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CELL BIOLOGY

A persulfidation-based mechanism controls

aquaporin-8 conductance

Stefano Bestetti,'* Iria Medrafo-Fernandez,'*' Mauro Galli," Michela Ghitti,> Gerd P. Bienert,>
Giovanna Musco,? Andrea Orsi,’ Anna Rubartelli,* Roberto Sitia'"

Upon engagement of tyrosine kinase receptors, nicotinamide adenine dinucleotide phosphate (NADPH)-oxidases re-
lease H,0, in the extracellular space. We reported previously that aquaporin-8 (AQP8) transports H,0, across the plasma
membrane and is reversibly gated during cell stress, modulating signal strength and duration. We show that AQP8 gating
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is mediated by persulfidation of cysteine 53 (C53). Treatment with H,S is sufficient to block H,0, entry in unstressed cells.
Silencing cystathionine -synthase (CBS) prevents closure, suggesting that this enzyme is the main source of H,S.
Molecular modeling indicates that C53 persulfidation displaces a nearby histidine located in the narrowest part of the
channel. We propose that H,0, molecules transported through AQP8 sulfenylate C53, making it susceptible to H,S
produced by CBS. This mechanism tunes H,0, transport and may control signaling and limit oxidative stress.

INTRODUCTION

Cysteine sulfurs can undergo many redox-dependent modifications
(-SS-, -SOH, -SO,H, -SOsH, -SNO, and -SSH) providing versatile
switches for tuning protein activity and stability and hence influencing
a wide variety of cellular pathways. Key second messengers in redox
regulation are hydrogen peroxide (H,0,) (1) and hydrogen sulfide
(H.,S) (2). Upon activation of tyrosine kinase receptors, H,0O, is pro-
duced by NAPDH-oxidases (NOX) in the outer leaflet of the plasma
membrane. To reach its cytosolic targets, H,O, exploits proteinaceous
channels like aquaporin-3 (AQP3), AQP8, and AQP9 (3-6). In mam-
mals, H,S biosynthesis depends mainly on two pyridoxal phosphate-
dependent enzymes of the transsulfuration pathway, cystathionine
B-synthase (CBS) and cystathionine y-lyase (CSE) (7). A third source
of H,S is 3-mercaptopyruvate sulfur transferase, an enzyme that
predominantly resides in mitochondria (8). H,S reacts preferentially,
if not exclusively, with oxidized cysteines (-SOH or -SS-), leading to
the formation of R-S-SH moieties in target proteins (9, 10). This revers-
ible process is called S-sulfhydration or persulfidation and is pivotal in
redox homeostasis (11, 12). H,S limits oxidative stress and prevents cell
death (12, 13), while its deficiency promotes cellular aging (14), suggest-
ing that persulfidation may protect proteins from irreversible oxidation
(15). However, diverse effects reported in the literature hint that H,S
signals are integrated with other circuits (16, 17), allowing adaptation
to different cellular needs (8).

As a gaseous compound, H,S is thought to cross cell membranes
without the need of dedicated transport mechanisms (18, 19). This is
not the case for H,0,: Peroxiporins provide an additional level to con-
trol the intensity of tyrosine kinase signaling [reviewed by Bienert et al.
(20)]. We have recently shown that AQP8 is reversibly gated by redox-
dependent modifications of cysteine 53 (C53) in cells undergoing di-
verse stresses (21). Considering that most stresses entail production of
reactive oxygen species (ROS) (22, 23) and H,S (24, 25), we investigated
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whether a two-step sulfenylation-persulfidation process could be the
mechanism that reversibly gates AQP8.

RESULTS

H,S inhibits H,0, cell permeability

When HelLa cells stably expressing a cytosolic HyPer probe (26) are ex-
posed to H,O,, a strong increase in the probe fluorescence is detected
(Fig. 1A, red trace). Addition of the membrane-permeant reducing
agent dithiothreitol (DTT) causes an initial, rapid decrease in the signal.
The slower decay that follows likely reflects the combined action of
HyPer reduction by DTT and its oxidation by H,O, still entering into
cells. Accordingly, quenching extracellular H,O, by adding a catalase
before DTT causes a drastic decrease in HyPer activation (Fig. 1B,
red trace).

We then used sodium hydrogen sulfide (NaSH) as an exogenous
source of H,S. NaSH rapidly dissociates into Na" and HS", about one-
third of which form H,S at physiological pH (27). Addition of NaSH
blocked H,O, import (Fig. 1A, blue trace), mimicking the inhibition
we previously described under stress conditions (21). The blockade was
time- and concentration-dependent (fig. S1, A and B) and, as observed
for stress, reversible (fig. S1C).

