky ) and
Jmaxoz) (0r maximum flux) values as described (47, 48). Briefly, instrumental
background parameters (zero intercept, a°, and slope, b°, of the background O,
flux as a function of O, concentration) and time constants (<, time delay due to
diffusion of 0, through sensor membrane) for each chamber were determined
experimentally according to the manufacturer's instructions in the 02k-Manual.
Time constants were determined via stirrer test and DatLab v2 macro TIMECONS,
and O, traces were recorded for 100% air calibration in MPBS at the start of each
day when experiments were run. Datlab v2 macro P50 was used to estimate
Pso02)@nd Jyp02) Values. Volume-specific OCR (oxygen flux, Jo,) was calculated
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as the negative slope of the recorded oxygen concentration. After interpolation
of zero flux, the macro iteratively fits the data to a hyperbolic equation given by

— (Jmax X POZ)
” (Pso + Poa),

where Jg, = volume-specific OCR and Py, = [0,]in kPa. Oxygen partial pressure
used for the fit was 0 to 1.1 kPa, and oxygen solubility was 10.56 pM/kPa.

ICs, for H,S. The IC, for H,S was determined with 1% (w/v) HT29°%%R K0 or HT29°
cell suspensions in MPBS in the Oroboros instrument. After the basal OCR stabi-
lized at 37 °C, Na,S (30 to 150 uM for HT29*" and 5 to 100 uM for HT29520RKP)
was injected from a freshly prepared 10 mM stock solution. Sulfide-dependent
% OCR inhibition was estimated by subtracting the lowest recorded OCR value
from the basal OCR value and expressed as a percentage of the starting basal
OCR. From the dependence of % OCR inhibition on H,S concentration, the 1Cs,
was obtained by fitting the data to a four-parameter sigmoidal equation given by

(X" (b—a))

y=a+
Xn+ (ICs)")

where "y" represents AOCR, "a" is the lowest value of AOCR, "b" is the highest

value of AOCR, and “n" is the Hill coefficient.

Western Blot Analysis.

$QOR. HT29% %" 2 and HT29°" were seeded at 500,000 cells per well in 6-well
plates and cultured for 24 to 48 h before changing to fresh RPMI medium = 100
uM NayS for 4, 24, or 48 h. Cells that would be harvested after 4 h were seeded
reach ~70% confluency while cells that would be harvested after 24 to 48 h were
seeded to reach ~50% confluency before sulfide treatment. Cells were washed with
2 x 2 mLPBS/well followed by addition of 0.5 mL0.05% trypsin/well for 5 min at
37 °Cand harvested in 1 mL RPMI medium. Cell suspensions were centrifuged
at 1600xg for 5 min, and the pellet was washed once with 1 mLice-cold PBS and
resuspended in 200 uL RIPAlysis buffer + protease inhibitor and saved at —80 °C
until lysis. For SQOR detection in different cell lines, a similar procedure was used
but each cell line was cultured in 10 cm plates and grown to confluency. Cells
were washed with 8 mLPBS/plate followed by addition of 1 mL0.05% trypsin for
5t0 10 min and harvested in 7 mLRPMI. Cells were centrifuged at 1600 g for 5
min; the pellet was washed with 1 x 1 mLice-cold PBS and resuspended in 300
ulL nondenaturing lysis buffer with protease inhibitor (0.5% (v/v), Nonidet P40
substitute, 25 mM KCl, 20 mM HEPES, pH 7.4) with the exception of Ea.hy926
cells, which were suspended in 100 pL of lysis buffer, due to the smaller pellet size.

MT-c01 and MT-c02. Cells (2 million per 6 cm dish) were grown for 36 h
before changing to fresh RPMI medium = 100 uM Na,S. After 4 h, the cells
were harvested as described above, and the pellet was resuspended in 400 ulL
nondenaturing Nonidet P40 lysis buffer with protease inhibitor.

Development of western blots. Frozen cell pellets were lysed by three freeze-
thaw cycles and centrifuged at 13,000xg for 10 min. Protein content in the
supernatant was determined using the Bradford reagent (Bio-Rad). Cell lysates
(50 ug) were loaded on precast Bio-Rad 10% tris-glycine gels and separated by
SDS-PAGE, transferred to PVDF membranes, and blocked for 1 h with 5% milk
in Tris-buffered saline with 0.3% Tween 20 (TBST). Membranes were incubated
overnightin TBST, 5% (w/v) milk containing diluted SQOR (1:5,000) or MTCO1 or
MTC02 (1:1,000) antibodies then washed quickly with 2 x 5 mLTBSTfollowed by
5 x 10 min washes with 10 to 15 mLTBST. Then, the membranes were exposed
for 2 h to the secondary antibody [horseradish peroxidase-linked anti-rabbit (for
anti-SQOR) or anti-mouse IgG (for MTCO-1 and MTCO-2)] used at a 1:10,000
dilution in TBST, 5% milk. The membranes were washed quickly with 2 x 5 mL
TBSTfollowed by 5 x 10 min 10to 15 mLTBST washes, before rinsing quickly with
2 x 10 mLTBS before treating with clarity ECL substrate (Bio-Rad). Signals were
detected using a Bio-Rad ChemiDoc Imaging System. All images were exported
as 16-bitTIF files and imported into Fiji (49) for semiquantitative analysis, which
was performed by drawing equal-sized rectangles over each band to estimate its
mean pixel intensity. The background was subtracted from each band.

Cardiolipin Analysis. Mitochondrial content was estimated by staining for car-

diolipin with nonyl acridine orange (NAO) as described previously (19). Briefly,
HT29 cells were seeded at 700,000 cells/well in 6-well plates, and the medium
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was changed after 24 h before + 100 uM Na,S treatment. After 24 h, cells were
washed once with and then replaced by phenol red free RPMI and treated =100
nM NAQ for 30 min. Cells were then washed twice with 1 mLice-cold PBS, treated
with 0.5 mL phenol red free trypsin EDTA (0.05%) for 5 min, and harvested with
1 mLphenol red free RPMI. Cells were centrifuged at 700x g for 5 min, and the
pellet was resuspended in 750 pl ice-cold PBS by pipetting and then filtered
using 5-mLBD round-bottom falcon tubes with cell-strainer caps. FACS analysis
was performed on the Bio-Rad Ze5 multilaser, high-speed cell analyzer operated
with the Everest software package at the University of Michigan Flow Cytometry
Core Facility. Data were analyzed using FlowJo (v10.8.1) for median fluorescence
(488 excitation 525/50 emission). The median unstained fluorescence was sub-
tracted from the value for the stained sample.

Metabolite Analyses. Changes in glucose consumption and lactate produc-
tion kinetics were measured in 5% (w/v) cell suspensions 24 h after a single
bolus treatment with 25-300 uM Na,S exactly as described previously (25).
Incorporation of [U-"*C]-glutamine into lipids was measured 13 h after a
single bolus treatment with 100 or 300 uM Na,S as described (24). H,S and
thiosulfate concentrations in the conditioned medium were monitored 4 h
after a single bolus treatment with 100 uM Na,S following derivatization
with monobromobimane as previously described (26). Metabolomics analysis
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was performed on HT29 cells treated = 100 uM Na,S for 24 h, as described
previously (19).

Statistics. Statistical analysis for the indicated pairwise comparisons of Psy oy,
Jnaxozy and protein abundance was performed using a two-sample unpaired
ttest. For complex IV activity, parameters of mitochondrial function, glucose con-
sumption, lactate production, and enhanced radioactive incorporation into lipids,
paired t tests were employed. Any other method used for statistical analysis is
mentioned in the respective figure legend.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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