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Persulfides (RSSH/RSS™) participate in sulfur metabolism
and are proposed to transduce hydrogen sulfide (H,S)
signaling. Their biochemical properties are poorly understood.
Herein, we studied the acidity and nucleophilicity of several
low molecular weight persulfides using the alkylating agent,
monobromobimane. The different persulfides presented
similar pK, values (4.6—6.3) and pH-independent rate constants
(3.2-9.0 x 10> M™* s7Y), indicating that the substituents in
persulfides affect properties to a lesser extent than in thiols
because of the larger distance to the outer sulfur. The persul-
fides had higher reactivity with monobromobimane than
analogous thiols and putative thiols with the same pK,,
providing evidence for the alpha effect (enhanced nucleophi-
licity by the presence of a contiguous atom with high electron
density). Additionally, we investigated two enzymes from the
human mitochondrial H,S oxidation pathway that form cata-
lytic persulfide intermediates, sulfide quinone oxidoreductase
and thiosulfate sulfurtransferase (TST, rhodanese). The pH
dependence of the activities of both enzymes was measured
using sulfite and/or cyanide as sulfur acceptors. The TST half-
reactions were also studied by stopped-flow fluorescence
spectroscopy. Both persulfidated enzymes relied on protonated
groups for reaction with the acceptors. Persulfidated sulfide
quinone oxidoreductase appeared to have a pK, of 7.8 + 0.2.
Persulfidated TST presented a pK, of 9.38 + 0.04, probably due
to a critical active site residue rather than the persulfide itself.
The TST thiol reacted in the anionic state with thiosulfate,
with an apparent pK of 6.5 + 0.1. Overall, our study contributes
to a fundamental understanding of persulfide properties and
their modulation by protein environments.

Persulfides are compounds with the general formula RSSH/
RSS™. Unlike thiols (RSH/RS™) and hydrogen sulfide (H,S/
HS"), persulfides possess a sulfane sulfur atom, that is, a sulfur
bonded to either two sulfurs or to a sulfur and an ionizable
hydrogen (1). The term persulfide is used in this text for the
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mixture of hydropersulfide (RSSH) and persulfide anion
(RSS7) in aqueous solution.

Prominent roles have been assigned to persulfides in bio-
logical systems; they participate in sulfur trafficking, biosyn-
thesis and catabolism, and are considered potential
transducers of the beneficial physiological effects of H,S in
mammals (2—4). They are endogenously synthesized through
H,S-dependent and H,S-independent pathways. The reaction
of H,S with an oxidized thiol derivative, such as disulfide,
sulfenic acid, or trisulfide, gives a persulfide in addition to a
thiol, water, or another persulfide, respectively (5). Addition-
ally, thiols can react with oxidized derivatives of H,S, such as
thiosulfate (SSO5”7), persulfides, and polysulfides (HS,SH,
RS,SSH, RS,SSR, n > 1) to form persulfides (6). The transfer of
sulfur from persulfides to thiols to form new persulfides at the
attacking thiol is called transpersulfidation. Other routes for
persulfide formation involve free radical-mediated processes
(7). Regarding H,S-independent pathways, there are several
enzymes capable of producing persulfides with sulfur donated
by thiols or disulfides (8—10). Persulfides can occur in low
molecular weight (LMW) compounds as well as in cysteine
residues of proteins. In this sense, micromolar levels of
glutathione persulfide (GSSH), cysteine persulfide (CysSSH),
and protein persulfides have been reported (10-12).

The extra sulfur in persulfides in comparison with thiols
confers unique properties. Protonated persulfides (RSSH)
ionize in aqueous solution to give the corresponding anionic
species (RSS™). LMW persulfides have been found to be more
acidic than the analogous thiols due to their weaker S-H bond
(13-15). For example, the apparent pK, of GSSH is 5.45 (13)
while that of glutathione (GSH) is 8.94 (16). Thus, at physio-
logical pH, GSSH is almost completely ionized to GSS™ but
GSH is mostly protonated. Moreover, persulfides possess
enhanced nucleophilicity compared to thiols at physiological
pH, which results from the combination of two factors. The
first factor is the availability of the anionic species (which is a
better nucleophile than the protonated one), and the second
factor is the high nucleophilic reactivity of the anionic species
due to the alpha effect (13), which is caused by the presence of

J. Biol. Chem. (2024) 300(5) 107149 1

© 2024 THE AUTHORS. Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.jbc.2024.107149
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0001-5777-4822
Delta:1_given name
https://orcid.org/0000-0001-8697-9958
Delta:1_surname
https://orcid.org/0000-0002-5921-4906
Delta:1_given name
https://orcid.org/0000-0001-6911-3132
mailto:beatriz.alvarez@fcien.edu.uy
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2024.107149&domain=pdf
http://creativecommons.org/licenses/by/4.0/

Acidity of persulfides and its modulation in SQOR and TST

high electron density in the atom adjacent to the nucleophilic
atom (17, 18). Furthermore, unlike thiols, persulfides are also
electrophilic. Both sulfur atoms are susceptible, and depending
on the site of the nucleophilic attack, H,S or thiol is elimi-
nated. Given the dual reactivity, persulfides decay in aqueous
solution. Hence, in vitro preparations of LMW persulfide also
contain other species such as thiols, H,S, disulfides, and pol-
ysulfides (13, 19). Considering that electrophilicity is mainly
ascribed to the protonated species, whose abundance is pre-
dicted to be low at physiological pH based on the low pKs
reported for LMW persulfides, persulfides are expected to play
roles as nucleophiles in biological systems, as in the reaction
between GSSH and the enzyme persulfide dioxygenase (or
ETHE1). However, some protein persulfides play prominent
roles as electrophiles, for example, in the catalytic cycles of the
mitochondrial H,S oxidation enzymes, sulfide quinone
oxidoreductase (SQOR, EC 1.8.5.8), and thiosulfate sulfur-
transferase (TST, also called rhodanese, EC 2.8.1.1).

SQOR catalyzes the first step of the H,S oxidation pathway
in mitochondria. This step consists of the transfer of sulfur
from H,S to a LMW thiophilic acceptor with the concomitant
formation of reduced coenzyme Qo (CoQjo), which then
enters the electron transport chain (20). Human SQOR is a
flavoenzyme with a cysteine trisulfide (Cysz79-S-S-S-Cysyo1) in
the active site (21, 22). Three substrates are involved in its
activity; H,S as sulfur donor, a sulfur acceptor, and CoQ;o. The
proposed mechanism (21) begins with the attack of HS™ on the
trisulfide to form two persulfides, one at Cyss;9 and another at
Cysao1, which forms a transient charge transfer (CT) complex
with the FAD cofactor (Fig. 14, reaction a). The persulfide in
Cyssyo is attacked by a thiophilic acceptor that extracts the
sulfane sulfur and releases a thiolate in Cyszyq, while the CT
complex at Cys,g; is presumed to evolve to a C4a covalent
adduct (Fig. 14, reaction b). The thiolate in Cyss;q attacks the
adduct, regenerating the trisulfide and producing FADH,

(Fig. 1A, reaction c¢). Then, CoQq is reduced by FADH, to
complete the catalytic cycle (Fig. 1A, reaction d). Regarding the
thiophilic acceptor, GSH has been proposed to be the physi-
ologically preferred substrate, which would lead to GSSH
formation (23-25). However, human SQOR exhibits remark-
able substrate promiscuity (20). Additional in vitro sulfur ac-
ceptors include sulfite (SO3>7), cyanide (CN”), a second H,S,
methanethiol, and coenzyme A, which produce thiosulfate,
thiocyanate (SCN™), H,S,, methanethiol persulfide, and co-
enzyme A persulfide, respectively (20, 21, 23-27). GSSH can
be further converted to sulfite by persulfide dioxygenase at the
expense of O, (23, 28) or to thiosulfate by TST at the expense
of sulfite (24).