Unexpectedly, in H,S-treated cells, DTT caused a transient oxida-
tion of HyPer (Fig. 1A, blue trace). The presence of catalase prevented
this DTT-induced oxidative spike (Fig. 1B, blue trace). Thus, H,S did
not directly inhibit HyPer but rather caused modifications of H,O,
transporters that can be reversed by DTT, as we showed before for
stress conditions (21). To confirm this hypothesis, we used sodium
2-mercaptoethanesulphonate (MESNA), a reductant that, being un-
able to cross the plasma membrane, cannot directly act on HyPer. Con-
sistent with channel reopening due to removal of a redox modification,
treatment with MESNA allowed entry of exogenous H,O, (Fig. 1C,
blue trace) more efficiently than DTT because it could not reduce
HyPer. MESNA increased HyPer activation also in nontreated cells
(Fig. 1C, red trace), suggesting that H,O, channels undergo partial
oxidative inhibition also at steady state.

In our cellular model, AQP8 was the target of the stress-induced gat-
ing, which hits C53 (4, 21). If this were also true for H,S-induced inhi-
bition, then treatment with NaSH should not hamper H,O, import in
cells expressing the AQP8 C53S mutant, which was insensitive to the
stress-induced blockade (21). As expected, HeLa transfectants expressing
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Fig. 1. H,S blocks AQP8-dependent H,0, transport. (A to C) The kinetics of HyPerCyto activation in Hela cells upon addition of 50 uM H,O, and with or without a pre-
treatment with H,S (blue and red traces, respectively). Colored arrows indicate the time at which indicated compounds were added to cells (5 mM DTT, black; 5000 U/ml of
catalase, green; and 10 mM MESNA, brown). (D) Time course of HyPer activation in HeLa cells expressing either HaloAQP8 WT (left graph) or the C53S mutant (right graph) upon
addition of 50 uM H,0, and treated with or without H,S. Only cells expressing the transgene were analyzed [see (E)]. In all cases (A to D), data are shown as mean fold changes of
the 488/405-nm ratio measured by confocal laser scanning, plotted against time. Mean of >3 experiments are shown + SEM. Ctrl, control. (E) Frames extracted from time course
analyses of H,O, import on cells expressing WT or C53S HaloAQP8 treated with H,S. Cells expressing the transgene are stained by fluorescent Halo ligands (upper frames). The
488/405-nm ratio intensity, represented in pseudocolor, reflects the activation of HyPerCyto upon addition of 50 uM H,O, (lower frames). Note that the sensor is activated only

in C53S-expressing cells. Scale bars, 50 um.

wild-type AQP8 (AQP8 WT) could not import H,O, upon treatment
with H,S, and DTT induced a transient spike (Fig. 1D, left panel, blue
trace), as noted before for nontransfected cells. By contrast, C53S trans-
fectants were resistant to inhibition (Fig. 1D, right panel, blue trace), and
DTT addition caused HyPer reduction irrespective from H,S treatment
(Fig. 1D, black arrow). Single-cell analyses confirmed the role of C53
(Fig. 1E and movies S1 and S2). Only cells expressing the mutant, iden-
tified by staining with Halo ligands (Fig. 1E, upper panel), responded to
H,0, after H,S treatment. Neither nontransfected cells nor WT trans-
fectants were able to import H,O,. Together, these data show that C53 is
the main target of H,S in AQPS.

CBS is required for stress-dependent AQP8 inhibition

CBS is a pivotal enzyme in the mammalian transsulfuration pathway
(28). It catalyzes either the condensation of serine and homocysteine
or cysteine desulfuration, yielding H,S in both processes. Considering
that CBS activity is redox-regulated and increased during stress (29), we
explored the possibility that this enzyme constitutes the endogenous
source of H,S controlling H,O, transport. Therefore, we efficiently
silenced its expression (fig. S2A) and monitored H,O, transport before
or after heat stress. CBS down-regulation was sufficient to prevent
stress-induced AQP8 gating (Fig. 2A, compare gray and light blue
traces). Addition of exogenous H,S blocked transport in CBS-silenced
cells (Fig. 2A, green trace), excluding off-target effects of our silencing
protocol. To further confirm the involvement of CBS on the mechanism
closure, we heat-shocked HeLa cells in the presence of tangeretin, a
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Fig. 2. CBS produces H,S for AQP8 gating in heat-stressed cells. (A) H,0, transport
was analyzed as in Fig. 1 in HeLa cells expressing low (CBSi) or normal (CBS WT) levels of
CBS. H,0; entry into CBSi HeLa cells was no longer inhibited by heat stress (light blue
trace), but treatment with H,S restored inhibition (green trace). Mean of >3 ex-
periments + SEM. (B) Lysates from Hela transfectants expressing a Flag-tagged
HaloAQP8myc (AQP8), calnexin-Flag (Cn), or Halo (Ha) were immunoprecipitated with
anti-Flag beads and immunoblotted with the indicated antibodies. WCL, whole cell
lysate; IP, immunoprecipitation. (C) Aliquots from lysates of Hela cells kept at 42°C
for increasing times were blotted with the indicated antibodies. Note the appearance
of a cleaved CBS form after heat shock.
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specific CBS inhibitor (30), and we measured cell the capacity to im-
port exogenous H,O,. As shown in fig. S2B, pharmacological inhi-
bition of CBS also prevented aquaporin gating. In support of a role of
CBS in modulating peroxiporin activity, the enzyme was in part co-
immunoprecipitated with overexpressed AQP8 (Fig. 2B and fig. S2C).
Moreover, heat stress caused the time-dependent appearance of a pro-
teolytically cleaved form of CBS (Fig. 2C and fig. S2D), a process
thought to be linked to redox-mediated enzyme activation (31).

