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ABSTRACT
Reperfusion together with the preceding ischemic period results
in serious damage to brain and heart tissues. Activation of potas-
sium channels from the inner mitochondrial membrane leads to
cytoprotection during such events. The mitochondrial large-con-
ductance calcium-activated potassium channel (mitoBKCa) is one
of these cytoprotective channels. It was previously shown that
BKCa channels are blocked by hemin, which is present in excess
during hemorrhage. In the experiments described in this work, we
checked whether NaHS, known as a donor of gasotransmitter
hydrogen sulfide (H2S), which can play an important role in cyto-
protection, interacts with mitoBKCa channels. Indeed, using the
biotin-switch method, it was found that mitoBKCa channels
undergo S-sulfhydration in the presence of NaHS. Although
patch-clamp experiments showed that NaHS has negligible
effects on the activity of mitoBKCa channels, NaHS has been
shown to almost fully activate hemin-inhibitedmitoBKCa channels.
The effects of NaHS were mimicked by imidazole, suggesting a

common mechanism of activation of mitoBKCa channels inhibited
by heme/hemin by molecules able to coordinate the iron ion of
porphyrin. A set of absorption spectroscopy experiments with the
23 amino acid model peptides containing the heme-binding motif
CXXCH suggested previously unrecognized roles of cysteines in
heme binding.

SIGNIFICANCE STATEMENT
The activity of mitochondrial channels including mitoBKCa seems
to play a significant role in cytoprotection during ischemia/reperfu-
sion. Hemin, which is present in excess during hemorrhage, can
potentially bind to and inhibit mitoBKCa activity. We found that
hydrogen sulfide does not affect mitoBKCa activity unless it is
blocked by hemin. In this case, hydrogen sulfide activates hemin-
inhibited mitoBKCa by binding to hemin iron. The hydrogen sulfide
effect could be mimicked in patch-clamp experiments by imidaz-
ole probably acting by a similar mechanism.

Introduction
For a number of years, hydrogen sulfide (H2S) was known

only as a toxic molecule. However, the beneficial effects of H2S
action in living organisms were recently discovered, and the
molecule was classified as a gasotransmitter, next to carbon
monoxide (CO) (Untereiner et al., 2012) and nitric oxide (NO)
(Mir and Maurya, 2018). H2S displays a broad spectrum of
activities, e.g., attenuating myocardial ischemia-reperfusion
injury (Calvert et al., 2010; Elrod et al., 2007; Wang et al.,
2011), protecting against apoptosis (Wu et al., 2015), regulat-
ing Ca21 homeostasis (Lee et al., 2006), acting as an endoge-
nous vasoactive factor (Zhao et al., 2001), and is used as a
preventive and therapeutic agent in age-associated diseases
(Zhang et al., 2013).
The chemical mechanisms underlying the action of H2S are

complex (Bełtowski, 2015; Dong�o et al., 2018). Due to its
strong reducing nature, H2S reacts with reactive oxygen

species (ROS) (Xie et al., 2016), the modified -SH groups of cys-
teines (Benchoam et al., 2020), and the metallic centers of
heme proteins (Boubeta et al., 2020). Due to its high reactivity
toward ubiquitous chemical groups, H2S has a plethora of
molecular targets (Kimura, 2015). Potassium channels, such
as ATP-sensitive potassium channel (KATP) (Mustafa et al.,
2011; Tang et al., 2005) and the large-conductance calcium-
activated potassium (BKCa) channel (Sitdikova et al., 2010,
2014; Telezhkin et al., 2009), are also targets for H2S. The
BKCa channel is a tetrameric protein composed of four pore-
forming a subunits. Each a subunit consists of a short N-termi-
nus, seven transmembrane segments, and a large C-terminus
containing two regulating conductance of K1 (RCK) domains
located in the cytoplasm (Lee and Cui, 2010; Yang et al.,
2015). Electrophysiological studies have revealed that the
BKCa channel is modulated by various stimuli, including Ca21

(Adams et al., 1982; Barrett et al., 1982, Latorre et al., 2017;
Pallotta et al., 1981), voltage (Horrigan and Aldrich, 2002;
Latorre et al., 2017), membrane tension (Kirber et al., 1992;
Mallouk and Allard, 2000; Wawrzkiewicz-Jałowiecka et al.,
2018), and redox state (DiChiara and Reinhart, 1997; Gao and
Fung, 2002; Gong et al., 2000; Soh et al., 2001). BKCa is also
inhibited by the binding of heme (Fe(II)-protoporphyrin IX)
(Jaggar et al., 2005; Tang et al., 2003) and its oxidized form
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hemin (Fe(III)-protoporphyrin IX) (Horrigan et al., 2005; Tang
et al., 2003) to the heme-binding motif (HBM), which is located
between RCK domains and composed of two cysteines and a
histidine, CXXCH (Tang et al., 2003). Heme may inhibit BKCa

channel opening by influencing the flexible linker between the
RCK domains (Horrigan et al., 2005; Tang et al., 2003); how-
ever, many questions remain about the effects of axial ligand(s)
or the importance of cysteines in heme binding to the BKCa

channel.
The BKCa channel is present not only in the plasma mem-

brane but also in the inner membrane of mitochondria
(mitoBKCa) (Bednarczyk et al., 2006; Kicinska et al., 2016; Sie-
men et al., 1999; Xu et al., 2002). The mitoBKCa channel could
be formed by a DEC splice variant (BKCa-DEC) encoded by
the common KCNMA1 gene (Singh et al., 2013). Similar to
plasmalemmal BKCa channels, mitoBKCa is also regulated by
hemin (Augustynek et al., 2014). Mitochondria are the main
source of endogenous H2S in the brain (Shibuya et al., 2009),
and H2S regulates mitochondrial energy metabolism (Szabo,
2021) and ROS generation (Cao et al., 2019; Murphy et al.,
2019). It has been suggested that the activation of mitoBKCa

leads to the cytoprotection of cardiomyocytes insulted during
ischemia/reperfusion (Xu et al., 2002) due to the modulation of
ROS signaling (Heinen et al., 2007; Kulawiak et al., 2008).
Therefore, whether and how mitoBKCa activity is modulated
by H2S remains an intriguing issue. Previous research on the
impact of H2S on the activity of BKCa channels is ambiguous,
thus showing either channel activation (Jackson-Weaver et al.,
2013; Li et al., 2020) or inhibition (Fernandes et al., 2015; Li
et al., 2010; Telezhkin et al., 2010). Therefore, further studies
are needed in this field.
In this article, we applied NaHS as an H2S donor (Reiffen-

stein et al., 1992; Sitdikova et al., 2010) to investigate its
impact on the activity of mitoBKCa channels. We found that
although the a-subunit of the mitoBKCa channel is S-sulfhy-
drated, sulfhydration does not significantly change the activity
of this channel. However, we found that H2S is an activator of
mitoBKCa channels inhibited by hemin. In addition, we inves-
tigated in more detail the mechanism of this activation.