TST catalyzes the transfer of a sulfane sulfur from a donor
to an acceptor using a ping-pong mechanism. The minimal
reaction mechanism comprises a first step of nucleophilic
attack by an active site cysteine (Cys,4g) on a sulfane sulfur
donor, resulting in the release of the first product and for-
mation of a cysteine persulfide on the enzyme (Fig. 1B, reac-
tion e). In the second step, the persulfide is attacked by a
thiophilic acceptor, releasing the second product and restoring
the enzyme to its resting state (Fig. 1B, reaction f). Possible
sulfur donors include thiosulfate and GSSH (producing sulfite
and GSH, respectively), while possible sulfur acceptors include
cyanide, sulfite, and GSH (generating thiocyanate, thiosulfate,
and GSSH, respectively) (23, 24, 29). The best characterized
reaction is with thiosulfate and cyanide as substrates. The
enzyme mechanism can include additional steps, such as the
formation of a noncovalent Michaelis complex with thiosulfate
before sulfur transfer (30, 31).

In a previous work, we studied the reactions of GSSH with
different electrophiles, leading to the determination of the pK,
of GSSH and to quantitative evidence for the enhanced
nucleophilicity of GSSH compared to that of a putative thiol
with the same pK,, that is, the alpha effect (13). In this work,
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Figure 1. Proposed catalytic mechanisms for human SQOR and TST. A, the active site cysteine trisulfide in SQOR is attacked by H,S to form two
persulfides, at Cysss9 and at Cys,oy; the latter engages in a transient charge transfer (CT) complex with the FAD cofactor (reaction a). Then, a thiophilic
acceptor (Acc) attacks Cysz;9SSH and the sulfane sulfur is transferred, generating AccSH and Cyss79SH while the CT complex is proposed to evolve to a
transient C4a adduct (reaction b). Then, Cyss;oSH attacks the adduct, regenerating the trisulfide and producing FADH, (reaction c). Finally, FADH, reduces
CoQ to CoQH,, restoring SQOR to its resting state (reaction d) (21). B, the active site Cys,4gSH in TST attacks a sulfane sulfur donor (DS), resulting in the
formation of Cys,4sSSH and release of the first product (D7) (reaction e). Next, a thiophilic acceptor (Acc”) attacks Cys,4gSSH, producing AccSH and restoring
the resting enzyme (reaction f). SQOR, sulfide quinone oxidoreductase; TST, thiosulfate sulfurtransferase.
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we extended the investigation to determine the pK, values of
several LMW persulfides, including the cysteine derivative,
CysSSH. Considering that the pK, of cysteine as a free amino
acid in aqueous solution is different from that of protein
cysteine residues, differences are also expected in the pK, of
free CysSSH compared to persulfides formed in proteins.
Thus, we aimed to determine the pK, of the persulfides formed
at Cysz;9 on human SQOR and at Cysysg on human TST. The
activities of both enzymes were measured at varying pH using
sulfite or cyanide as sulfur acceptors. In addition, the half-
reactions between TST persulfide and both sulfur acceptors
were studied, representing the first pre-steady state kinetic
characterization of TST to our knowledge. Our study eluci-
dates the acidity of various LMW persulfides and reaffirms the
alpha effect. It also provides a comparison between free and
protein-bound persulfides, revealing that the protein envi-
ronment can modulate persulfide properties.

Results
LMW persulfides

The pK, values of several LMW persulfides were studied
through the pH-dependency of the reaction rates with the

alkylating agent monobromobimane (mBrB), as described
previously for GSSH (13). We took advantage that mBrB

produces fluorescent products, is uncharged, and does not
accept or release protons within the pH range studied. Addi-
tionally, mBrB can be used in pseudo-first order excess, abro-
gating the need to know the exact persulfide concentration.
Mixtures containing CysSSH, homocysteine persulfide
(HcySSH), cysteamine persulfide (CystSSH), p-mercaptoetha-
nol persulfide (B-MESSH), or cysteine methyl ester persulfide
(CysOMeSSH), produced from H,S and the corresponding
symmetrical LMW disulfide (13), were exposed to excess
mBrB at different pH values at 25 °C. The fluorescent time
courses were biphasic; the rapid exponential phases were
attributed to the reactions with the persulfides, while the linear
phases were attributed to those with the corresponding thiols
present in the mixtures and, secondarily, with H,S (13).
Exponential plus straight line functions were fitted, and
observed rate constants (k,,s) were obtained for each pH and
mBrB concentration. The ks increased linearly with the
concentration of mBrB, indicating that the reactions were first-
order in mBrB, yielding apparent second-order rate constants
at each pH (kppr). All persulfides exhibited the same behavior.
Representative plots of the reaction with CysSSH are shown
(Fig. 2, A and B). For each persulfide, the k,y increased
sigmoidally with pH, confirming that the anionic forms react
with mBrB (Fig. 2, C—G). The pK, values of the persulfides and
the pH-independent rate constants (k;,q) for the reactions with
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Figure 2. pK, of LMW persulfides and their reactivity with mBrB. A, representative stopped-flow fluorescence kinetic traces (Aex = 396 nm, emission cut-
off 435 nm) of the reaction of CysSSH-containing mixtures (0.5-3 uM) with mBrB (57.5 uM) in acetic/MES/Tris buffer (pH 3.65-8.15, 25 °C). Exponential plus
straight line functions were fitted to the time courses over 10 half-lives. In some cases, where double exponential plus straight line functions were fitted, the
exponential phase with the lower observed rate constant (k.ps) and larger amplitude was attributed to the reaction of the persulfide with mBrB. B, linear
dependence of kops of CysSS™ with mBrB concentration. Circles are quintuplates of ks obtained for every pH and mBrB concentration. The slope at each pH
represents the apparent second-order rate constants, k. At the more alkaline pH values, a small negative y-intercept was observed, as seen previously with
GSSH (13). G, for CysSS™, a single-pK,, function was fitted to the plot of kyy versus pH with data obtained in three independent experiments (black circles, blue
squares, and green triangles). A pK, of 5.2 + 0.1 and a pH-independent second-order rate constant, king, of (3.2 + 0.1) x 10> M™" s~ (parameters + standard
errors of the fit) were determined. As seen previously with GSSH (13), a small decrease of unknown origin in the kg at the more alkaline pH values was
observed. D-G, the pK, and ki,q of the reactions with mBrB for other LMW persulfides were determined analogously. Plots of k. versus pH for HcySS™ (D),
CystSS™ (E), B-MESS™ (F), and CysOMeSS™ (G). In the case of CysOMeSS™, a two-pK, function was fitted resulting in two sets of pK, and ki,q values. The
obtained values are summarized in Table 1. CysOMeSS™, cysteine methyl ester persulfide anion; CysSSH, cysteine persulfide; CystSS™, cysteamine persulfide
anion; HcySS™, homocysteine persulfide anion; LMW, low molecular weight; mBrB, monobromobimane; 3-MESS™, B-mercaptoethanol persulfide anion.
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mBrB were determined from these graphs; the kijq value
corresponds to the rate constant with completely ionized
persulfide. Single-pK, functions were fitted to the sigmoidal
plots, with the exception of the CysOMeSSH data, where a
two-pK, function was fitted, obtaining two values of pK, and
kina (Fig. 2G).