AQP8 is gated by persulfidation of C53

The biotin-based biochemical methods used to detect sulfenylation or
persulfidation (9, 32-35) have failed so far to label C53, probably due to
its poor accessibility within the AQP8 pore. To bypass this obstacle, we
designed a strategy able to trace *S incorporation upon persulfide for-
mation. The protocol exploits the notion that transsulfuration is the
main route for removing sulfur-containing amino acids when in excess
(36). Thus, we incubated cells with >*S-methionine and 35S—cysteine for
3 hours at 37° or 42°C in the presence of a protein synthesis inhibitor
[cycloheximide (CHX)]. In these conditions (Fig. 3A), radioactive H,*>S
should be generated leading to persulfidation of sensitive cysteines in
proteins. Unlike radioactive amino acids inserted in the polypeptide
backbone, the covalent R-S->>SH groups can be removed by DTT.

Y

Cys53 Cys XX Met ZZ

N2 A A
5

Cys53 Cys XX Met ZZ

2N AN A

Therefore, even if some residual protein synthesis occurred during
the 3-hour incubation, WT AQPS8 should be more radioactive in cells
exposed to stress than the C53S mutant, yielding stronger signals when
gels are run under nonreducing conditions, but not after reduction of
the immunoprecipitates. Accordingly, in nonreducing gels, the AQP8
bands were more intense in WT than in C53S after heat stress (Fig. 3B,
top left panel, lanes +). Labeling the same immunoprecipitates with
Halo ligands allowed quantification of the proteins loaded (Fig. 3B,
lower panels). CHX did not completely inhibit the incorporation of
?S-amino acids, yielding a background signal also in nonstressed
cells, irrespective from the transgene expressed. Reduction of the
samples before gel electrophoresis abolished the differences (Fig.
3B, top right panel, lanes +), indicating that the more intense signal
in AQP8 WT reflected persulfidation of the C53 side chain by radio-
active H,S.

In our experiments, at least 30 min were required for H,S to com-
pletely block H,O, transport (fig. S1A), pointing to a nondirect inhibi-
tion mechanism. H,S reacts poorly, if at all, with thiol or thiolate groups.
Hence, persulfidation requires that the target cysteine residue be previ-
ously sulfenylated or disulfide bonded (9, 10, 37). C53 is located inside
the AQP8 pore, far away from other cysteines, thus hindering intra- or
intermolecular reactions with other thiols to form a disulfide (21). This
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Fig. 3. Radioactive labeling of AQP8 persulfidation. (A) The scheme summarizes the protocol used to detect C53 persulfidation. Proteins can be radiolabeled by incorporating
355 methionine and cysteine as building blocks during protein synthesis (right branch) or by reacting with H,>*S produced by the transsulfuration pathway (left branch). In the
presence of protein synthesis inhibitors (0.5 mM CHX), the latter pathway should be favored, especially in conditions of stress that activate CBS. Unlike radioactive amino acids
incorporated into proteins, —>*SH persulfide moieties are removed by a 200 mM DTT treatment, allowing discrimination from radioactive amino acids that are part of the poly-
peptide backbone. (B) Cells transfected with either WT or C53S HaloAQP8mycFlag were kept for 3 hours at 37° or 42°C (— or + heat, as indicated) in the presence of >*S amino acids
and CHX (0.5 mM). AQP8 was immunoprecipitated using anti-Flag beads, resolved under nonreducing or reducing conditions (left and right, respectively), and developed to
detect the 3°S or Halo ligand signals to normalize protein synthesis and loading. The ratio between the 3°S and Halo ligand signals was calculated for each sample and values
normalized to the values obtained with C53S (see Material and Methods for more details), which should not be modified by H2355 (bottom). A significant difference between WT
and C53S emerges only when samples are resolved under nonreducing conditions. Mean of >3 experiments + SEM. *P < 0.05. (C) Scheme of the stepwise chemical reactions
leading to persulfidation. (D) Quantification of the H,0, uptake performed 2.5 min after addition of 50 uM exogenous H,O, to HyPerCyto-HelLa cells, treated with or without 10 uM
DPI for 2.5 hours before and during incubation (30 min) with H,S. Data were normalized relative to untreated samples. Mean of >3 experiments + SEM.
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feature makes sulfenic acid the most plausible oxidative modification
that could precede persulfidation of this residue. Therefore, inhibitors
of ROS-producing enzymes, like diphenyleneiodonium (DPI), should
hinder the H,S-mediated channel closure by preventing the oxidative
modification required for H,S to react with C53 (see scheme in
Fig. 3C). Accordingly, the presence of DPI eliminated transport inhibi-
tion (Fig. 3D), consistent with a two-step reaction in which C53 sulfen-
ylation precedes persulfidation (Fig. 3C).