Materials and Methods
Chemicals. Stock solutions were prepared as mentioned below

and then diluted to the desired concentrations. Hemin (Sigma-Aldrich,
St. Louis, MO) was diluted in DMSO to 10 mM and stored at �20�C.
NaHS (Fluorochem Ltd., Hadfield, United Kingdom) and imidazole
(Sigma-Aldrich, St. Louis, MO) were diluted in water to 100 mM and
1 M concentrations, respectively. NaHS stock solutions were prepared
immediately before use. The pH of the imidazole stock solution was
adjusted with HCl to 7.2–7.4, and the solution was stored in a tightly
closed vessel at room temperature. Model peptides (Life Tein LLC,
Somerset, NJ) containing heme-binding motifs were dissolved in water
to prepare stock solutions (40 mmol/L), which were stored at �80�C.

Cell Culture. Astrocytoma U-87MG cells (U-87MG) (see details in
Bednarczyk et al., 2013) and the HEK 293 cell line (original HEK 293
cell line from American Type Culture Collection, Manassas, VA) stably
expressing the DEC isoform of the human BKCa channel (HEK 293-
BKCa-DEC) were cultured in Dulbecco’s modified Eagle’s medium
(Laboratory of General Chemistry, Institute of Immunology and
Experimental Therapy, Polish Academy of Sciences, Wroclaw, Poland)
supplemented with 2 mM L-glutamine (Gibco, Carlsbad, CA), 10%
FBS (Gibco), 100 U/ml penicillin (Sigma-Aldrich, St. Louis, MO), and
100 mg/ml streptomycin (Sigma-Aldrich). Dulbecco’s modified Eagle’s
medium for the HEK 293-BKCa-DEC cell line was additionally

supplemented with 500 mg/ml geneticin (Gibco). Cells were cultured at
37�C in a humidified atmosphere with 5% CO2. The cells were fed and
reseeded when they reached approximately 70–90% confluence, which
usually occurred every fourth day.

Mitochondria Isolation. Mitochondria from the U-87MG and
HEK 293-BKCa-DEC cell lines were isolated as previously described
(Bednarczyk et al., 2013) with modifications. Briefly, the cells were
washed with PBS (Laboratory of General Chemistry, Institute of
Immunology and Experimental Therapy, Polish Academy of Sciences),
harvested by scraping in PBS, collected in a 50 ml Falcon tube, and
centrifuged at 800 × g for 10 minutes. The cell pellet was resuspended
and homogenized in sucrose-EGTA-HEPES (SEH) buffer (250 mM
sucrose, 1 mM EGTA, 5 mM HEPES; pH 5 7.2). The homogenate was
transferred into an Eppendorf tube and centrifuged at 9200 × g for 10
minutes. Next, the pellet was resuspended in SEH buffer and centri-
fuged at 780 × g for 10 minutes. The supernatant containing mitochon-
dria was moved to a new Eppendorf tube and centrifuged at 9200 × g
for 10 minutes. The mitochondrial pellet obtained after the last centri-
fugation was resuspended in a small volume of SEH buffer (20–300 ml).
All centrifugations were performed at 4�C, and the other manipula-
tions were performed on ice.

Detection of S-sulfhydration of the a Subunit of the mitoBKCa

Channel by the Biotin-Switch Method. In all experiments, NaHS
was used as an H2S donor (Reiffenstein et al., 1992; Sitdikova et al.,
2010). To detect S-sulfhydration, a published biotin-switch protocol
was used with slight modifications (Park et al., 2015). Mitochondria
isolated from U-87MG cells were diluted, resuspended in SEH buffer,
and incubated with 1 mM NaHS (experimental sample) for 30
minutes on ice. The control sample was not treated with NaHS. Next,
the experimental sample was diluted to 1.5 ml with SEH buffer and
centrifuged at 9200 × g for 10 minutes to remove NaHS and pellet
mitochondria. Subsequently, both the control sample and experimen-
tal sample were subjected to the same procedures. Mitochondrial pel-
lets were resuspended in HEPES-NaCl-EDTA buffer (250 mM
HEPES, 50 mM NaCl, 1 mM EDTA, 1% NP40, 0.1 mM neocuproine)
with protease inhibitors (protease inhibitor cocktail, cOmplete,
EDTA-free; Roche, Basel, Switzerland) with the addition of 50 mM
water-soluble methylsulfonyl benzothiazole (MSBT-A; BePharm, Ltd,
Shanghai, China) and incubated at 37�C for 1 hour. MSBT-A was
removed on Micro Bio-SpinP-6 Gel Columns (Bio-Rad, Hercules, CA)
by centrifugation at 1000 × g for 4 minutes. Next, the samples were
incubated with 20 mM biotin-linked cyanoacetate (CN-biotin;
Enamine, Monmouth Junction, NJ) at 37�C for 1 hour, followed by the
removal of unreacted CN-biotin on Micro Bio-Spin P-6 Gel Columns.
Flow-through from the Micro Bio-Spin P-6 Gel Columns contained
both S-sulfhydrated and non–S-sulfhydrated proteins, which were sep-
arated using CaptAvidin Agarose (Invitrogen by Thermo Fisher Scien-
tific, Waltham, MA) as described below. CaptAvidin Agarose was
applied to the column (Mobicol “Classic” with 1 closed screw cap;
MoBiTec Molecular Biotechnology, Goettingen, Germany) with a 35
mm pore size filter (MoBiTec Molecular Biotechnology) and centrifuged
two times at 1000 × rpm for 2 minutes. Next, the column with CaptA-
vidin agarose was washed with PBS (three volumes of CaptAvidin
Agarose) and centrifuged at 1500 × rpm for 75 seconds, followed by a
wash with 50 mM Tris � HCl, pH 5 8.0 (two volumes of CaptAvidin
Agarose), and centrifugation at 1500 × rpm for 75 seconds. After
applying S-sulfhydration and the biotin-switch protocol, the proteins
were applied on the column with CaptAvidin Agarose, and the column
was centrifuged at 1500 × rpm for 1 minute. Flow-through from the
column contained non–S-sulfhydrated (nonbiotinylated proteins),
whereas on the agarose S-sulfhydrated proteins were captured. Cap-
tAvidin agarose-capture proteins were analyzed by SDS-PAGE and
Western blotting (Supplemental Fig. 1)

SDS-Page and Western Blot. Samples were separated by 10%
SDS-PAGE and transferred onto polyvinylidene fluoride mem-
branes (Bio-Rad, Hercules, CA). The membranes were blocked in
5% skimmed milk in Tris-buffered saline/Tween 20 (TBST) buffer
(20 mM Tris, 125 mM NaCl, 0.1% Tween-20; pH 7.5). Next, the
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blocked membranes were incubated with the anti-a subunit of
mitoBKCa channel primary antibody (1:200 in 5% milk in TBST;
NeuroMab Anti-Slo1/BK alpha potassium channel, clone L6/60), fol-
lowed by incubation with anti-mouse secondary antibody (1:5000 in
5% milk in TBST; Amersham ECL Anti-mouse IgG, horseradish per-
oxidase-linked whole Ab [from sheep]; GE Healthcare, Chicago, IL)
coupled to horseradish peroxidase. The blots were developed using
enhanced chemiluminescence solution (GE Healthcare) and X-ray
films (GE Healthcare).