Our data are summarized in Table 1, together with values
reported for other persulfides and for the analogous thiols. The
different persulfides had similar pK, values, 4.6 to 6.3, and
similar k;,q for the reaction with mBrB, 32 to
9.0 x 10> M™' 571

Sulfide quinone oxidoreductase

The acidity of the persulfidated SQOR was evaluated by the
pH-dependence of the steady-state rates. For enzymes that
catalyze reactions with one substrate, the kinetic parameter
keat/ Ky (specificity constant) is an apparent second-order rate
constant that reports on the properties of the free enzyme and
the free substrate (32). k.,+/K,, can be calculated from the ki-
netic parameters k., and K, obtained from typical Michaelis—
Menten analysis (Equation 1). Alternatively, k../K, can be

Table 1

determined by measuring the steady-state reaction rate at low
substrate concentrations and dividing the rate by the enzyme
and the initial substrate concentration, [E]t and [S]y, respec-
tively (Equation 2) (33).

~ Vinax Iy kear [Sl7 [E]y
Vo K+ Sy Km+ Sy )
kcat
When [S] <Ky, Vo = [Slt [Elt (2)

SQOR uses three substrates: H,S, a sulfur acceptor (Acc™),
and CoQ (Fig. 1A). At saturating concentrations of H,S and
CoQ, the Keat/ Kin A< represents the apparent rate constant for
the reaction between the sulfur acceptor and the Cysz;9SSH of
the bis-persulfidated SQOR, and its pH-dependency reports on
the pKj, of both free species. Although the pH dependence of
human SQOR activity has been reported (25), the pH depen-
dence of k.,/Ky, is unavailable. The steady-state rate of SQOR
was determined by monitoring the reduction of coenzyme Q;
(CoQ,) at 278 nm at varying pH at 25 °C. Sulfite or cyanide

pK, values of LMW persulfides and the corresponding thiols and k;,q of the reactions with mBrB, at / = 0.15 and 25 °C

pK, kina with mBrB
Persulfide Analog thiol
Persulfide Structure Persulfide Analog thiol ApK, (x 10° M7t M 1ts™h
Cysteine methyl ester o 46017 7.44 % 2.8 3.8+04° N.D.
CysOMeSS~ R
(CysOMeSS™) s/\Hko/
NH,*
(0]
’S\S/\HJ\O/ 63+06° 8.88° 2.6 54+08° N.D.
NH,
Cysteamine (CystSS™) S/S\/\NHs* 4.87 + 0.09 “ 8.21° 3.34 39+£02“ N.D.
(0]
Cysteine (CysSS~) S<g o 52+01% 8.29 4 3.1 32+01° 105 ¢
NH*
s
1
[¢] (0] s
Glutathione (GSS™) H\)]\ 545 + 0.03 ¢ 8.94 ¢ 3.49 9.0+02° 208 ¢
N
A, .
NH,* o)
(o]
Homocysteine (HcySS™) ’S’S\/\HJ\O’ 5.63 + 0.06 * 914 35 54+01“ N.D.
NH,'
B-Mercaptoethanol (B-MESS”) Sig ™\ OH 58 +0.1° 964 3.8 75+04° 519 4
.S
2-(3-Aminopropyl-amino)ethane ] \/\”f\/\NH ! 6.2 +017/ 767 14 N.D. N.D.
2
Cumene 7.0¢ >10" >3 N.D. N.D.

Reported data from “ This work, b (43), € (63), % (16), € (13),7 (15), & (14), " predicted value based on similar thiols (64).

Abbreviation: N.D., not determined.
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was used as the sulfur acceptor, and saturating concentrations
of H,S (150 uM) and CoQ; (69 uM, K,,“°Y = 19 uM, pH 7.5
(25)) were used. Note that this concentration of H,S is satu-
rating for the first step of the catalysis (Fig. 14, reaction a),
K128 (Ponon) _ 43 UM at pH 7.5 (25), but not for the second
step with H,S acting as the sulfur acceptor (Fig. 1A, reaction
b), K, 1125 (Accepton) _ 350 M at pH 7.4 (27). The reaction
between the persulfidated enzyme and H,S (keae/Kp'™=®
(Accepton) _ 18 x 10° M™' s7!, pH 7.4) is negligible in the
presence of sulfite (keoe/Ky,™™1% = 2.0 x 10° M~ s7%, pH 7.4)
but comparable to the reaction with cyanide (keqe/Ky™*™4¢ =
5.1 x 10> M~ s7%, pH 8.5) (25, 27). Therefore, in the experi-
ments with cyanide, the reactions were started with cyanide
instead of SQOR so that the contribution of SQOR with H,S
alone could be subtracted.

In experiments with sulfite, steady-state time courses with
varying concentrations of sulfite (0.01-8 mM) were recorded,
and linear functions were fitted to the first 15 to 40 s following
SQOR addition (Fig. 34). The slope before SQOR addition was
subtracted to correct for the background nonenzymatic
reduction of CoQ;, which was minimal. From the hyperbolic

kinetic parameters k""" and K,,,*"'1*® were obtained, and the
Koot/ KinS M for each pH were calculated. As expected, when
the k q/Kpn™"* were plotted against pH, a bell-shaped profile
was obtained (Fig. 3C), consistent with a reaction between a
deprotonated species and a protonated one. An equation with
two pK, was fitted to the data (Equation 3), assuming that
deprotonated sulfite and protonated SQOR persulfide were the
reacting species. From this analysis, a pK, value of 6.8 + 0.5
was obtained for sulfite, which is remarkably consistent with
the reported value of 6.91 (34). The pK, attributed to the
protonated persulfide on SQOR was 7.7 = 0.4. Since sulfite
reacts with the persulfide on Cyssyq, it can be inferred that this
pK, corresponds to Cys37;0SSH. Although the assignment to
another catalytic residue present in the bis-persulfidated
SQOR cannot be excluded, it is unlikely to correspond to
the persulfide formed in Cys,g;, since this persulfide is engaged
with the FAD cofactor in the formation of the CT complex.
The bell-shaped fit also revealed a pH-independent kg,/
KU of (29 + 0.2) x 10° M™! s7L. The maximum k,/
K was observed at pH 7.25. Both ke, and K,
varied with pH (Fig. S1, A and B). Of note, the results obtained

fit of the activity versus sulfite concentration plot (Fig. 3B), the in these experiments are consistent with previous
A B C
pH
1.11 SQOR ) 250 o~ 2.5x10°;
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Figure 3. pH-dependence of SQOR activity. The steady-state rate of reduction of CoQ, was followed by the decrease in absorbance at 278 nm. The assays
included 69 uM CoQ;, 0.03% DHPC, 0.06 mg/ml BSA, 150 pM H,S, and variable concentrations of sulfite or cyanide in MES/Tris/ethanolamine buffer (pH
5.65-9.93, 25 °C). A, the reactions with sulfite (0.01-8 mM) were started by the addition of T nM SQOR. Representative absorbance kinetic traces of CoQ;
reduction at pH 7.57. The steady-state rates were calculated from the linear fits to the data obtained 15 to 30 s after SQOR was added (subtracting the
slopes before addition of SQOR). B, SQOR activity versus sulfite concentration at different pH values. Representative experiments at pH 8.68 (black circles),
7.57 (blue squares), 6.65 (green triangles), and 5.65 (red diamonds). Michaelis-Menten hyperbolas were fitted and yielded the kinetic parameters KmSUIﬁte
(Fig. STA), ka1 (Fig. S1B), and kea/Km® " for each pH. C, pH-dependence of ka/Km M. Eckuation 3 was fitted to the data obtaining two pKs, 6.8 + 0.5
for the deprotonated species and 7.7 + 0.4 for the protonated one. A pH-independent kc.i/Km ™ of 2.9 + 0.2 x 10° M~" s~" was obtained for the reaction of
sulfite with the persulfidated SQOR. D, the reactions with cyanide (90 uM) contained 50 nM SQOR and were initiated by the addition of cyanide. Repre-
sentative time courses at different pHs. To calculate the steady-state rates, the slopes in the absence of cyanide were subtracted from those obtained 4 to
20 s after the addition of cyanide. The Kkeyo/Km™2"'%® at each pH was calculated using Equation 2. E, pH-dependence of ka/Km™2""%¢. Equation 3 plus an offset
was fitted to the data, yielding a pK, of 8.9 + 0.2 for the deprotonated species, a pK, of 7.9 + 0.1 for the protonated species, an offset of (-10 +
5) x 10° M~" s7', and a pH-independent ke,/Kn~2"9 of 1.5 + 0.8 x 10° M™' s™" for the reaction of cyanide with the persulfidated SQOR. Values are
parameters + standard errors of the fits. DHPC, 1,2-diheptanoyl-sn-glycero-3-phosphocholine; SQOR, sulfide quinone oxidoreductase.
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measurements in potassium phosphate at pH 7.4, which
showed a k., /K, > of 2.1 x 10° M~ s7! (25 °C) and a
second-order rate constant between the enzyme CT complex
and sulfite of 3.9 x 10° M~ s7! (4 °C) (25, 27).

