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Background: Two polymorphic variants of rhodanese involved in mitochondrial H,S oxidation have been described.
Results: The variants exhibit higher thermal stability and differences in sulfur transfer kinetics from wild-type enzyme.
Conclusion: All three rhodanese preferentially catalyze sulfur transfer from GSSH to sulfite to form thiosulfate.
Significance: Differences between the rhodanese variants might be pertinent to disease susceptibility.

Rhodanese is a component of the mitochondrial H,S oxida-
tion pathway. Rhodanese catalyzes the transfer of sulfane sulfur
from glutathione persulfide (GSSH) to sulfite generating thio-
sulfate and from thiosulfate to cyanide generating thiocyanate.
Two polymorphic variations have been identified in the rhoda-
nese coding sequence in the French Caucasian population. The
first, 306A— C, has an allelic frequency of 1% and results in an
E102D substitution in the encoded protein. The second poly-
morphism, 853C— G, has an allelic frequency of 5% and leads to
a P285A substitution. In this study, we have examined differ-
ences in the stability between wild-type rhodanese and the
E102D and P285A variants and in the kinetics of the sulfur
transfer reactions. The Asp-102 and Ala-285 variants are more
stable than wild-type rhodanese and exhibit k,,/K,, cn values
that are 17- and 1.6-fold higher, respectively. All three rhoda-
nese forms preferentially catalyze sulfur transfer from GSSH to
sulfite, generating thiosulfate and glutathione. The k_,,/K,,, cuiite
values for the variants in the sulfur transfer reaction from GSSH
to sulfite were 1.6- (Asp-102) and 4-fold (Ala-285) lower than for
wild-type rhodanese, whereas the k_,/K,,, gssy; values were sim-
ilar for all three enzymes. Thiosulfate-dependent H,S produc-
tion in murine liver lysate is low, consistent with a role for rho-
danese in sulfide oxidation. Our studies show that polymorphic
variations that are distant from the active site differentially
modulate the sulfurtransferase activity of human rhodanese to
cyanide versus sulfite and might be important in differences in
susceptibility to diseases where rhodanese dysfunction has been
implicated, e.g. inflammatory bowel diseases.

Members of the sulfurtransferase superfamily are widely dis-
tributed in all three kingdoms of life and are characterized by
the presence of a tertiary structure module, the rhodanese
domain. The latter can be present singly, in tandem repeats, or
fused to other protein modules (1, 2). Rhodanese is perhaps the
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most extensively characterized sulfurtransferase and initially
was described as a thiosulfate:cyanide sulfurtransferase (3).
Bovine rhodanese, for which a crystal structure is available (4,
5), has a tandem repeat of two globular rhodanese domains
each ~120 amino acids in length connected by a long linker
region (Fig. 1, A and B). Each rhodanese domain has an «/f3
topology with a-helices surrounding a central five-stranded
B-sheet. The active site is walled in by residues from both
domains and resides in the interdomain cleft (6). The cata-
lytically active cysteine residue, Cys-247, is embedded in a
CRXGX(R/T) sequence motif in the C-terminal domain, in
which X represents any amino acid, and the parentheses denote
alternate residues. The sequence of the conserved active site
loop distinguishes rhodanese from other sulfurtransferase fam-
ily members (1, 2).

The sulfurtransferase activity of rhodanese proceeds via two
half-reactions (Fig. 1, C-E). In the first, the sulfane sulfur is
transferred from the substrate to the active site cysteine to form
a persulfide intermediate. In the second half-reaction, a thio-
philic acceptor attacks the enzyme-bound persulfide interme-
diate forming product and regenerating the resting form of the
enzyme (7, 8). Historically, the biological importance of rhoda-
nese was ascribed to cyanide detoxification via transfer of the
sulfane sulfur from thiosulfate to cyanide to generate thiocya-
nate and sulfite (Fig. 1C). This reaction explains the rationale
for utilizing thiosulfate as an antidote against cyanide poison-
ing. An alternate role for rhodanese in physiology is, however,
indicated by the high K, for cyanide, which is toxic, and the fact
that dietary sources of cyanide are largely restricted to certain
seeds or plants that contain cyanogenic glycosides. Environ-
mentally, elevated cyanide is associated with tobacco smoke (9)
and pyrolysis of nitrile polymers or plastic.