Mitoplast Preparation. Mitoplasts for the patch-clamp experi-
ments were prepared by swelling the mitochondria isolated from U-
87MG or HEK 293-BKCa-DEC cells as previously described (Walewska
et al., 2018). Briefly, mitochondria (1–2 ml) were incubated in 40 ml of
hypotonic solution (5 mM HEPES, 100 mM CaCl2; pH 5 7.2) for
approximately 2 minutes. Then, 10 ml of high sucrose buffer (1.5 M
sucrose, 30 mM HEPES, 100 mM CaCl2, pH 5 7.2) was added to
restore the isotonicity of the medium.

Patch-Clamp Experiments. Patch-clamp experiments were per-
formed according to a published protocol (Bednarczyk et al., 2021).
Briefly, the experiments were carried out in patch-clamp inside-out
mode, in which modulators were applied to the matrix side of the
channel. Mitoplasts (0.5–1 ml) and modulators were added by mixing
directly to the recording chamber filled with a high-calcium solution
containing 150 mM KCl, 10 mM HEPES, and 100 mM CaCl2 at pH 5
7.2. The patch-clamp pipettes made of borosilicate glass (Harvard
Apparatus GC150-10, Holliston, MA) with a resistance of 10 to 20 MV

were filled with a high-calcium solution. After establishing the giga-
ohm seal, the membrane patch was excised by tapping the pipette
holder. The current was recorded using a patch-clamp amplifier (Axo-
patch 200B; Molecular Devices Corporation, San Jose, CA), low-pass
filtered at 1 kHz, and sampled at a frequency of 2.5 kHz. Clampfit
10.7 software in the single-channel search mode was used to calculate
the probability of channel opening (P(o)). Calculations of P(o) were
performed for 10-second recordings of the mitoBKCa channel at differ-
ent voltages (from �60 mV to 60 mV, 20 mV interval) and continuous
recordings at 40 mV with a different length depending on the type of
experiment. The Fe(III)-protoporphyrin IX (hemin) used in the patch-
clamp experiments was dissolved in DMSO to obtain stock solutions
and stored at �20�C, whereas imidazole was dissolved in water (pH 5
7.2 to 7.4, HCl) and stored in a tightly closed vessel at room tempera-
ture. NaHS stock was prepared in water immediately before use.

Absorption Spectroscopy. Electronic absorbance spectra were
measured with an Agilent Cary 60 UV-Vis Spectrophotometer in the
250 to 650 nm range. Hemin, NaHS, imidazole, and model peptides
(Life Tein LLC) were added sequentially from the stock solutions to
high-calcium buffer (150 mM KCl, 10 mM HEPES, and 100 mM CaCl2
at pH 5 7.2) purged with nitrogen gas for 30 to 60 minutes before the
start of the experiment. The order of substance addition and their con-
centrations are shown in figure captions. Model peptides containing
the heme-binding motif, DAKEVKRAFFYCKACHDDITDPK, and
peptides containing single, double, and triple substitutions of two cys-
teines and histidine (underlined in the sequence) with serines and
arginine, respectively, were dissolved in water to prepare the stock
solution and stored at �80�C.

Raw absorbance spectra were corrected for the absorbance of the
added substances. These corrected absorbance spectra were used to
plot the dependence of the wavelength for maximum absorbance
(kmax) on the imidazole concentration (Supplemental Fig. 3) The differ-
ence spectra were calculated (Supplemental Fig. 4) to plot the depen-
dence of the difference between the maximum and minimum
absorbance as a function of the imidazole concentration and fitted by

the Hill model A ¼ Amax
IN

KN þ IN
(Fig. 5G and Supplemental Fig. 5).

All calculations were performed with Origin2019 (OriginLab Corpora-
tion, Northampton, MA) and Excel (Microsoft, Redmond, WA).

Statistical Analysis. Student's t test or one-way ANOVA with
means comparisons test was used in statistical analysis of the obtained
results depending on the type of experiment. The following ranges of P

values were adopted: 0.05–0.01, 0.01–0.001, and <0.001. All experi-
ments were done in an exploratory manner.

Results
S-sulfhydration of Cysteines of the a Subunit of the
mitoBKCa Channel by NaHS Does Not Significantly Affect
Channel Activity

In all of our experiments, we used NaHS as an H2S donor.
First, we checked whether cysteines in the a subunit of the
mitoBKCa channel, present endogenously in U-87MG cells,
undergo S-sulfhydration, and, if so, what the effect of sulfhy-
dration on mitoBKCa channel activity is (Fig. 1). The biotin-
switch assay was used to biochemically detect the S-sulfhydra-
tion of cysteines in the a subunit of the mitoBKCa channel
(Fig. 1A; for a detailed description, see MATERIALS AND METHODS

and Supplemental Fig. 1). In this method, biotinylation of a
protein indicates that the -SH groups underwent S-sulfhydra-
tion (Park et al., 2015). We found that among proteins that
were immobilized on avidin-agarose was the a subunit of the
mitoBKCa channel (Fig. 1B). However, we were able to detect
this protein only if the sample was treated with NaHS. This
result suggested that some cysteines in the pore-forming subu-
nit of mitoBKCa could indeed be S-sulfhydrated.
To check whether this S-sulfhydration affects channel activ-

ity, patch-clamping of mitoplasts isolated from the U-87MG
cell line was carried out (Fig. 1C; for a detailed description, see
Materials and Methods). Figure 1D shows representative cur-
rent-time recordings of mitoBKCa channel activity in the con-
trol conditions and the presence of 500 mM NaHS at different
voltages; no changes in the activity of the channel were found.
The open probability (P(o)) values under the control conditions
and in the presence of 500 mM NaHS at different voltages
were similar (Fig. 1E). Figure 1F shows changes in the percent
channel activity recorded at 40 mV after treatment of the
mitoBKCa channel with NaHS. The mean percent of channel
activity after treatment with 100 mM, 500 mM, and 1 mM
NaHS was 98.05% (±10.88, n 5 4), 95.05% (±9.36, n 5 4), and
96.93% (±24.37, n 5 4), respectively. There was no decrease in
channel activity at 40 mV after NaHS treatment relative to
the control conditions.
NaHS Is an Activator of Hemin-Inhibited mitoBKCa