Molecular modeling suggests a mechanism for AQP8 gating
So far, no crystallographic structures are available for AQPS8. To further
characterize the mechanism of gating, we performed molecular
modeling. Taking advantage of the high level of sequence (Fig. 4A
and fig. S3) and structural conservation among members of the AQP
family (38), we built a model of AQP8 using as template the structure of

human AQP5 [hAQP5; Protein Data Bank (PDB) code = 3D9S] (39),
which among all the x-ray structures of human AQPs, shares the high-
est sequence identity (33%) and coverage (89%) with AQPS8. As shown
in fig. S4, our model fits precisely in the standards of quality.

The structure emerging from our model is well suited to transport
H,0,. AQPs contain two asparagine-proline-alanine (NPA) motifs lo-
cated in the center of the channel that prevent proton translocation (40).
A second filter is located at the ar/R (aromatic/arginine) constriction
site, placed toward the extracellular entrance (Fig. 4, B and C, see light
blue area across the two panels), whose dimensions and hydrophobicity
determine the selectivity of the different AQPs toward specific solutes
(for example, H,O,, glycerol, or urea) (40). Thus, while in water-selective
AQP1 the ar/R constriction site is narrow and polar, it is bigger and more
hydrophobic in the Escherichia coli glycerol transporter GIpF (fig. S5,
left and right panels). Considering the similarities between water and
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Fig. 4. Molecular modeling of AQP8. (A) Sequence alignment of hAQP8 and two other H,0,-transporting AQPs (AQP3 and AQP9) with AQP5 (template for homology
modeling). Completely conserved residues are highlighted with a red background, highly conserved amino acids colored in red, and highly homologous residues were boxed.
The two highly conserved NPA motifs are colored in magenta, the Cys53 is highlighted in yellow, and residues constituting the selectivity filter region (ar/R) are indicated with cyan
triangles. (B and C) Pore profile of AQP8 calculated with HOLE represented as a function of the channel relative position (B) or as multicolored surface (C), illustrating the internal
surface of the pore. Green color denotes a pore radius sufficiently large for the passage of a single H,O, molecule. Blue denotes a radius that allows the passage of two H,0,
molecules. In (B) and (C), the (ar/R) constriction region and the NPA motif of AQP8 are identified by a cyan and magenta bar, respectively, that goes across both panels. In (C), Cys53
is shown with yellow sticks and the residues forming part of the ar/R or the NPA filters with cyan and magenta sticks.
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H,0, molecules, the ar/R constriction region of a peroxiporin is expected
to resemble those of water-transporting AQPs. Accordingly, AQP8 and
AQP1 constriction sites are composed by the same number and type of
amino acids, including the highly conserved R213, the backbone carbonyl
of G207, and the side chains of H72 and of 1198 (fig. S5, compare left and
middle panels). As expected, at the constriction region, the pore of AQP8
is slightly larger as compared to AQP1 with a minimum radius
dimension of 1.3 and 0.9 A, respectively, as calculated by HOLE software
(Fig. 4B) (41). This is compatible with previous estimates of the minimum
radius necessary to accommodate H,0O, molecules (42) that are ~15%
larger than water.

We then analyzed the position and chemical environment of C53.
As shown in Fig. 4C, our model predicts that C53 is situated in a
restricted region that cannot be reached by any protein. Its side chain
points toward the periplasmic space near the ar/R constriction site, so
that it ends up partially buried by the highly conserved R213 (Fig. 5A,
left panel). Conceivably, the positively charged guanidinium group of
R213 reduces the C53 pKa value, explaining the high reactivity of this
cysteine (35). In line with this view, cells expressing a R213A mutant
AQP8 were resistant to stress-induced gating (Fig. 5B). To offer a struc-
tural explanation of the effects induced by C53 persulfidation on H,O,
transport, we modeled the oxidized C53-SSH form (Fig. 5A, right pan-
el). The side chain of the persulfided cysteine does not occupy the center
of the pore, implying an indirect role of C53 in channel gating. Instead,
the position of H72, which also forms part of the ar/R constriction site,
could be of particular functional relevance. The elongated cysteine side
chain could affect H72, preventing H,0, passage. Accordingly, the
AQP8 H72A mutant was insensitive to stress (Fig. 5B). In support of
the specificity of our analysis, mutation of another aromatic residue
in the pore (F48) did not influence the sensitivity of the channel to stress
(Fig. 5B). All mutants were expressed on the plasma membrane (fig. S6).
Together, our results indicate that C53 persulfidation reversibly gates
AQPS.