More recently, the role of rhodanese in the mitochondrial
sulfide oxidation pathway has been recognized, where it cata-
lyzes the transfer of sulfane sulfur from glutathione persulfide
(GSSH)? to sulfite to form thiosulfate (Fig. 1D) (10, 11). It has
also been proposed that the role of rhodanese or another thiol
sulfurtransferase in the mitochondrial sulfide oxidation path-
way is to utilize thiosulfate, forming GSSH instead (Fig. 1E) (12,
13). However, the efficiency of thiosulfate production by wild-
type rhodanese is much greater than that for thiosulfate utili-

3 The abbreviation used is: GSSH, glutathione persulfide.
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FIGURE 1. Structure and reactions catalyzed by rhodanese. A and B, crystal
structure of bovine rhodanese (Protein Data Bank code 1BOH). The N- and
C-terminal domains are in orange and green, respectively, whereas the inter-
domain loop is in navy blue. The active site cysteine, Cys-247, and the poly-
morphic loci, Asp-102 and Pro-285, are shown in sphere representation. C-E,
representative reactions catalyzed by rhodanese. In Cand E, thiosulfate is the
sulfane sulfur donor, whereas in D, GSSH is the sulfur donor. In each case, an
enzyme-bound persulfide intermediate (E-SSH) is formed. Cyanide, sulfite,
and GSH are the sulfur acceptors in C-E, respectively.

zation (11). Kinetic data combined with simulations at physio-
logically relevant substrate concentrations have established
that the first enzyme in the mitochondrial sulfide oxidation
pathway, sulfide quinone oxidoreductase, predominantly cata-
lyzes the synthesis of GSSH, which is a substrate for rhodanese
(11). Rhodanese is abundant in liver and kidney (14) and also in
colon, where it is important in the detoxification of H,S pro-
duced by sulfate-reducing microbiota (15).

The TST gene encoding human rhodanese is located on
chromosome 22 (16), and two single nucleotide polymor-
phisms, ¢.306 A—C and c.853C— G leading to amino acid sub-
stitutions, E102D and P285A, have been reported (17). The
allelic frequencies for the single nucleotide polymorphisms in
the French Caucasian population are 1% (E102D) and 5%
(P285A), respectively. The variant residues are located on loops
in the N- and C-terminal domains and are ~19 and 17 A away
from the active site of rhodanese (Fig. 1, A and B). Kinetic anal-
ysis of the heterologously expressed human rhodanese variants
in yeast revealed a 2-fold lower k,,/K,,niosulfate) Value for the
P285A variant, whereas the E102D variant was indistinguish-
able from wild-type rhodanese in the thiosulfate:cyanide sul-
furtransferase assay (17). However, possible differences in
protein expression were not taken into account in this study.
Glu-102 resides at the lip of a cavity leading to the active site
cysteine and could, in principle, influence substrate access
and binding (Fig. 1B). In contrast, the role of the distant and
solvent-exposed Pro-285 on enzyme activity is more difficult
to rationalize.

Changes in sulfide metabolism have been reported in ulceri-
tive colitis (18), whereas changes in cyanide metabolism have
been seen in motor neuron disease (19). The contribution, if
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any, of single nucleotide polymorphisms in rhodanese to dis-
ease susceptibility remains to be determined. For these reasons,
we have evaluated the effects of the E102D and P285A polymor-
phic variants on protein stability and on the kinetic parameters
in sulfurtransferase assays in the context of cyanide detoxifica-
tion and the mitochondrial sulfide oxidation pathway. Our
results suggest a significant increase in protein stability in
the two polymorphic variants and differential effects on the
catalytic efficiency of the sulfurtransferase activities. Like
wild-type rhodanese, the preferred reaction catalyzed by the
polymorphic variants is the production rather than con-
sumption of thiosulfate. The E102D variant is significantly
more efficient than wild-type or P285A rhodanese in con-
verting cyanide to thiocyanate.

Experimental Procedures
Materials

Sodium sulfite, sodium thiosulfate, L-cysteine, pL-homocys-
teine, and GSH were purchased from Sigma-Aldrich. Mono-
bromobimane (FluoroPure grade) was purchased from Life
Technologies.