Channels. Figure 2A shows the changes in the P(o) of the
mitoBKCa channel during the course of the representative
experiment. Hemin gradually inhibited the activity of the
mitoBKCa channel from P(o) 5 0.71 (in the last minute of con-
trol) to P(o) 5 0.26 (in the 5th minute after the application of
3 mM hemin). Subsequent application of NaHS in the presence
of hemin resulted in a rapid increase in P(o) to 0.60 (in the 1st
minute after NaHS addition). Surprisingly, simultaneous
washout of both hemin and NaHS with the control solution
resulted in transient inhibition of the mitoBKCa channel.
Immediately after washout, we observed a decrease in the P(o)
to 0.29 relative to the P(o) of the mitoBKCa channel in the
presence of hemin and NaHS. However, after 2 minutes, the
mitoBKCa channel became more active and the P(o) increased
to 0.76 (Fig. 2A). Representative single mitoBKCa channel
recordings showed that hemin inhibition of the activity of the
mitoBKCa channel was characterized by the presence of hall-
mark blocking events with flickery channel characteristics
(Fig. 2B, rectangles in the second upper trace). After the addi-
tion of NaHS, hemin hallmark blocking events are no longer
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Fig. 1. S-sulfhydration of the a subunit of the mitoBKCa channel by NaHS and its effect on channel activity. (A) Schematic representation of the
“biotin-switch” assay used to detect protein S-sulfhydration. NaHS was used as a sulfhydryl donor. S-sulfhydration was followed by “the tagging
step,” in which both the -SH (non–S-sulfhydrated) and -SSH (S-sulfhydrated) groups were blocked by MSBT-A. In the next “switching step,” CN-
biotin was introduced to specifically convert the -SSH groups to biotin-labeled adducts that could be captured or detected with the use of avidin.
(B) Western blot analysis of two fractions obtained after separation of proteins on CaptAvidin agarose: flow-through fraction with nonbiotinylated
proteins that did not undergo S-sulfhydration and CaptAvidin agarose fraction with biotinylated proteins that were S-sulfhydrated. The control
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present. However, immediately after washout with the control
solution, these blocking events for hemin were visible again
(Fig. 2B, rectangles in the second lower trace). Figure 2C
shows changes in the percent of channel activity recorded at
40 mV after treatment of the mitoBKCa channel with hemin
and NaHS. Dose-dependent inhibition of the mitoBKCa chan-
nel with 100 nM and 500 nM hemin was observed, with corre-
sponding mean percent channel activity values of 50.57%
(±38.07, n 5 4; P < 0.05 vs, control) and 10.99% (±17.03, n 5
6; P < 0.001 vs. control), respectively. The addition of NaHS to
the hemin-inhibited channel resulted in an increase in mean
channel activity from this low value to 85.43% (±32.80, n 5 5;
P < 0.001 vs. 500 nM hemin) and 111.22% (±16.07, n 5 6; P <
0.001 vs. 500 nM hemin) after the application of 500 mM and 1
mM NaHS, respectively. Washout did not change the channel
activity significantly (immediately after washout, 86.47% ±
29.50, n 5 5; 2 minutes after washout, 98.13% ± 5.05, n 5 4;
and 3 minutes after washout, 106.27% ± 9.84, n 5 5) (Fig.
2C). Statistical analysis of the activity of mitoBKCa channels
recorded at 40 mV treated with hemin and NaHS shows large
variability (Fig. 2C). However, general trends are noticeable,
with inhibition by hemin, reactivation of hemin-inhibited
channels by NaHS, and transient decline of the activity after
washout.
Modulation of the Activity of the DEC Isoform of

the BKCa Channel by Hemin and NaHS. Previously, we
were unable to detect the transcript for the BKCa-DEC chan-
nel splice variant in the U-87MG cell line (Walewska et al.,
2018). It was therefore unclear what other isoforms of the
BKCa channel could be present in the mitochondria of these
cells. We and others (Ahring et al., 1997) found that HEK 293
cells lack BKCa activity. Therefore, to investigate the effects of
NaHS in a more defined molecular environment, we chose the
HEK 293 cell line, which stably expresses the BKCa-DEC
channel (Gałecka et al., 2021).
Figure 3 shows the modulation of BKCa-DEC channel activ-

ity from the inner mitochondrial membrane (mitoBKCa-DEC)
by hemin and NaHS. After the addition of 300 nM hemin, the
P(o) decreased gradually from 0.96 to 0.60 and finally to 0.24
in 500 nM hemin. The application of 100 mM NaHS reacti-
vated the mitoBKCa-DEC channel to a P(o) of 0.91 in the 1st
minute after NaHS addition. However, the activity of the
mitoBKCa-DEC channel after washout remained at a high
level, and no transient channel inhibition (Fig. 3A) was
observed as in the case of the U-87MG cell line (Fig. 2). In the
representative single mitoBKCa-DEC channel recording, chan-
nel inhibition with hallmark hemin blocking events was
observed (Fig. 3B, rectangle in the second upper trace). NaHS
application resulted in an increase in the P(o) of the channel
and a lack of blocking events. However, washout of both hemin
and NaHS did not significantly change the P(o) of the channel.

No characteristic hemin-blocking events were visible after
washout (Fig. 3B). To substantiate this observation, statistical
analysis of multiple (n 5 10) experiments was carried out
(Fig. 3C). Dose-dependent inhibition of the mitoBKCa-DEC
channel with 100 nM, 300 nM, and 500 nM hemin was
observed, with corresponding mean percent channel activity
values of 84.36% (±3.18, n 5 9), 41.33% (±28.93, n 5 9; P <
0.05), and 12.95% (±14.27, n 5 10; P < 0.001), respectively.
The addition of NaHS to the hemin-inhibited channel resulted
in an increase in the mean channel activity to 54.98% (±49.15,
n 5 9) and 82.84% (±20.20, n 5 6; P < 0.01) after the applica-
tion of 500 mM and 1 mM NaHS, respectively. Washout did
not change the channel activity significantly (immediately
after washout, 98.02% ± 17.19, n5 9; 2 minutes after washout,
95.88% ± 17.95, n 5 10) relative to the channel activity in the
presence of 500 nM hemin and 1 mM NaHS (82.84% ± 20.20,
n5 6) (Fig. 3C).
The above results indicate that NaHS activates hemin-

inhibited mitoBKCa-DEC channels like mitoBKCa channels
from the U-87MG cell line.
Imidazole Mimics the Effects of NaHS on Hemin-

Inhibited mitoBKCa Channels. H2S is a reducing agent
that could potentially reduce Fe(III) ions in porphyrins under
specific conditions (Bianco et al., 2017; Giuffr�e and Vicente,
2018). To examine whether we could mimic the effects of
NaHS with a redox nonreactive molecule, we chose imidazole,
which is a known coordination ligand of iron porphyrins (Coll-
man et al., 1975; Perry et al., 2002).
Figure 4 shows a set of patch-clamp experiments carried out

on mitoplasts obtained from mitochondria of the U-87MG cell
line (Fig. 4A) and HEK 293-BKCa-DEC cell line (Fig. 4B). In
these experiments, hemin was added up to 1 mM, and at this
concentration, the channels were almost blocked (Fig. 4A i). In
the U-87MG cell line, the P(o) of the mitoBKCa channel activ-
ity decreased from 0.74 under the control conditions to 0.37 in
the 5th minute after 500 nM hemin application to a final value
of 0.04 in the 2nd minute after 1 mM hemin administration
(Fig. 4A i, left panel). In the HEK 293-BKCa-DEC cells, multi-
ple channels were observed, and the NP(o) decreased from 3.80
in control conditions to 2.30 in the 3rd minute after 500 nM
hemin application to a final value of 0.20 in the 3rd minute
after 1 mM hemin administration (Fig. 4B i, right panel).
The addition of 50 mM imidazole resulted in immediate

channel reactivation: the P(o) increased to 0.78 for mitoBKCa

from the mitoplasts of U-87MG cells (Fig. 4A i, left panel), and
the NP(o) increased to 2.97 for mitoBKCa-DEC from mitoplasts
of HEK 293-BKCa-DEC cells (Fig. 4B i, right panel). This effect
was not voltage dependent (Supplemental Fig. 2). Simulta-
neous washout of both hemin and imidazole resulted in evi-
dent transient inhibition of the activity of mitoBKCa channels.
For channels from U-87MG cells immediately after washout,