DISCUSSION

Our study identifies a novel mechanism that targets AQP8 and modu-
lates H,O, membrane transport, providing cells with a powerful means
to regulate key signaling pathways (3-5, 21, 43, 44). As H,O, enters cells

_C53SSH

H72'g:-"7 5‘36207

1198,

L AR RN
(Al
R213 N

through AQP8, C53 is oxidized. Its location at the mouth of the channel
puts this residue in pole position to react with incoming oxidants. In all
likelihood, sulfenylation is not sufficient to inhibit transport through the
channel but primes C53 for persulfidation by H,S locally produced by
CBS. The additional sulfur atom modifies the narrow conducting
channel, preventing H,O, transport (Fig. 6). The model is based on
the well-established notions that (i) AQP8 transports H,O, (4, 6),
(i) AQP8 is gated during diverse stresses (21), (iii) persulfidation re-
quires previous oxidation (9, 10, 37), and (iv) CBS produces H,S par-
ticularly during stress (29, 45, 46).

H.,S gates AQPS also in the absence of stress. The long incubation
required for full inhibition indicates that H,S does not directly modify
C53, according to its selective reactivity with oxidized cysteines (9, 10, 37).
It follows that a fraction of C53 could be cyclically oxidized in rapidly
dividing cells and becomes persulfided in the presence of H,S. The
membrane-impermeant reducing agent MESNA—which can reach
C53 and remove the persulfide moiety without interfering with HyPer—
promotes permeability in untreated cells as well, suggesting that the
persulfidation-based regulatory mechanism acts also in basal con-
ditions, likely adjusting NOX-dependent H,O, fluxes.

Our molecular modeling places C53 in the vicinity of the ar/R con-
striction, where incoming H,0O, molecules align in route to the cytosol.
As they traverse the channel, they may thus sulfenylate C53, whose pKa
is most likely controlled by R213 (35). Accordingly, replacing R213
(Fig. 5B) or inhibiting NOX with DPI prevented AQP8 gating induced
by stress (21) or H,S (Fig. 3, C and D). Sulfenylation cannot gate the
channel per se, otherwise H,O, would close its own transporter before
reaching the cytosol. Therefore, this modification could prime C53 for
further reaction with H,S. As shown for other proteins (15), persulfida-
tion may also limit oxidation of C53 to SO,H or SO;H species, ensuring
reversibility of the AQP8 gating mechanism.

As also observed by others (47, 48), in some of our experiments, H,S
was less efficient at concentrations of >200 uM. This might indicate
that, in the absence of oxidants that generate terminal SOH moieties,
HS,S itself may reduce persulfides in the reaction RSSH + H,S—RSH +
HSSH.

The small caliber of the AQP8 channel (Fig. 4) may explain the dif-
ficulties encountered so far in identifying sulfenylated or persulfided
C53 by the available labeling protocols (21). To overcome this drawback,
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Fig. 5. Role of the amino acids surrounding the constriction site in AQP8 gating. (A) The (ar/R) constriction site of AQP8 before (left) or after (right) persulfidation are shown.
Protein and residues determining the selectivity filter are represented in cartoon and sticks, respectively. C53, R213, and H72 are highlighted using dots representation.
(B) Quantification of the H,0, uptake performed 2.5 min after addition of 50 uM exogenous H,0, to HyPerCyto-HeLa cells transfected with different mutants and subjected to
heat shock. Data were normalized to the uptake of the respective unstressed samples. Mean of >3 experiments + SEM. n.s., not significant.
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Fig. 6. Two-step inhibition model. (A) The scheme summarizes the sequential chemical reactions that lead to AQP8 gating and the ways to inhibit some key steps. (B) The left
panel depicts AQP8 at steady state, in which C53 is maintained as a thiolate by the positive charge of R213. When H,0, flows through the channel (middle), C53 is sulfenylated,
becoming susceptible for further modification by H,S. When excess H,0, accumulates, like for instance in stressed cells, CBS is activated to produce H,S inducing, persulfidation of
oxidized C53 (right). Elongation of the C53 side chain alters the conformation of the (ar/R) constriction site, presumably leading the aromatic ring of H72 to gate AQPS8.

we developed a complex but rewarding strategy aimed at producing
radioactive H,S that subsequently generates -S*>SH moieties in sensi-
tive cysteines (Fig. 3A). After extensive controls and normalizations, we
were able to consistently detect persulfidation of C53 in AQPS8 (Fig. 3B).