P [(a Acc” [H+]
pH = find K, A« +[H"] ) \K, RSHL[HT]

) (Equation 3)

Kinetic traces with cyanide (Fig. 3D) were recorded at varying
pH using 90 uM cyanide, which is lower than the K"
(650 uM at pH 8.5 (25)). The steady-state rates were obtained
from linear fits to the data during the first 4 to 20 s following
cyanide addition, and the slopes before cyanide addition were
subtracted. The keo/Kn&2™9 at each pH was calculated ac-
cording to Equation 2 using the enzyme (50 nM) and cyanide
(90 puM) initial concentrations. The pH-dependence of k,./
K,,¥*"ide exhibited bell-shaped behavior and Equation 3 was
fitted to the data (Fig. 3E). A pK, of 8.9 £ 0.2 was obtained for the
deprotonated species, consistent with the pK, of 8.97 expected
for HCN under these conditions (I = 0.15 M, 25 °C) (35). It
should be noted that the pK, of HCN changes considerably with
temperature and ionic strength (I); the values often cited, 9.21
and 9.36, correspond to I = 0 at 25 and 20 °C, respectively (35).
For the persulfidated enzyme, a pK, of 7.9 + 0.1 was obtained, in
excellent agreement with the results with sulfite (7.7 + 0.4).
Furthermore, the pH-independent Keu/Ky,™*"% was (1.5 +
0.8) x 10° M™* s™%. Note that only a small fraction of the pH-
independent constant was observed (~7% at pH 8.4) (Fig. 3E),
since cyanide, which needs to be deprotonated, has a higher pK,
than the persulfidated enzyme that appears to be protonated for
catalysis.

Controls confirmed that the low activities seen at the
extreme pH values with sulfite and cyanide were due to
reversible changes in protonation states instead of irreversible
denaturation of SQOR (Fig. S1B). Additionally, the concen-
trations of H,S and CoQ; used were observed to be saturating
at all pHs (Fig. S1C).

Attempts to use GSH as sulfur acceptor to assess k¢at/ Ky,
at different pHs were unsuccessful. When relatively low con-
centrations of GSH were used, SQOR reacted with H,S as
acceptor (keae/ Ky 25 (AccePor) = 1 8 x 10° M~ s}, pH 7.4) rather
than with GSH (ka/ K ©H = 1.1 x 10* M s, pH 7.4) (27). On
the other hand, construction of Michaelis—Menten hyperbolas
required high concentrations of GSH (K,,°*"' = 8 mM, pH 7.4
(27)), which altered the pH of the reaction mixtures, and could
not be compensated without changing the ionic strength.

Note that in the pK, determination experiments, chloride
(CI") was avoided since it was found to be a reversible

GSH

Table 2
pK, and rate constants for SQOR and TST, at / = 0.15 and 25 °C

competitive inhibitor of SQOR. At neutral pH with sulfite as
sulfur acceptor, relatively similar apparent ke were ach-
ieved in the presence and absence of 120 mM chloride, but the
apparent K"/ increased ~ 20-fold (estimated K; for chlo-
ride was ~ 7.4 mM) (Fig. S1D).

The pH experiments with SQOR, summarized in Table 2,
suggest that the Cyssy9 persulfide reacts in the protonated state
with the nucleophilic sulfur acceptor and has a pK, of 7.8 + 0.2.

Thiosulfate sulfurtransferase

We first measured TST activity by monitoring the formation
of thiocyanate at varying pH at 25 °C. Saturating concentra-
tions of thiosulfate (300 mM, K,,Mosw!fate = 1845 mM (30,
31)) and cyanide concentrations lower than the K, cyanide
(300 1M, K, nide = 18 28 mM (31), and this work) were
used so that the global rates would be limited by the last step of
the catalytic mechanism (Fig. 1B, reaction f), which involves
the rate constant of the reaction between the persulfidated
enzyme and cyanide, keo/ K™%, The spontaneous reaction
between the substrates at different pH was found to be
negligible under our conditions, in accordance with reported
data (36). A sigmoidal increase in activity with pH was
observed, with an apparent pKj, of 8.47 + 0.06 and a maximum
apparent rate constant of (4.0 + 0.1) x 10° M™' 57! at alkaline
pH (Fig. 4). Control experiments excluded irreversible enzyme
inactivation (Fig. S2A). Additionally, controls performed at the
most acidic and alkaline pH confirmed that the concentration
of thiosulfate was saturating and that the concentration of
cyanide was below K, (Fig. S2B). Of note, the buffer
system affected the enzyme activity; using a 300 mM Tris
buffer with 120 mM NaCl, the activity was <40% of that ob-
tained with the ACES/Tris/ethanolamine buffer at the same
pH, which contained 15.6 mM Tris and 120 mM NaCl.

Stopped-flow kinetic studies were performed on the isolated
half-reactions between TST persulfide and sulfur acceptors.
Preformed stocks of TST persulfide were used to monitor its
reaction with sulfite or cyanide at varying pH at 25 °C. The
reactions were followed by the changes in the intrinsic fluo-
rescence of TST, taking advantage of the higher fluorescence
in the thiol versus the persulfidated state, as reported for the
bovine enzyme (37). The decrease in fluorescence appears to
be due to energy transfer involving tryptophans and the per-
sulfide, without major folding rearrangements (38), hence it
likely reports on persulfide formation.

TST persulfide was exposed to a pseudo-first order excess of
sulfite (15 and 75 pM) or cyanide (25 and 100 pM), and the
increases in the intrinsic fluorescence were recorded (Fig. 5, A

pH-independent rate constant (M~ s™)

Enzyme form PK, Sulfite Cyanide Thiosulfate
SQOR persulfide 7.8 + 0.2° (29 +02) x 10° (1.5 £ 0.8) x 10° No reaction
TST persulfide 9.38 + 0.04° (2.5 £0.1) x 10” (1.0 £ 0.1) x 107 No reaction”
TST thiol 6.5+ 0.1 No reaction No reaction ~ 6 x 10*

“ Values represent mean + propagated error of the results obtained with sulfite and cyanide.