sample was not treated with NaHS. An antibody against the a subunit of the mitoBKCa channel (anti-BKCaa) was used. (C) Schematic representa-
tion of the patch-clamp protocol on the mitochondrial inner membrane: isolation of mitochondria from the U-87MG cell line, preparation of mito-
plasts by hypoosmotic swelling of mitochondria, and patch-clamp recording from the inner membrane of mitochondria in inside-out configuration.
(D) Representative recordings of single mitoBKCa channel activity from the U-87MG cell line at different voltages under the control conditions
and in the presence of 500 mM NaHS; “c” with an arrow and gray solid line denotes the closed state of the channel; “o” with an arrow and gray
dotted line denotes the open state of the channel. (E) Open probability of mitoBKCa channels at different voltages in the control conditions (black
line) and in the presence of 500 mM NaHS (blue line). The data are presented as the mean ± SD (control conditions, n 5 4; 500 mM NaHS, n 5 4)
and were fitted using a Boltzmann function. A paired sample Student’s t test was used to identify any significant differences. (F) Statistical analy-
sis of channel activity at 40 mV after the application of different NaHS concentrations. The data are presented as the percentage of the channel
activity with respect to the control conditions (mean ± SD with points representing a given repetition). A one-way ANOVA with Tukey means
comparisons test was used to identify any significant differences. The P(o) for the statistical analysis of channel activity was calculated for a 1-
minute-long recording starting 1 minute after NaHS application (unless otherwise stated).
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the P(o) decreased to 0.003 and then gradually increased to
0.76 in the 10th minute after washout (Fig. 4A i, left panel).
For the channels from the HEK 293-BKCa-DEC cells, the NP
(o) decreased to 1.44 and then gradually increased to 2.89 in
the 9th minute after washout (Fig. 4B i, right panel).

Representative traces of channel activities provide more
insight into channel behavior (Figs. 4A ii and 4B ii). After the
addition of imidazole, at positive (pipette negative) potentials a
decrease in single-channel conductance relative to the control
solution could be observed (for the mitoBKCa channel from the

Fig. 2. Effect of NaHS on the activity of mitoBKCa channels from the U87-MG cell line inhibited by hemin. (A) Changes in the open probability of
mitoBKCa channels during continuous experiments recorded at 40 mV. The gradual decrease in channel open probability after the application of
hemin (3 mM) followed by a sharp increase in channel activity after the addition of NaHS (1 mM). After washout with the control solution, a tran-
sient inhibitory effect was observed. The data were binned by 1-minute intervals. A time interval of �1 minute in which the compounds were
added or washed out was excluded from the analysis. (B) Representative recordings of single mitoBKCa channel activity at 40 mV in the control
conditions after the application of hemin followed by NaHS addition and washout step. Hallmark hemin-blocking events are marked by dashed
black rectangles; “c” with an arrow and gray solid line denotes the closed state of the channel; “o” with an arrow and gray dotted line denotes the
open state of the channel. Open probabilities are shown on the right side of each trace. (C) Statistical analysis of channel activity at 40 mV after
the application of hemin (100 and 500 nM) and NaHS (500 mM and 1 mM) and after washout. The data are presented as the mean percent of channel
activity ± SD with marked points representing given repetitions. A one-way ANOVA with Tukey means comparisons test was used to identify any sig-
nificant differences. The points of a given color come from the same experiment. The P(o) for the statistical analysis of percent of channel activity was
calculated for 1-minute-long recordings. The analysis start time is indicated on the graph in minutes from substance application or washout.
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U-87 cell line from 294.3 pS to 212.0 pS and for the mitoBKCa-
DEC channel from 279.3 pS to 204.3 pS). The single-channel
conductance returned to the control values after the washout
step. In Figs. 4A ii and 4B ii, characteristic hemin blocking

events are not visible after 1 mM hemin application because of
complete channel inhibition. However, they were visible at
lower hemin concentrations (not shown). These blocking events
were not observed in the presence of imidazole. Strikingly, after

Fig. 3. Regulation of the activity of the mitoBKCa-DEC isoform by hemin and NaHS. NaHS activates mitoBKCa-DEC channels inhibited by
hemin; no transient inhibitory effect after washout is observed. (A) Changes in the open probability of the mitoBKCa channel during continuous
experiments recorded at 40 mV. The gradual decrease in channel open probability after the application of hemin (300 and 500 nM) followed by a
sharp increase in channel activity after the addition of NaHS (500 mM and 1 mM). No transient channel inhibition after simultaneous washout of
either hemin or NaHS was observed. (B) Representative recordings of single mitoBKCa-DEC channel activity at 40 mV in control conditions after
the application of hemin followed by NaHS addition and washout step; “c” with an arrow and gray solid line denotes the closed state of the chan-
nel; “o” with an arrow and gray dotted line denotes the open state of the channel. (C) Statistical analysis of channel activity at 40 mV after the
application of hemin and NaHS and after the washout step. The data are presented as the means ± SD of percent of channel activity, with
marked points representing given repetitions. A one-way ANOVA with Games-Howell means comparisons test was used to identify any significant
differences. The points of a given color come from the same experiment. The P(o) for the statistical analysis of percent of channel activity was cal-
culated for a 1-minute-long recording. The analysis start time is indicated on the graph in minutes from substance application or washout. The
P(o) of the mitoBKCa-DEC channel in control conditions is marked as 100%, whereas the P(o) of the mitoBKCa-DEC channel after treatment with
hemin or NaHS and after washout step is calculated as a percent of channel activity in control conditions.
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Fig. 4. Regulation of the activity of the mitoBKCa channel (A) and mitoBKCa-DEC channel (B) by hemin and imidazole (i). Changes in the open
probability of the mitoBKCa channel and mitoBKCa-DEC channel during continuous experiments recorded at 40 mV. The gradual decrease in
channel open probability after the application of hemin (500 nM and 1 mM) was followed by a sharp increase in channel activity after the addition
of imidazole (50 mM). Washout with the control solution results in transient channel inhibition. (ii) Representative recording of single mitoBKCa
channel activity (A) or multiple mitoBKCa-DEC channels (B) at 40 mV in control conditions after the application of hemin followed by imidazole
addition and washout step; “c” with an arrow and gray solid line denotes the closed state of the channel; “o1”, “o2”, “o3”, “o4” with an arrow and
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washout blocking events reappeared (Fig. 4A ii and 4B ii, black
dashed rectangles) along with a transient inhibitory effect, sug-
gesting that hemin was still bound within the channel.
We observed large patch-to-patch variability; however, an

investigation of single-channel behavior and statistical analy-
ses of multiple patches supported the findings described above
(Figs. 4A iii and 4B iii). For mitoBKCa channels from the U-
87MG cell line, the addition of 500 nM and 1 mM hemin
resulted in a statistically significant (P < 0.01) decrease in
channel activity to 32.88% (±41.12, n 5 6) and 16.50%
(±30.56, n 5 4), respectively. Subsequent administration of 50
mM imidazole in the presence of hemin resulted in an increase
in channel activity to 91.01% (±25.52, n 5 7; P < 0.01 vs. 1
mM hemin). Finally, simultaneous washout of both compounds
resulted in transient channel inhibition with a decrease in
channel activity to 35.73% (±37.75, n 5 6; P < 0.05 vs. 50 mM
imidazole) and a gradual increase in channel activity to
59.82% (±33.66; n 5 5) 4 minutes after washout and to
77.34% (±31.63, n 5 5) 9 minutes after washout (Fig. 4A iii).
Similar observations were perceived for the mitoBKCa-DEC

channel (Fig. 4B iii). A statistically significant decrease in
channel activity of 47.63% was observed for 500 nM hemin
(±29.54, n 5 7; P < 0.01 vs. control) and of 10.42% for 1 mM
hemin (±19.31, n 5 5; P < 0.001 vs. control). After treatment
of hemin-inhibited channels with 50 mM imidazole, the per-
cent channel activity increased to 94.62% (±14.69, n 5 7; P <