Our silencing experiments indicate that CBS is the main source of
H,S that modifies primed C53-SOH. Addition of H,S restored AQP8
gating in CBS-silenced cells, confirming that production of H,S by this
multifunctional enzyme is required to gate AQP8. It has been proposed
that CBS is proteolytically activated during cell stress (29, 31, 46). The
appearance of a CBS-cleaved band in heat-stressed HeLa cells is, thus, in
line with our model. The proximity of CBS and AQP8, underscored by
the partial co-precipitation of the two proteins, is likely important for
the regulatory mechanism. When a threshold is reached, CBS is acti-
vated to produce H,S, which in turn gates AQP8 and limits further
H,0, fluxes.

Molecular modeling suggests that persulfidation of C53 indirectly
affects the gating mechanism in several possible ways, including steric
hindrance with the aromatic ring of H72, or interruption of the hydro-
gen bonds established by this histidine with H,O, that allow its
transport through the pore. The similar phenotype of R213A, C53S,
and H72A is in line with the mechanism we propose, as well as with
the observation that in the absence of the vicinal positive charge of
R213, C53 sulfenylation (and hence persulfidation) is less efficient.

Both C53 and R213 of AQPS8 are highly conserved in all the AQP
isoforms able to transport H,O, (that is, AQP3 and AQP9) [from the
study of Medrano-Fernandez et al. (21) and fig. S4]. By contrast, H72 is
replaced by a phenylalanine, which shows similar bulky hydrophobic
properties (fig. S4). This conservation pattern suggests that a similar
mechanism of gating could be operating in all the H,O,-transporting
AQPs, and persulfidation of a highly reactive cysteine might result in
channel closure.

Bestetti et al., Sci. Adv. 2018;4:eaar5770 2 May 2018

How AQP8 permeability is restored remains an open question. Its
narrow pore restricts the access to C53 to small, uncharged molecules,
virtually excluding proteins even the smallest such as glutathione. Fur-
ther studies are needed to identify the molecular players involved in
channel reopening.

In conclusion, our findings highlight yet another mechanism through
which cells integrate diverse signaling pathways to efficiently adapt to
environmental changes. Although adaptation is in general beneficial for
the host, this mechanism may be detrimental in pathologies such as
cancer and chronic inflammation. Thus, H,S and H,0, generating
and conducting systems could represent new therapeutic targets for
these disorders.

MATERIALS AND METHODS

Cell culture

HeLa cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) + Glutamax-I medium (Life Technologies) supplemented with
10% fetal bovine serum (FBS; EuroClone) and penicillin-streptomycin
(5 mg/ml) (Lonza).

Plasmids, small interfering RNAs, and transfection procedures
The plasmid for expression of the HyPer probe targeted to the cytosol
(HyPerCyto) was a gift from V. Belousov [Institute of Bioorganic
Chemistry (IBCh), Moscow, Russian Federation], whereas silencing-
resistant HaloAQP8 WT and C53S plasmids were generated as previously
described (4). The myc—flag-tagged HaloAQP8 (HaloAQP8mycFlag) was
generated into two steps: First, the AQP8 insert was cut from an AQP8-
green fluorescent protein (GFP)-expressing plasmid from OriGene
(RG219668) and inserted in a vector containing a myc and a Flag tag
in tandem (OriGene, RC208083); second, we excided the resulting
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AQP8mycFlag fragment and inserted it in the pHTN-Halo plasmid
(Promega). Site-directed mutagenesis was carried out with specific pri-
mers (21) to generate the triple-tagged C53 mutant.

The silencing-resistant Halo-AQP8 R213A, H72A, and F48A plas-
mids were generated by site-directed mutagenesis using the following
primers: HaloAQP8 R213A, 5'-CATGAATCCCGCCGCTGCTTTTG-
GAC-3’ (forward) and 5'-GTCCAAAAGCAGCGGCGGGATT-
CATG-3’ (reverse); HaloAQP8 H72A, 5'- CTGGCCGCCGGGCTG-
GCTTTG-3’ (forward) and 5-CAAAGCCAGCCCGGCGGCCAG-3'
(reverse); and HaloAQP8 H48A, 5'-TCTGCTCTCGCCATCTT-
CATCGGG-3’ (forward) and 5-CCCGATGAAGATGGCGAGAG-
CAGA-3’ (reverse).