Expression and Purification of Rhodanese Polymorphic
Variants

The polymorphic variants were generated by site-directed
mutagenesis using a QuikChange kit (Stratagene) using as tem-
plate the wild-type human rhodanese expression construct, which
has been described previously (11). The following primers were
used: E102D, 5'-GTTGTCTATGATGGCGACCATCTGGGT-
TCT-3'; and P285A, 5'-CGCCGTGCCCCGGCGGAATCCC-
GTGTCAGC-3'. The mutagenic codons are underlined, and
the reverse sequences were utilized in the 3’ — 5’ direction.
The rhodanese variants were expressed in Escherichia coli and
purified as described previously (11) with the following modifi-
cations. The protein eluted from the nickel-nitrilotriacetic aci-
d-agarose column, were concentrated to 15-20 ml and dialyzed
for 3 h and then overnight against 4 liters of 50 mm Tris buffer,
pH 7.0. The dialyzed protein was loaded on to a 20-ml SP Seph-
arose High Performance cation exchange column (GE Heathc-
are), pre-equilibrated with 50 mm Tris buffer, pH 7.0. The pro-
teins were eluted with 200 ml of the equilibration buffer with a
linear gradient ranging from 0 to 1 M KCL. Fractions containing
rhodanese were identified by SDS-PAGE analysis, pooled, con-
centrated, and applied to a HiLoad 16/60 Superdex 200 gel fil-
tration column (GE Healthcare). The column was eluted with
100 mm HEPES, pH 7.4, containing 150 mm NaCl. Rhodanese-
containing fractions were pooled, concentrated, and stored at
—80 °C until use. Protein concentration was determined using
the Bradford reagent (Bio-Rad) with bovine serum albumin as a
standard.

Thermal Denaturation Assays

Thermal denaturation was followed by protein turbidity mea-
surement at 600 nm. Briefly, a cuvette containing 200 ul of 0.5
mg/ml wild-type, E102D, or P285A rhodanese in 100 mm
HEPES, pH 7.4, containing 150 mm NaCl, was placed in a tem-
perature-controlled cuvette holder in a Cary 100 Bio UV-visible
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spectrophotometer equipped with a temperature-controlled
water bath. The temperature was increased in 5 °C increments
from 20 to 65 °C, and the sample was allowed to equilibrate for
5 min before recording protein turbidity.

Rhodanese Activity Assays

The activity of rhodanese was measured in the following
assays.

Thiosulfate:Cyanide Sulfurtransferase Assay—The ability to
detoxify cyanide was assayed using the method described (20).
The reaction mixture contained cyanide (1-300 mMm) and thio-
sulfate (1-300 mwm) in 0.25 ml of 300 mm HEPES buffer, pH 7.4,
containing 150 mMm NaCl at 25 °C. The reaction was initiated by
the addition of 0.5 ug of wild-type rhodanese or 0.1 ug of
E102D and P285A variants. The reactions were incubated at
room temperature for 5 min and terminated by adding 0.25 ml
of 15% (w/v) formaldehyde. The reaction mixture was centri-
fuged for 5 min at 10,000 X g to remove protein. To the super-
natant, 0.5 ml of ferric nitrate solution was added. The reaction
of thiocyanate with ferric ion produces ferric thiocyanate,
which is measured colorimetrically at 460 nm. Control reac-
tions containing the same concentrations of cyanide and thio-
sulfate used in each reaction, but lacking rhodanese, were run in
parallel. A calibration curve was generated using standard thio-
cyanate samples ranging from 0.1-5 pwmol. One unit of enzyme
activity catalyzed the formation of 1 wmol of thiocyanate min ™"
at 25 °C.