0.001 vs. 1 mM hemin). Simultaneous washout of hemin and
imidazole caused transient channel inhibition, with a decrease
in channel activity to 54.89% (±34.13, n 5 5) and a gradual
increase in channel activity to 69.12% (±24.13, n 5 4) 4
minutes after washout and 75.24% (±24.14, n 5 5) 8 or more
minutes after washout (Fig. 4B iii).
Altogether, the phenomena associated with modulation of

channel activity by hemin and imidazole are in accordance
with the data obtained for hemin and NaHS. Both imidazole
and NaHS reactivated channels that were inhibited by hemin.
In addition, washouts resulted in transient inhibition of chan-
nel activity with a gradual recovery of activity over time.
These observations indicate a similar if not equivalent mecha-
nism of regulation of the activity of the mitoBKCa channel by
NaHS and imidazole, which possibly occurs by binding the
iron ion of hemin. However, observable differences occurred
between the mitoBKCa and mitoBKCa-DEC channels with
respect to modulation by NaHS (see Discussion).
Spectroscopic Investigation of the Interactions of

Hemin, H2S, and Imidazole with a Model Peptide
Containing the Heme-Binding Motif. To gain more
insights into the interplay between the ligands hemin, H2S,
and imidazole and the channel, we took advantage of heme-
binding peptide (HBP), which is a simple model system that
was previously introduced to demonstrate the binding of
hemin to the fragment of the BKCa channel containing the
CKACH motif (Tang et al., 2003).

UV-Vis absorption spectroscopy has been used in numerous
studies to investigate the interaction of metal porphyrins with
ligands (Collier et al., 1979). Hemin is poorly soluble in water
but soluble in DMSO. In DMSO, the hemin spectrum is char-
acterized by a narrow Soret band at approximately 408 nm
(Collier et al., 1979). The UV-Vis absorption spectrum of
hemin in aqueous solutions exhibits a broad Soret absorption
maximum of approximately 384 nm (Karnaukhova et al.,
2014) due to the extensive formation of stacked dimers (De
Villiers et al., 2007). It is well known that imidazole forms
complexes with iron porphyrins that exhibit distinctive spec-
tra; however, most of the studies were carried out in organic
solvents, such as chloroform (Patra et al., 2010; Yoshimura
and Ozaki, 1984). We carried out our measurements in a more
biologically relevant buffer identical to that in which patch-
clamp experiments were performed. Titration of hemin (20 mM)
with increasing concentrations of imidazole (up to 50 mM)
resulted in a shift of wavelength in the maximal absorbance
(kmax) to 436 nm (Fig. 5A). At lower concentrations, intermedi-
ate kmax (Supplemental Fig. 3) or a shoulder of approximately
413 nm was visible. No isosbestic point could be identified,
indicating multiple absorbing species. In addition to the
Soret peak, after imidazole application, two additional peaks
(Q bands) were present at 542 nm and 565 nm (Fig. 5A). The
difference absorption spectrum for this type of reaction has
minimum and maximum values near 371 and 446 nm,
respectively (Supplemental Fig. 4Q) A plot of the difference
in absorbance at 446 and 371 nm as a function of the imidaz-
ole concentration is shown in Fig. 5G (black squares). The
relation could be fit by the Hill model (see Materials and
Methods) with a Kd of 6.10 mM and N 5 5.17 (Supplemental
Table 1), indicating a cooperative process. Subsequent addi-
tion of NaHS to up to 1 mM resulted in lower values of Amax.
This experiment suggested that imidazole is coordinated by
hemin dimers, ultimately leading to monomerization of
hemin and the formation of mono- and bis-imidazole hemin
complexes with kmax 413 and 436 nm, respectively. Due to
the high imidazole concentration, the addition of relatively
low concentrations of NaHS was not effective. Therefore, in
the next experiment, we titrated hemin (20 mM) first with
increasing concentrations of NaHS (up to 1 mM), and then
performed titration with imidazole (up to 100 mM) (Fig. 5B).
Here, the addition of NaHS resulted in a small 10 nm batho-
chromic shift of kmax to 397 nm. However, in the presence of
NaHS, higher concentrations of imidazole were required to
achieve the maximal shift to 436 nm (Fig. 5B). Fitting of the
plot of the difference in absorbance at 442 and 368 nm (maxi-
mum and minimum of difference spectra in Supplemental
Fig. 4R) as a function of the imidazole concentration (Fig. 5G,
green squares) produced values of Kd 5 15.95 and N 5 3.34.
The increased Kd and lower cooperativity indicated that
imidazole competes with NaHS for binding to hemin.
In consecutive experiments, the HBP model peptide was

introduced. Figure 5C shows that the application of 40 mmol/L

gray dotted line denotes the open states of the channel. Open probability values are shown. (iii) Statistical analysis of mitoBKCa channel (A) and
mitoBKCa-DEC channel (B) activity at 40 mV after the application of hemin and imidazole and after the washout step. The data are presented as
the mean percent of channel activity ± SD, with marked points representing a given repetition. The points of a given color come from the same
experiment. The P(o) and NP(o) for the statistical analysis of percent of channel activity were calculated for a 1-minute-long recording. A one-way
ANOVA with Tukey means comparisons test was used to identify any significant differences. The analysis start time is indicated on the graph in
minutes from substance application or washout. Open probabilities of channels in control conditions are normalized, whereas after treatment
with hemin and imidazole and after the washout step, the probabilities are calculated as a percent of channel activity in control conditions.

H2S Activates Heme-Inhibited mitoBKCa Channels 145

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001017/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001017/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001017/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001017/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001017/-/DC1
http://jpet.aspetjournals.org/lookup/suppl/doi:10.1124/jpet.121.001017/-/DC1
http://jpet.aspetjournals.org/