The CBS-specific small interfering RNA (siRNA) oligonucleotide
(5'-CTCACATCCTAGACCAGTA-3’) and an unrelated control
(Block-it) were purchased from Ambion (Life Technologies), and its ef-
ficiency was monitored by Western blotting (fig. S2A). For silencing
experiments, 8 x 10* HyperCyto-expressing HeLa stable transfectants
(see below) were grown overnight in six-well plates and transfected
with 30 pmol of siRNA, using RNAIMAX lipofectamin (Invitrogen)
according to the manufacturer’s instructions. Cells were used after
48 hours. To transiently overexpress WT or mutant HaloAQP8, we
transfected cells with JET-PEI (Polyplus-transfection), following the
protocol provided by the manufacturer, and cultured them for 48 hours
before imaging or biochemical analyses.

Reagents and treatments

NaSH was purchased from Sigma and prepared freshly for each exper-
iment. Briefly, a starting solution of NaHS powder dissolved in distilled
water was prepared and then diluted 5000 times and incubated with
DNTB [1 mM 5,5’-dithio-bis(2-nitrobenzoic acid)] (Sigma-Aldrich)
for 1 to 2 min, yielding a colored product. H,S concentration was
determined by reading the absorbance of this product with a spectro-
photometer set at 412 nm using the formula

[H,S] = cuvette volume * dilution s OD 412,

Working solutions were prepared in Ringer buffer [140 mM NaCl,
2 mM CaCl,, 1 mM MgSOy, 1.5 mM K,HPO,, and 10 mM glucose
(pH 7.4)]. Cells were washed twice with phosphate-buffered saline
(PBS) to remove all FBS to avoid quenching, incubated with different
concentrations of NaHS for 30 min at room temperature, and washed
twice before confocal analyses. In most experiments, the final concen-
tration was 100 or 500 uM for untransfected or AQP8-overexpressing
cells, respectively.

Extracellular catalase (CAT, 5000 U/ml in Ringer buffer), DPI
(10 uM in DMEM for 3 hours), DTT (5 mM in Ringer buffer),
H,0, (50 uM in Ringer buffer), MESNA (10 mM in Ringer buffer),
tangeretin (200 uM in complete medium), and CHX (0.5 mM, see
below) were all purchased from Sigma-Aldrich. Heat shock was per-
formed as described (21).

Imaging HyPer oxidation

To perform confocal live imaging experiments, 8 x 10* HyperCyto-
expressing HeLa cells were silenced and/or transfected on glass cover-
slips as described above. To identify HaloAQP8-expressing cells, we
added 2 nM HaloTag tetramethylrhodamine (TMR) Direct Ligand (Pro-
mega) 24 hours after transfection. After 24 hours of culture with the flu-
orescent ligand, cells on coverslips were equilibrated in Ringer buffer

Bestetti et al., Sci. Adv. 2018;4:eaar5770 2 May 2018

for 10 min at room temperature before addition of freshly prepared
H,0..

Confocal images were collected every 2 s for 5 min or more by dual
excitation with a 488-nm argon and a 405-nm violet diode lasers. We
used an ultraview confocal laser scanning microscope equipped with a
40x oil-immersion lens (PerkinElmer). The 488/405-nm ratios were
calculated by Image] software for >25 cells, averaged, and showed as
mean fold change ratio plotted against time + SEM. To facilitate quan-
tification and statistical analyses, in some experiments, we averaged the
data obtained in the time course experiments performed after 2.5 min
after H,O, addition and represented them as the percentage of H,0O,
transport in H,S-treated cells relative to the corresponding untreated
cells. At least three independent experiments were performed for each
condition.

Antibodies and Western blotting

Rabbit anti-CBS was purchased from Merck-Millipore. Rabbit anti-
Halo was obtained from Promega. Mouse anti-tubulin and rabbit
anti-calnexin were from Sigma. Secondary antibodies anti-mouse and
anti-rabbit Alexa Fluor 488 or Alexa Fluor 647 were purchased from
Invitrogen. Images were acquired using a Typhoon FLA-9000 (GE
HealthCare), processed with Image] and densitometrically quantified
when indicated by Image] +SEM.

Co-immunoprecipitation

HelLa cells transiently expressing either the Halo protein alone or the
recombinant proteins HaloAQP8mycFlag or calnexin-Flag were lysed
in radioimmunoprecipitation assay (RIPA) buffer [0.1% SDS, 1% NP40,
150 mM NaCl, 50 mM tris (pH 7.4)] supplemented with 10 mM
N-ethylmaleimide (NEM, Sigma) and protease and phosphatase inhib-
itor cocktails (Roche). Post-nuclear cell lysates were immunoprecipi-
tated using anti-flag M2 affinity gel (Sigma), following standard
procedures. Immune-complexes and total lysates were resolved by
SDS-polyacrylamide gels, transferred to nitrocellulose membranes,
and immunoblotted with the indicated antibodies.