’ Thiosulfate is not a substrate for TST persulfide, it acts as an inhibitor.
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Figure 4. pH-dependence of TST activity. The steady-state activity of TST
(5-100 nM) was measured by the formation of thiocyanate in the presence
of thiosulfate (300 mM) and cyanide (300 puM, lower than Ky Y29e) in ACES/
Tris/ethanolamine buffer in the pH range of 7.03 to 10.12 and 25 °C. A
sigmoidal function was fitted to the data of two independent experiments
(black circles and blue squares) and yielded an apparent pK, of 8.47 + 0.06
and a maximum apparent rate constant of (4.0 + 0.1) x 10° M~ s
(parameters + standard errors of the fit). TST, thiosulfate sulfurtransferase.

and B). Single exponential functions were fitted to the time
courses. The ks values were divided by the sulfite or cyanide
concentration and the second order rate constants, k,p, were
determined at each pH. The k,y for both sulfur acceptors
showed bell-shape profiles, and the Equation 3 was fitted
(Fig. 5, C and D). In the case of sulfite, the fit yielded a pK, of
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6.89 £ 0.09 for the deprotonated species, consistent with sulfite
(pK, = 6.91 (34)), and a pK, of 9.38 + 0.07 for the protonated
species. The pH-independent rate constant, kj,q, was (2.5 +
0.1) x 10° M1 s7! (Fig. 5C). With cyanide on the other hand,
the fit gave a pK, of 8.87 + 0.06 for the deprotonated species, in
agreement with cyanide (pK, = 8.97 (35)), and a pK, of 9.37 +
0.05 for the protonated species. The kyq was (1.0 +
0.1) x 10’ M7t st (Fig. 5D). Notably, the pK, value for the
protonated species was the same with both sulfur acceptors
(9.37 and 9.38) and thus, it can be attributed to persulfidated
TST. In the case of the bovine enzyme, a previous report
suggested pK,s of 5.9 and 9.4 for the persulfide derivative (30);
our results are in good agreement with the alkaline value.
The ki,q for the reaction of TST persulfide with cyanide,
(1.0 £ 0.1) x 10 Mt 7%, is 25-fold higher than the maximum
rate constant obtained from the activity measurements with
300 mM thiosulfate and 300 uM cyanide, 4.0 x 10° M™' s™*
(Fig. 4). The lower value obtained in the activity measurements
can be explained by inhibition at high concentrations of
thiosulfate which leads to the formation of a dead-end com-
plex between the persulfidated enzyme and thiosulfate (30, 31)
(Fig. 6A). In fact, with 312 pM cyanide, 30 mM thiosulfate can
already cause inhibition (31). Therefore, the steady-state rates
measured herein were strongly affected by thiosulfate inhibi-
tion (Fig. 6B). The extent to which ey /K™% (k3 in Fig. 6A)
was affected by thiosulfate inhibition depends on the thiosul-
fate concentration as well as on the dissociation constant of
the dead-end complex K, defined as k4/k, (Fig. 6A); the
observed ke, /K™ is given by ks/(1+[thiosulfate]/Ky)
(Fig. 6B). Thus, the pH-dependency of K, can influence the
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Figure 5. Stopped-flow kinetics of TST persulfide with sulfur acceptors. A and B, representative fluorescence time courses (Aex = 295 nm, US 360 nm

bandpass filter) of TST persulfide (0.8-1.0 uM) exposed to 75 puM sulfite (A) or 25 uM cyanide (B), in ACES/Tris/ethanolamine buffer (pH 5.60-10.38, 25 °C).

Single exponential functions were fitted and the ks was divided by the concentration of sulfite or cyanide to give the corresponding k. C and D, pH-

dependence of k. Bell-shaped functions (Equation 3 or Equation 3 plus an offset) were fitted to the data, yielding PKa1vaIues of 6.89 + 0.09 (deprotonated
S

species) and 9.38 + 0.07 (protonated species), an offset of (3.5 + 0.9) x 10* M™' s77, and a king of (2.5 £ 0.1) x 10° M~

for the reaction with sulfite (C) and

pK, values of 8.87 + 0.06 (deprotonated species) and 9.37 + 0.05 (protonated species) and a kjnq of (1.0 = 0.1) X 107 M~ 57" for the reaction with cyanide

(parameters + standard errors of the fits). TST, thiosulfate sulfurtransferase.
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Figure 6. TST mechanism and inhibition by thiosulfate. A, TST catalytic
mechanism using thiosulfate and cyanide as substrates and depicting in-
hibition by high concentrations of thiosulfate (30, 31). B, steady-state rate
equation assuming fast equilibrium for thiosulfate binding and steady-state
for the persulfidated enzyme. TST, thiosulfate sulfurtransferase.

experiment, complicating the interpretation. Human TST can
be activated by cyanide at high millimolar concentrations (31),
which is unlikely to affect our results. Of note, the values of
Keae/ Kin™*™9€ reported for the bovine and human enzymes are
6.0 x 10° M' s7! (pH 8.7, 40 °C) and 9.5 x 10* M~' 5! (pH
8.5, 0 °C), respectively, under noninhibited conditions (30, 31).
At pH 8.5, our stopped-flow estimation of the rate constant
between the persulfidated enzyme and cyanide is higher, of
2.7 x 10° M™! 57! (25 °C), and deserves further exploration. It
is worth noting that a reaction between TST persulfide and
mBrB was explored at varying pH to allow comparison with
LMW persulfides. However, no such reaction was detected
under our conditions.

The kinetics of the reaction of TST thiol with pseudo-first
order concentrations of thiosulfate (200 pM) was investi-
gated in a pH range of 3.68 to 8.75 and 25 °C. Since thiosulfate
does not accept or release protons within the pH range stud-
ied, the pH-dependence of the reaction rate should reveal the
pK, of the TST thiol. The decrease in the intrinsic fluorescence
of TST due to persulfide formation was recorded (Fig. 7A).

The kinetic traces followed single or double exponential
functions, which is consistent with the formation of TST
persulfide in two steps with a non-covalent intermediate
(Fig. 6A). The smaller ks, which corresponded to the larger
amplitude, was found to increase with pH (Fig. 7B), consistent
with the thiolate enzyme, rather than the protonated thiol,
being the species reacting with thiosulfate. The data followed a
two-pK, sigmoidal function, indicating the presence of two
reacting species with pKj, values of 4.6 + 0.1 and 6.5 + 0.1, and
second-order rate constants of ~ 3 x 10* and ~
6 x 10* Mt 57! (estimated by dividing the maximal ks ob-
tained from the fit, 5.9 and 11.5 s, respectively, by thiosulfate
concentration). This result suggests that the ionization state of
a neighboring residue affects the pK, of the thiol. Our esti-
mated pK, of 6.5 + 0.1 can be compared to previous reports; a
pK, of 7.8 was reported for the thiol alone in bovine TST (39),
while pK, values of 6.5 and 6.75 to 7.05 were reported for
the thiol in complex with thiosulfate and with substrate
analogs, respectively (30, 39). In human 3-mercaptopyruvate
sulfurtransferase, the thiol was reported to have a pK, of
5.2 (40). Regarding the rate constants for the reaction of TST
thiol with thiosulfate, our value (~ 6 x 10* M~! s7') can be
compared to the value of k qe/Kp, ™2 6f 1.7 x 10* M~ 57!
(40 °C, pH 8.7) reported for the bovine enzyme (30, 31). The
Kot/ Ky Pi0SU12t harameter represents an algebraic combination
of the kinetic constants corresponding to the first and second
steps of the mechanism, kyki/k; (Fig. 6B). Last, the kinetic
analysis was extended to higher pH values, and a decrease in
kobs With a pK, of ~ 10 was observed (Fig. 7C). This pK, is
comparable to the value of 9.9 reported for an increase in
K,iosulfate (; o -k 1/k;) at alkaline pH in the bovine enzyme
(30) and likely reflects the effect of deprotonation of one or
more residues other than the thiol, decreasing the reaction
between thiosulfate and the thiolate.