Fig. 5. Spectroscopic investigation of the interactions of hemin with H2S, imidazole, and model peptides containing HBP. (A)–(F) Absorbance spec-
tra of hemin after the administration of substances indicated in the legend. In all experiments, constant concentrations of hemin (20 mM) and
HBP (40 mmol/L) were used. Concentrations of NaHS and imidazole (Imd) were varied and are marked in the graph legends, such as is the order
in which the substances are added. Numbers above the graph lines with corresponding colors specify wavelengths of maximal absorbance, kmax.
(G) Plot of the difference in absorbance (at a wavelength at which the maximum and minimum of absorbance is observed at different spectra) as
a function of the imidazole concentration with Hill fitting. The data are presented as the mean ± SD and were fitted using a Hill function.
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HBP resulted in a hypsochromic shift of kmax from 384 nm for
20 mM hemin to 376 nm for hemin with HBP. Subsequent appli-
cation of imidazole caused a gradual bathochromic shift with
increasing concentrations of imidazole to a final kmax of 428 nm.
At lower concentrations, intermediate kmax (Supplemental
Fig. 3A) or a shoulder of approximately 413 nm was visible.
Subsequent addition of NaHS up to 1 mM resulted in only
marginal changes in the spectra. The difference absorption
spectrum of hemin with HBP after imidazole binding has
minimum and maximum values of approximately 368 and
433 nm, respectively (Supplemental Fig. 4A). A plot of the dif-
ference in absorbance at 433 and 368 nm as a function of the
imidazole concentration is shown in Fig. 5G (black circles). The
relation could be fit by the Hill model with a Kd of 32.41 mM
and N 5 3.24 (Supplemental Table 1). When NaHS was
applied in this system as the first compound (Fig. 5D), we
noticed few differences compared with that for the conditions
without this H2S donor. First, a slightly lower kmax (422 nm)
was achieved with the maximal imidazole content
(Supplemental Fig. 3A). Second, the analysis of the difference
spectra (Fig. 5G and Supplemental Fig. 4B) showed that the N
coefficient was smaller (2.46 vs. 3.20) (Supplemental Table 1).
Moreover, changes in Kd relative to the conditions without
NaHS were not observed (32.86 mM vs. 32.41 mM)
(Supplemental Table 1). From the above experiments, we
concluded that (1) higher concentrations of imidazole
(increased Kd) were required to achieve the kmax value in
the presence of HBP, suggesting competition between the
binding of imidazole and HBP to hemin; (2) the kmax of
hemin/imidazole complexes in the presence and absence of
HBP was different (428 vs. 436 nm), which suggested that
the binding of imidazole to the iron ion of hemin did not
result in HBP dissociation but rather the formation of a
tertiary complex; and (3) NaHS interacts with hemin both
in the presence and absence of HBP.
To determine whether the impact of HBP on the titration

characteristics of hemin by imidazole is specific for the
CXXCH motif, the analysis described above was performed for
a series of single, double, and triple substitutions of two cys-
teines and histidine with serines and arginine, respectively
(Tang et al., 2003) (Figs. 5E and 5F, Supplemental Figs. 3–5,
and Supplemental Table 1). We found various degrees of the
contribution of these amino acids to the competitive behavior
of HBP in the imidazole titration assay. Unexpectedly, we
found that the substitution of histidine to arginine had no
effect, whereas the substitution of serine to cysteine was addi-
tive (Supplemental Table 1). The Kd for imidazole titration in
the presence of HBP single-cysteine mutants was 0.76 (for the
first cysteine, C1) and 0.9 (for the second cysteine, C2) of that
of the wild-type HBP, whereas for the double-cysteine mutant
HBP_C1, C2 Kd was only 0.45 (Supplemental Table 1). Curi-
ously, the presence of NaHS affected the Kd of imidazole bind-
ing to hemin only if one or two cysteines were mutated, thus
indicating the interplay between these residues and hydrogen
sulfide in hemin binding (Supplemental Table 1).

Discussion
H2S has become a popular research subject because increas-

ing evidence has been obtained on the beneficial effects it
exerts on living organisms (Ciccone et al., 2021; Li et al., 2021;
Scammahorn et al., 2021). Especially exciting is the role of

H2S as a mediator of cytoprotection during ischemia/reperfu-
sion, which is also observed for CO and NO (Zhang et al.,
2021). Several lines of evidence suggest that mitoBKCa chan-
nels are involved in cytoprotection during ischemia/reperfusion
(Frankenreiter et al., 2017; Goswami et al., 2019; Xu et al.,
2002). Previous data (see below) have shown that H2S could
affect the activity of BKCa channels from the plasma mem-
brane; however, research on the effects of H2S on the activity
of mitoBKCa channels is lacking. Therefore, we sought to
determine whether H2S impacts the activity of the mitoBKCa

channel and identify the possible mechanisms of H2S action.
H2S converts oxidatively modified -SH groups of cysteines

to -SSH adducts, which may regulate protein functions
(Mustafa et al., 2009). Published studies showed that ion
channels undergo direct regulation by H2S. Differing
effects of H2S were shown for BKCa channels. H2S potenti-
ated BKCa currents in human uterine artery smooth mus-
cle cells (Li et al., 2020). H2S also increased the activity of
BKCa channels in rat pituitary tumor cells, and this effect
was linked to its action on sulfhydryl groups of the channel
protein (Sitdikova et al., 2010).
In contrast, BKCa channels were inhibited by H2S in colonic

smooth muscle cells (Quan et al., 2015) and human-induced
pluripotent stem cell–derived mesenchymal stromal cells (Zhao
et al., 2013). BKCa was also found to be inhibited by H2S in
carotid body glomus cells, where channel inhibition by H2S
was rapid, reversible, and voltage independent; however, the
exact mechanism of H2S action was not shown (Telezhkin
et al., 2010). The abovementioned data on the regulation of the
activity of the BKCa channel from the plasma membrane are
not consistent and did not identify the mechanisms by which
H2S targets these BKCa channels.
In our research, we show for the first time that H2S sulfhy-

drates the -SH groups of cysteines of the a-subunits of mitoBKCa

channels in the U-87MG cell line treated with NaHS. Sulfhydra-
tion was not observed in the control, suggesting that the level of
endogenous sulfhydration was low or that this modification of
the a subunit of BKCa was chemically unstable. In addition, our
patch-clamp experiments indicated that sulfhydration did not
significantly change the channel activity in either the U-87MG
cell line or the HEK 293 cell line that stably expresses the DEC
isoform of the BKCa channel.
H2S has broad reactivity with intracellular targets, and in