Radioactive tracing of persulfidation

Cells transfected with WT or C53S HaloAQP8mycFlag were seeded in
6-cm plates at 2.5 x 10° cells per plate and incubated overnight in the
presence of 30 nM HaloTag TMR Direct Ligand. Cells were preincu-
bated for 30 min in methionine/cysteine-free DMEM supplemented
with 1% dialyzed FBS at 37°C, followed by further 60 min in the same
conditions but in the presence of 0.5 mM CHX. Cells were then labeled
for 3 hours with [*°S] cys/met (0.22 mCi/ml) (EasyTag, PerkinElmer) at
37° or 42°C, in the continuous presence of 0.5 mM CHX. Cells were
then washed in ice-cold PBS and lysed in RIPA buffer containing
1 mM NEM, protease, and phosphatase inhibitors. The anti-flag M2
immunoprecipitates were resolved by SDS-polyacrylamide gel electro-
phoresis and blotted. Signals from TMR-direct Halo ligand, which
label all AQP8 present at the start of the radioactive labeling, were
acquired with a Typhoon FLA-9000 and acted as convenient loading
control. Under these conditions, we expect part of the radioactive
sulfur to be converted into H,S by the transsulfuration pathway. To ac-
count for the residual protein synthesis during prolonged labeling,
we reduced aliquots from the samples by 200 mM DTT before elec-
trophoresis to selectively eliminate persulfided moieties. The dif-
ference between the signal in nonreduced and reduced conditions
represents the extent of persulfidation that has occurred in the 3-hour
labeling.

7 of 9

$202 ‘60 Arenue( Uo [[[ SO[IE)) PEPISIOATU( J& SI10°00USIOS MM //:sd)IY WOIj papeo[umo(]



SCIENCE ADVANCES | RESEARCH ARTICLE

Radioactive signal was quantified using ImageJ and normalized using
the signal from the Halo ligand [Persulfidation index(PI) = ﬁ]fgm) ]. As
reference, we choose to use the C53S mutant because it lacks the residue
target of the inhibition, and PI was represented as fold increase for each
condition (Fold increase of PI,, = %, where y is the AQPS8 form
and x is the condition under consideration) +SEM. An average of four

experiments is shown.

Molecular modeling of hAQP8 and of its persulfided form
The three-dimensional (3D) model of hAQP8 was generated using as
template the crystallographic structure of hAQP5 (3D9S; resolution =
2 A) (39). The tetramer was built using swiss-model web server (49)
and validated through the ProSA web interface (50), where the global
quality of each chain was assessed through the z score (-5.73, -5.62,
-5.69,and —5.58) (fig. S5B). The model was then refined exploiting the
Protein Preparation Wizard, available in Maestro Software Package
(51): Hydrogens were added; the orientation of the hydroxyl groups
of Ser, Thr, and Tyr and the side chains of Asn and Gln residues were
optimized; the protonation states were chosen according to the exper-
imental pH; and a minimization using an OPLS 2005 force field (52)
with a root mean square deviation tolerance on heavy atom of 0.3 A
was performed. Starting from the AQP8 model, we generated its per-
sulfided form, converting the C53 side chain in C53-SSH with Maestro
Software (51). The AQP8 C53-SSH was finally minimized (52).

Characterizing the channel

The package HOLE (41) was used to evaluate the pore diameter for the
hAQP8 model. Within this package, using Assisted model building with
Energy refinement (AMBER) values for van der Waals atomic radii, the
minimum pore radius of 1.3 A was recovered at the selectivity region
(ar/R) compatible with the minimum radius necessary to accommodate
ahydrogen peroxide molecule (~15% larger than that of water, with #\e; =
1.15 A) as proposed by Smart et al. (41) and Almasalmeh et al. (42). A
radius of 1.3 A is the minimum required for a H,O, molecule showing
that this form of AQP8 would be filled with H,O, molecules under normal
conditions.

Alignments
Alignment was performed with Clustal X v2.0 (53) and represented with
ESPript3.0 (54).

Statistical analyses

The two-sample ¢ test was used for independent samples or the one-way
analysis of variance (ANOVA) method for multiple samples. When
using the latter, the Tukey honest significant difference post hoc test
was also applied to find out which groups were significantly different
from which others. In all cases, statistical significance was defined as
¥P < 0.05, **P < 0.01, or ***P < 0.001.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/5/eaar5770/DC1

fig. S1. H,S treatment kinetics and titration.

fig. S2. CBS quantifications and tangeritin effect.

fig. S3. Sequence alignment of all human members of the AQP family.

fig. S4. Analysis of quality of the AQP8 homology model.

fig. S5. ar/R constriction region of AQP1, AQP8, and GIpF.

fig. S6. Subcellular localization of the HaloAQP8 F48A, H72A, and R213A mutants.
movie. S1. H,0, uptake of AQP8 WT-expressing cells treated with H,S.

movie. S2. H,0, uptake of AQP8 C53S-expressing cells treated with H,S.
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