The results with TST are summarized in Table 2. Taken
together, they reveal that the reaction of persulfidated TST
with sulfur acceptors is dependent on a protonated residue
with a pK, of 9.38 + 0.04. In contrast, the TST thiol reacts with
thiosulfate in the anionic state, with a pK, of 6.5 + 0.1.
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Figure 7. Stopped-flow kinetics of TST thiol with thiosulfate. A, representative fluorescence time courses (Aex = 295 nm, US 360 nm bandpass filter) of
TST thiol (0.9 pM) exposed to 200 uM thiosulfate in acetic/MES/Tris buffer (pH 3.68-8.75, 25 °C). Single or double exponential functions were fitted to the
data. B, pH-dependence of ks for a representative experiment. For the double exponential fits, the smaller k., values, which corresponded to the larger
amplitude, were used. Using data from three independent experiments, a two-pK;, sigmoidal function was fitted yielding pK; values of 4.6 + 0.1 and 6.5 +
0.1 and maximal kops of 5.9 + 0.6 and 11.5 + 0.3 5™, respectively (parameters + standard errors of the fit). C, pH-dependence of the k,; at alkaline pH values.
The reactions were performed as described but in ACES/Tris/ethanolamine buffer (pH 6.68-10.34, 25 °C), and a single exponential plus straight line function
was fitted to the data to obtain the kops. Representative of two independent experiments, five replicates each. TST, thiosulfate sulfurtransferase.
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Discussion

In this study, the acidity and rate constants of the reaction
between mBrB and a series of LMW alkyl persulfides were
measured (Table 1). When analyzing the pK, and kj,q of the
persulfides, it is important to consider the ionization state of
other groups. In the case of B-MESSH, in which the persulfide
is the only ionizable group in the working pH range, the
assignment of the pK, and ki, q is straightforward. In the case of
CystSSH, the pK, and kj,q can be assigned to the persulfide in
the species containing ammonium (as drawn in Table 1), since
the ammonium has a pK, of 9.55 in the analogous thiol (41),
favoring protonation of the amino group at the working pH. In
the case of amino acid—derived persulfides, the pK, and kjnq
determined with mBrB likely correspond to the forms with
ionized carboxylate and ammonium (as drawn in Table 1 for
CysSSH and HcySSH), given that the analogous thiols have
pK, values of ~2 for the carboxylic acid and >9 for the
ammonium group (16), distant from the observed pK,s. In the
case of GSSH, although the glycyl carboxylic acid has pK,
values of 3.12 and 3.36 for the positive and neutral variants of
GSH, respectively (42), we observed only one pK, of 5.45 for
the persulfide (13), suggesting that it corresponds to the form
with two anionic carboxylates and ammonium. Last, in the
case of CysOMeSSH (Fig. 2G), the two sets of pK, and kiq
obtained likely correspond to the microscopic constants of the
ammonium- and the amino-persulfide forms. The observation
of microscopic constants for CysOMeSSH is probably related
to proximity between the pK,s of the persulfide and the
ammonium groups, since the latter have values of 6.88 and
8.32 in CysOMeSH and CysOMeS’, respectively (43). Micro-
scopic constants have also been observed for reactions of
mBrB with several thiols (16, 44).

Remarkably, the persulfides studied presented similar acid-
ity, with pK, values around 5.4. Despite the similarity, when
sorted by pKj,, the resulting order was roughly the same as that
of the analogous thiols (Table 1). These low pK, values
confirm that LMW persulfides exist predominately in the
anionic state at physiological pH. Furthermore, the pH-
independent rate constants (ki,q) for the reaction between
the different nucleophilic persulfides with mBrB were similar,
~10® M™! s7! (Table 1). In contrast, for thiols, both the acidity
and the k;,q values are spread over a larger range. These results
can be visualized in the Bronsted plot shown in Figure 8, which
depicts the kj,q in logarithmic scale as a function of pK, for
both persulfides and thiols. Clearly, our results demonstrate
that substituents exert a limited effect on the pK, of persulfides
in comparison to thiols, likely because of the presence of an
additional sulfur, which increases the distance between the
substituents and the outer sulfur.

The LMW persulfides studied showed higher reactivity with
mBrB than the analogous thiols (Table 1). Increased nucleo-
philicity has been observed for aromatic persulfides versus
thiolates (45), and polysulfides (HS,”) versus HS™ (46),
although not for zinc polysulfide versus zinc thiolate com-
pounds (47). In addition, higher reactivity of persulfides has
been observed in proteins such as human serum albumin and
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Figure 8. Comparison of the reactivity of LMW persulfide anions and
thiolates with mBrB. Brgnsted plot exhibiting pH-independent rate con-
stants (in logarithmic scale) versus pK, for the reactions of persulfide anions
or thiolates with mBrB (/ = 0.15 and 25 °C). Red circles: CysOMeSS™(NH3™) (1),
CystSS™ (2), CysSS™ (3), GSS™ (4), HcySS™ (5), B-MESS™ (6), and CysO-
MeSS™(NH,) (7); Bruc = 0.2 £ 0.1 (R? 0.31). The values are depicted in Table 1.
Black squares: reported data for LMW thiolates; B.c = 0.52 + 0.08 (R = 0.85)
(16). LMW, low molecular weight; mBrB, monobromobimane.

the peroxiredoxin AhpE when reacting with unspecific elec-
trophiles (5, 48). Computational studies also support a higher
reactivity for HSS™ versus HS™ or RSS™ versus RS™ (5, 13, 49),
although the extent of acceleration has been questioned (50).

The nucleophilic reactivities of LMW persulfides with mBrB
can also be compared with the reactivities of thiols with similar
basicity. This comparison can be visualized by deviations in the
y-axis of Brensted plots. The positive deviation of persulfides
with respect to the trend followed by the thiolates (Fig. 8)
indicates that persulfides have higher rate constants than pu-
tative thiols with the same pKj,, constituting evidence for the
alpha effect in the reaction of alkyl persulfides with mBrB (i.e.,
the increased reactivity of a nucleophile that has an adjacent
atom with high electron density in comparison to a reference
nucleophile with similar pK, (17, 18)). The magnitude of the
alpha effect depends not only on the nucleophile but also on
the electrophile. For example, GSS™ reacts 1670-fold faster
than a thiolate with similar basicity with mBrB but only 3.2-
fold faster with hydrogen peroxide (13). The origin of the
alpha effect remains elusive; possible explanations include
transition state stabilization, ground state destabilization, and
solvation differences. With persulfides, an attractive hypothesis
is the increased stabilization of the biradical character of the
transition state (51). In this regard, the free radicals derived
from the one-electron oxidation of persulfides are more stable
than those derived from thiols (14, 15).

The slope of the Bronsted plot is called f5,,,c. Although the
estimation of the f3,,,. for persulfides was subject to high un-
certainty due to the clustering of the persulfide values in the
Bronsted plot, its value was lower than the S, for thiols
B = 0.2 £ 0.1, Bruc™ = 0.52 + 0.08) (Fig. 8). This is
reminiscent of the fS,,. difference between oximates (alpha
nucleophiles) and phenoxides (52). Additional studies are
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needed to understand the basis of the differences in ,,. be-
tween persulfides and thiols.