addition to thiols, it also reacts with ferrous (Fe21) or ferric
(Fe31) heme, i.e., hemin (Mishanina et al., 2015). It is well
established that BKCa channel activity is inhibited by hemin,
which binds within a CXXCH motif located in the C-terminus
of the channel (Horrigan et al., 2005; Tang et al., 2003). This
motif is also present in cytochrome c, where heme c is cova-
lently bound to the protein via thioether bonds formed by two
cysteines of HBM (Mavridou et al., 2013). In contrast, heme b
is only transiently bound to BKCa channels (Tang et al., 2003).
Hemin inhibits the activity of the mitoBKCa channel from the
U-87MG cell line (Augustynek et al., 2014) and the DEC iso-
form of the BKCa channel expressed in the HEK 293T cell line
(Gałecka et al., 2021), thus confirming the presence of func-
tional HBM in mitoBKCa channels. We observed that the
hemin application not only inhibited channel activity (decrease
in P(o)) but also resulted in characteristic burst-like blocking
events. Heme is a receptor of H2S and other gasotransmitters,
and CO activates heme-inhibited BK channels (Jaggar et al.,
2005; Rotko et al., 2020; Yi et al., 2010). We found that the
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addition of NaHS caused reactivation (an increase in P(o)) of
mitoBKCa channels that were inhibited by hemin. Moreover,
the disappearance of hemin-blocking events was observed in
the presence of NaHS, indicating direct interference with
hemin inhibition. Strikingly, after simultaneous washout of
hemin and NaHS, we observed a transient decrease in P(o) of
the mitoBKCa channel from U-87MG cells with a reoccurrence
of characteristic hemin blocking events. This finding suggests
that (1) hemin remained bound within the channel after coor-
dination of H2S with the channel, and (2) H2S dissociates from
hemin with fast off-rate, which is followed by slow dissociation
of hemin from HBM. In comparison, after simultaneous wash-
out of hemin and NaHS, BKCa-DEC channel hemin-blocking
events were rarely visible, whereas the decrease in P(o) was
not significant. These differences may result from the distinc-
tive architecture of heme-binding domain (HBD) and differ-
ences in the dissociation rates of H2S from hemin and hemin
from HBM. Such differences could be due to the presence of
particular isoforms of the BKCa channel. C615 and H616
within the CKACH motif (HBM) are responsible for inhibition
by hemin (Tang et al., 2003), and H616 serves as the axial
ligand for iron ions (Yi et al., 2010). Indeed, the presence of
iron ion is critical for inhibition since protoporphyrin IX and
Mg(II)-protoporphyrin IX do not inhibit the activity of
mitoBKCa (see Supplemental Fig. 6). However, the sequence
similarity to cytochrome c indicated that distant M691 might
be the second axial ligand for heme binding (Yusifov et al.,
2014). This methionine is separated from HBM by a variable
stretch of amino acids, which can include the STREX sequence
responsible for the mechanosensitivity of the BKCa channel
(Naruse et al., 2009). We previously found that the STREX
variant is expressed in U87-MG cells and a subset of mitoBKCa

channels in this cell line is mechanosensitive (Walewska et al.,
2018), thus supporting the possible molecular variability sur-
rounding HBM.
C615S substitution results in a lack of inhibition by hemin;

however, no data could point to a role in heme binding by the
cysteines of HBM. Instead, these cysteines could form a disul-
fide bridge under oxidative conditions, thereby modulating
HBM affinity toward heme (Yi et al., 2010). These oxidized
cysteines could potentially be S-sulfhydrated, which would
affect channel inhibition by hemin.
H2S coordinates preferentially to the free sixth position of

ferric iron (FeIII). However, hydrogen sulfide is a redox-active
molecule, and upon coordination, it can form not only stable
FeIII-SH2 complexes but also reduce ferric iron, thereby pro-
ducing unstable FeII-SH2 intermediates (Pietri et al., 2011).
To determine whether the effects of NaHS could be mimicked
by a redox inert molecule, we examined imidazole, the side
chain of histidine known to be coordinated by iron porphyrins
(Erman et al., 2015, Yoshimura and Ozaki, 1979).
We found that imidazole activated hemin-inhibited

mitoBKCa channels from U-87MG and BKCa-DEC channels
from HEK 293 cells with the disappearance of hemin-blocking
events. After washout of both hemin and imidazole, transient
inhibition of channel activity was observed with the reappear-
ance of hemin-blocking events. The effects after washout were
similar for NaHS and imidazole in experiments with the
mitoBKCa channels from U-87MG cells, although they slightly
differed for BKCa-DEC from HEK 293 cells. In the latter case,
after washout of hemin and imidazole, transient inhibition was
observed, whereas after washout of hemin and NaHS, no

transient inhibition was observed, as mentioned above. These
differences underscore the possible sequence variability around
the hemin-binding site, as discussed above.
To further investigate the binding of ligands to the channel,

we used HBP as a model system. The addition of HBP to
hemin did not change the spectra significantly. Specifically,
we did not observe the appearance of a sharper peak at
approximately 406 nm, which was observed when the HBD, a
134-residue linker between RCK1 and RCK2, was combined
with hemin (Yi et al., 2010). However, our results were com-
patible with an earlier study by Jaggar, who also used a short
23 aa long HBP (Jaggar et al., 2005). The spectra suggest that
no histidine was involved in the binding, which was further
confirmed by imidazole titration of mutant peptides with H to
R substitutions (see Supplemental Table 1). Interestingly, we
observed that cysteines play a role in HBP binding to hemin
based on imidazole titration (see Supplemental Table 1). Alto-
gether, HBP seems to be an inadequate model for the interac-
tion of hemin with the BKCa channel, and further experiments
are needed with the use of whole protein domains, such as
HBD or HBD containing STREX exons, to investigate the inter-
play of ligands such as H2S or imidazole with hemin-bound
proteins.
One limitation of this study is the use of relatively high

NaHS concentrations of 500-1000 mM. These concentrations
were selected according to literature data that described
NaHS effects in electrophysiological recordings (Tang et al.,
2005; Sun et al., 2008; Sitdikova et al., 2010; Sekiguchi et al.,
2014; Kuksis and Ferguson, 2015). For instance, Sitdikova
used NaHS in the range from 10 mM to 10 mM and found that
the activity of BKCa in the plasma membrane of GH3 pituitary
cells was modulated with EC50 of 167 and 2000 mM (Sitdikova
et al., 2010). The physiologic concentrations of H2S are still
under debate, but they are probably much lower in between
the nanomolar (total tissue levels) to micromolar (local) range
(Furne et al., 2008; Wintner et al., 2010; Peng et al., 2011).
However, the use of higher concentrations of H2S donor NaHS
in patch-clamp experiments has justifications. NaHS dissoci-
ates in water to Na1 and HS�, and HS� associates with H1 to
produce H2S. In neutral solutions, one-third of NaHS exists as
H2S and the remaining two-thirds are present as HS� (Reif-
fenstein et al., 1992). H2S is volatile and it was shown that
during the 10 minutes of the experiment, approximately
40–50% of H2S could be lost (Sitdikova et al., 2014). Moreover,
patch-clamp recordings are carried out at ambient oxygen,
and significant oxidation of hydrogen sulfide to elemental sul-
fur S0 could be expected (Rathore et al., 2021). Indeed, almost
immediately after NaHS application, we observed the cloudy
appearance of the bath solution due to precipitation of S0. Tak-
ing together all the above considerations, we can estimate that
the effective concentration of H2S is less than 20% of that of
NaHS, i.e., around 100–200 mM. These concentrations are still
higher than accepted average intracellular H2S concentrations
but close to pharmacologically relevant concentrations used in
in vitro studies reported in the literature. In addition, local
H2S concentrations in vivo could be significantly higher than
measured average values. For instance, it was shown that
plasmalemmal BKCa bind hemoxygenase-2, an enzyme that
degrades heme and produces another gasotransmitter, carbon
monoxide, a known activator of heme-inhibited BKCa channels,
suggesting high CO concentrations in the channel vicinity
(Williams et al., 2004; Jaggar et al., 2005).
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There is also an experimental reason to use higher concen-
trations in our studies. There is large inherent variability in
patch-clamp recordings due to their single-molecule nature
and variability within BKCa channels. By using high concen-
trations of blocker (hemin) and activator (NaHS), we can shift
the response of the system to an all-or-none regimen, effec-
tively minimizing result variability. Altogether, we acknowl-
edge that the concentrations of H2S used in our studies are
higher than the average concentrations of H2S measured in
tissues. For that reason, our results should be considered as
mechanistic studies on a molecular mechanism of H2S action
on mitoBKCa but not on the physiologic significance of this
phenomenon.
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