The data on persulfidated SQOR and TST underscore the
scope for modulating reactivity by the protein scaffold. The
pH-dependence of the SQOR steady-state rate under condi-
tions that report on the persulfidated enzyme suggested that
the persulfide on Cyszyo is in the protonated state for reaction
with the sulfur acceptors and has a pK, of 7.8 + 0.2. This in-
crease in SQOR pK, in comparison to a LMW persulfide (pK,
~ 5.4) favors a larger fraction of protonated persulfide on
Cyss79, which would promote the electrophilic character of the
outer sulfur and avoid repulsion with the negative charge of
either sulfite or cyanide. The crystal structure of bis-
persulfidated SQOR (PDB 60IB) shows that the Cyss;oSSH
is located in an electropositive cavity that is exposed to solvent
(21). No clear hydrogen-bonding partners for the outer sulfur
are seen, and the proximity to the anionic persulfide located in
Cysyo; would promote an uncharged Cyss,9SSH (Fig. 9).

A serendipitous finding of our work was that SQOR is
inhibited by chloride, which competes with sulfite (K; ~
7.4 mM). Since the chloride concentration in the mitochon-
drial matrix is estimated to be ~ 4.2 mM (53), SQOR might be
partially inhibited by chloride in vivo.

Substrate inhibition of TST by thiosulfate is unlikely to have
physiological relevance, since intracellular thiosulfate levels are

A SQOR

Figure 9. Persulfides in SQOR and TST. A, close-up of the bis-persulfide in
the SQOR structure (PDB 60IB). Residues within 5 A from Cyss;9SSH, the
FAD cofactor, and the CoQ substrate are depicted in sticks. B, cIose—upnof the
persulfide in the bovine TST structure (PDB 1RHD). Residues within 5 A from
Cys,4g are depicted in sticks. Figures were constructed with Mol* (65). SQOR,
sulfide quinone oxidoreductase; TST, thiosulfate sulfurtransferase.
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estimated to be 5 to 20 uM (54, 55), while inhibition of TST is
achieved at > 30 mM thiosulfate (31). Nevertheless, this in-
hibition affected our steady-state kinetic results with TST,
complicating their interpretation and highlighting the
stopped-flow study of the half-reactions.

The pH-dependency of the TST half-reaction rates indicates
that persulfidated TST must be protonated to react with the
nucleophilic acceptor, with a pK, of 9.38 + 0.04. The thiol form
of TST has a pK, of 6.5 + 0.1 and reacts as an anionic thiolate
with thiosulfate. The thiol pK, in TST is lower than that of a
thiol in a typical peptide (~ 9.1) (56). Although the assignment
of the pK, value of 6.5 + 0.1 to a catalytic residue other than
the thiol cannot be excluded, the low value is consistent with
modulation by the local environment to favor the thiolate
form, promoting the nucleophilic attack on the sulfur donor in
the first half-reaction. The low pK, is also consistent with a
role as leaving group in the second half-reaction, since leaving
group potential correlates with acidity. From a structural point
of view, the thiol acidity is likely sustained by hydrogen bonds
formed between the thiolate and surrounding water, backbone
and sidechain groups (57). Regarding persulfidated TST, the
available structural information for the bovine enzyme (PDB
1RHD and 1BOH) (Fig. 9) suggests that the persulfide remains
in the anionic state due to the establishment of hydrogen
bonds (57, 58). The conformational differences between the
thiolate and persulfide forms of TST appear to be minimal
according to the crystal structures (57). Based on this analysis,
it is likely that the pK, of 9.38 + 0.04 corresponds to a different
active site residue, which needs to be protonated for the re-
action to occur. A potential candidate is Lys,s, that is located
two residues apart from the critical Cys,4g and has been re-
ported to be important for activity (59). Provision of a positive
charge by Lysyso would help counteract the negative charges
on both the sulfur acceptor substrate and the anionic
persulfide.

In summary, our results provide evidence for the existence
of the alpha effect in nucleophilic reactions in a series of LMW
persulfides and demonstrate that their pK, values and rate
constants lie within a narrow range, consistent with the sub-
stituents being farther away from the outer sulfur than in
thiols. Our results also reveal that the low pK, values obtained
for the LMW persulfides cannot be extrapolated to protein
persulfides where the active site environments modulate the
acidity and tune the reactivity.

Experimental procedures
Reagents, solutions, and buffer systems

Stocks of cystine and homocystine (Sigma) were dissolved in
0.1 M NaOH and used immediately. Solutions of cystamine
(Fluka), hydroxyethyl disulfide (Aldrich), and cystine dimethyl
ester (Aldrich) were prepared in 0.1 M sodium phosphate with
0.1 mM diethylenetriamine pentaacetic acid (DTPA, Acros).
Stocks of H,S were prepared from the crystals of Na,S-9H,O
(Carlo Erba or Sigma) stored under argon in a desiccator; they
were washed with distilled water and dissolved in ultrapure
water the day of the experiment. Concentrated stocks of mBrB
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(Sigma) were prepared in acetonitrile (AppliChem); dilutions
were freshly prepared in buffer and quantified by absorbance
at 396 nm (g306 = 5300 M~ ecm™) (60). Stocks of 10% 1,2-
diheptanoyl-sn-glycero-3-phosphocholine (DHPC, Avanti Po-
lar Lipids) were prepared in 10 mM potassium phosphate
buffer, pH 6.8. Solutions of sodium sulfite (Sigma), sodium
thiosulfate (Amresco), and potassium cyanide (Sigma or Bio-
pack) were freshly prepared in ultrapure water. For TST ac-
tivity assays, thiosulfate and cyanide were prepared in the assay
buffer. Potassium thiocyanate (Fluka) standards were prepared
in buffer.

Different three-component buffers with constant ionic
strength (I = 0.15 M) and variable pH were used, depending on
the experiment (61). The acetic/MES/Tris buffer 1x contained
15 mM acetic acid (Dorwil), 15 mM MES (AppliChem or
Sigma), 30 mM Tris (AppliChem), 120 mM NaCl (Fluka or
Sigma), 0.1 mM DTPA and varying amounts of HCl or NaOH
to adjust the pH in the 3.65 to 8.75 range. The MES/Tris/
ethanolamine buffer 1x consisted of 20 mM MES, 10.4 mM
Tris, 10.4 mM ethanolamine (Sigma), 43 mM sodium sulfate
(Sigma), 0.1 mM DTPA, and varying amounts of H,SO, or
NaOH to adjust the pH in a range of 5.65 to 9.93. The ACES/
Tris/ethanolamine buffer 1x contained 30 mM ACES (Appli-
Chem), 15.6 mM Tris, 15.6 mM ethanolamine, 120 mM NacCl,
0.1 mM DTPA, and varying amounts of HCl or NaOH to
adjust the pH in the 5.60 to 10.38 range.

pK, determination of LMW persulfides by the pH-dependence
of the reactivities with mBrB

The pK, values of CysSSH, HcySSH, CystSSH, p-MESSH,
and CysOMeSSH were determined by the pH-dependence of
the reaction rates with mBrB, as previously described for
GSSH (13).

Persulfide-containing mixtures were prepared by pre-
incubation of the corresponding symmetrical LMW disulfides
with substoichiometric amounts of H,S for 30 to 60 min at
room temperature in sodium phosphate buffer (0.1 M, pH 7.4,
0.1 mM DTPA) (13). Specifically, 3 mM cystine, 5 mM
homocystine, 3 mM cystamine, 40 mM hydroxyethyl disulfide,
or 2 mM cystine dimethyl ester were mixed with 0.6, 1, 0.6, 8,
and 0.4 mM H,S, to form mixtures containing CysSSH,
HcySSH, CystSSH, B-MESSH, and CysOMeSSH, respectively.
The disulfides were chosen based on their commercial avail-
ability and on the considerable variations in the pK, of the
corresponding thiols (16). The concentrations of the disulfides
and H,S in each case were chosen according to the rate con-
stant of each reaction (5). The formation of persulfides in the
mixtures of disulfides and H,S was previously characterized by
high performance LC-MS of the reaction products of gluta-
thione disulfide and H,S (13).

The kinetics of the reactions of LMW persulfides with mBrB
were followed in a stopped-flow spectrofluorimeter (Applied
Photophysics SX20) with symmetrical mixing under pseudo-
first-order conditions with mBrB in excess. One of the
stopped-flow syringes contained a 50-fold dilution of the
persulfide-containing mixtures (2—-6 uM) in ultrapure water,
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while the other one contained mBrB (100-340 pM) prepared
in acetic/MES/Tris buffer 2x with varying pH. The final con-
centrations were halved by the stopped-flow mixing. The
fluorescence (A\ex = 396 nm, emission cut-off 435 nm) of the
products was recorded at 25 °C. The final pH values of the
reaction mixtures were measured. The data were analyzed with
OriginPro 2021.

SQOR activity assays

Human SQOR was expressed and purified as reported
previously (24, 25). SQOR concentration was determined from
the FAD absorbance at 450 nm, using € = 11,500 M' cm™
(25). Daily stocks of 0.4 uM SQOR were prepared in 50 mM
Tris buffer with 100 mM sulfate and 0.03% DHPC, pH 8.0.

The activity of SQOR was measured at different pHs in a
temperature-controlled spectrophotometer (Shimadzu UV-
2600 or UV-1900i). The steady-state rate of reduction of
CoQ); (Sigma-Aldrich or Cayman Chemical) was followed at
278 nm (e = 12,000 M~ cm™ (25)) in MES/Tris/ethanolamine
buffer with pH in the 5.65 to 9.93 range at 25 °C.

In experiments with sulfite as the sulfur acceptor, the re-
actions contained the corresponding buffer with 69 uM CoQ,
0.03% DHPC, 0.06 mg/ml BSA, 150 uM H,S, 1 nM SQOR, and
varying concentrations of sulfite (0.01-8 mM), in a total vol-
ume of 1.2 ml with minimum headspace. The reactions were
initiated by the addition of SQOR. The cuvette was capped
during the experiment to avoid H,S leakage. At the end of each
experiment, the final pH values of the reaction mixtures were
measured. The steady-state rates were calculated from the
linear fits after SQOR was added; the small slopes before
addition of SQOR were subtracted.

Experiments with cyanide as the sulfur acceptor were car-
ried out similarly, but using 90 uM cyanide instead of sulfite
and 50 nM SQOR. Reactions were started with cyanide instead
of enzyme.

To ensure that CoQ; and H,S were saturating at all pH
values, the activity of SQOR at the extreme pH values was
measured using 0.8 or 4 mM sulfite and 1 or 2 nM SQOR and
compared to the activity with higher concentrations of either
H,S (300 uM) or CoQ; (108 uM). To control for the lack of
irreversible inactivation at the extreme pHs, 6 nM SQOR was
preincubated for 20 to 40 s in MES/Tris/ethanolamine buffer
at pH 5.65, 7.25, or 9.43 with 0.03% DHPC in a total volume of
200 pl. Then, the activity was measured as in a typical assay but
using the preincubated enzyme and 0.8 mM sulfite in 82 mM
Tris buffer with 82 mM sulfate, pH 7.4 (final concentrations).

Experiments in the presence of chloride were performed as
in the regular assay with sulfite as the sulfur acceptor but in the
acetic/MES/Tris buffer (pH 7.17), which contained 120 mM
NaCl instead of sulfate.

TST activity assays

Human TST was expressed and purified as described pre-
viously (24). The concentration was estimated using an ab-
sorption coefficient calculated from the amino acid sequence
(080 = 53,400 M1 cm™) (62).
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The activity of TST was measured at different pH values
and 25 °C by the steady-state rate of thiocyanate formation.
The enzyme (5-100 nM) was reacted with 300 mM thio-
sulfate and 300 pM cyanide in ACES/Tris/ethanolamine
buffer in a pH range of 7.03 to 10.12. After 30 to 90 s, the
reactions were stopped by removing 305 ul aliquots and
mixing them with 20 ul of 38% formaldehyde (Biopack) and
25 pl of 140 mM FeCl;-6H,O (Sigma-Aldrich) diluted in
32.5% HNOj3 (Dorwil). Absorbances at 460 nm (Varian Cary
60, Agilent) were recorded immediately and interpolated
into a 0 to 30 uM thiocyanate calibration curve. The thio-
cyanate standards were prepared daily in ACES/Tris/etha-
nolamine buffer, pH 7.8, and underwent the same
procedures as the samples (1).

To ensure that the thiosulfate concentration was saturating
and that the cyanide concentration was below the K",
TST activity was measured at the most acidic and alkaline pHs
tested, using 400 mM thiosulfate and 300 pM cyanide or
300 mM thiosulfate and 150 uM cyanide, at pH 7.1 and 9.7. To
control for the lack of irreversible inactivation, 5 nM TST was
incubated with 300 mM thiosulfate and 300 pM cyanide at pH
7.1, in a total volume of 1.39 ml. After 220 s, 5 pl of 5 M NaOH
were added, changing the pH to 8.5. The concentrations of
thiocyanate produced at 252 and 310 s were measured as
described.

Stopped-flow kinetics of TST reactions

The pH-dependency of the reaction rates of TST persulfide
with sulfur acceptors and of TST thiol with thiosulfate were
studied by following changes in the intrinsic fluorescence
(Aex = 295 nm, US 360 nm bandpass filter) in the stopped-flow
spectrofluorimeter.

To prepare persulfidated TST, stocks (~ 20 uM) were
incubated with ~ 150 puM thiosulfate for 15 min at room
temperature. The remaining thiosulfate and the formed
sulfite were removed with a PD MidiTrap G-25 column
(Cytiva) equilibrated with 10 mM Tris buffer, pH 8.5. The
persulfidated TST was diluted in ultrapure water in one of
the stopped-flow syringes (1.6-2.0 uM, ~ 2 mM Tris) and
mixed with sulfite (30 and 150 uM) or cyanide (50 and
200 pM) prepared in the other syringe in ACES/Tris/etha-
nolamine buffer 2x in a pH range of 5.60 to 10.38, at 25 °C.
The final concentrations were halved as a consequence of
the stopped-flow mixing. The increase in intrinsic fluores-
cence due to thiol formation was recorded during 0.025 to
10 s depending on the time course. The final pH of the
reaction mixtures was measured.

To prepare TST thiol, ~ 100 uM thiosulfate was added to
TST stocks (~ 20 uM) at room temperature. After 15 min, ~
200 pM cyanide was added and left to react for 10 min. The
remaining LMW compounds were removed with a PD Midi-
Trap G-25 column equilibrated with 10 mM Tris buffer, pH
8.5. The TST thiol was diluted in ultrapure water (1.8-2.0 M)
in one of the stopped-flow syringes and reacted with thiosul-
fate (400 uM) prepared in the other syringe in either acetic/
MES/Tris buffer 2x (pH 3.68-8.75) or in ACES/Tris/
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ethanolamine buffer 2x (pH 6.68—10.34), at 25 °C. The final
concentrations were halved as a result of the symmetrical
stopped-flow mixing. The decrease in the intrinsic fluores-
cence caused by persulfide formation was recorded during 0.8
to 200 s depending on the time course, and the final pH was
measured.

Data availability

All data are contained within the manuscript and in the
supporting information.
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