H,S Production in the Thiosulfate:Thiol Sulfurtransferase
Reaction—Formation of H,S was measured in a turbidometric
lead acetate assay as described previously (11). Briefly, the reac-
tion mixture containing thiosulfate (0.1-20 mm) as sulfur
donor and either 50 mm GSH or 50 mM L-cysteine or 50 mm
L-homocysteine and 0.4 mM lead acetate in 300 mm HEPES, pH
7.4, and 150 mm NaCl in a final volume of 1 ml was preincu-
bated at 37 °C for 4 min. The reaction was started by the addi-
tion of 10 ug of rhodanese. The K|, values for GSH, L-cysteine,
and L-homocysteine were determined in the presence of 3 mm
sodium thiosulfate, and the K, for sodium thiosulfate was
determined in the presence of 50 mm GSH, cysteine, or homo-
cysteine. A molar extinction coefficient of 5,500 M~ ' cm ™! at
390 nm was used to calculate the lead sulfide concentration.

GSSH:Sulfite Sulfurtransferase Assay—The rate of thiosul-
fate formation was determined in the presence of sulfite and
GSSH using an HPLC assay as described (11). Briefly, the reac-
tion mixture contained in a final volume of 200 wl, sulfite (0.1-1
mwm), and GSSH (0.1-2 mm) and 1 ug of rhodanese in 100 mm
HEPES, pH 7.4, and 150 mm NaCl. The reactions were incu-
bated for 5 min at 25 °C. Monobromobimane was added to a
final concentration of 1 mMm and incubated in the dark for 10
min at room temperature. The samples were then acidified with
100 pl of 0.2 mm sodium citrate, pH 2.0. The derivatized sam-
ples were centrifuged at 10,000 X g for 10 min at 4 °C, and 50 ul
of the supernatants were injected onto a C8 reverse phase
HPLC column (4.6 X 150 cm, 3 wm packing; Phenomenex),
pre-equilibrated with 80% solvent A (10% methanol and 2.5%
acetic acid) and 20% solvent B (90% of methanol and 0.25%
acetic acid). A control reaction lacking rhodanese was prepared
in parallel. The bimane adducts were detected by fluorescence
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excitation at 340 nm and emission at 450 nm. The concentra-
tion of GSSH was fixed at 2 mm to determine the K, for sulfite.
The concentration of sulfite was fixed at 1 mm to determine the
K, for GSSH.

Estimation of Rhodanese Levels in Murine Liver

Livers from 7—-10-week-old male Balb/c mice (The Jackson
Laboratory, Bar Harbor, ME) were homogenized in lysis buffer
(100 mm HEPES, pH 7.4, 25 mm KCIl, 0.5% Nonidet P40, 20
png/ml phenylmethylsulfonyl fluoride, 25 ug/ml tosyl-L-lysyl-
chloromethane hydrochloride, 1% protease inhibitor mixture
(Sigma)). The homogenate was incubated on ice for 10 min and
centrifuged at 13,000 X g for 10 min at 4 °C. The supernatant
was collected, and the protein concentration was determined
using the Bradford assay. Varying amounts of tissue homoge-
nate along with known amounts of purified recombinant
human rhodanese were separated by 12% SDS-PAGE and
transferred to polyvinylidene fluoride membranes. Monoclonal
anti-rhodanese antibody (Proteintech Group Inc.; 1:40,000
dilution) was used for detection, and signals were quantified
using Image] software. The amount of rhodanese in the liver
samples was quantified using a calibration curve generated
using purified recombinant rhodanese.

Thiosulfate-dependent H,S Production by Murine Liver Lysate

Production of persulfide products by rhodanese in the thio-
sulfate:thiol sulfurtransferase reaction, leads to H,S produc-
tion. Hence, we assessed thiosulfate-dependent H,S generation
in liver tissue by a gas chromatography-based method
described previously (21). Briefly, the reactions were performed
at 37 °Cin 25-ml polypropylene syringes with a three-way stop-
cock in HEPES buffer, pH 7.4, containing 10 mM GSH and 1 mm
thiosulfate in a final volume of 0.5 ml. Control reactions in
which liver lysate was omitted were run in parallel. The samples
were made anaerobic by flushing the syringe with nitrogen and
then sealed using a small sleeve stopper septum. After 20 min,
0.2-ml aliquots were collected from the headspace using a gas
tight syringe and injected into an HP 6890 gas chromatography
column. The concentration of H,S were estimated using a cal-
ibration curve as described previously (21). Specific activity is
expressed as nmol of H,S formed per gram of tissue min~" at
37 °C.

Results

Purification and Stability of Rhodanese—Wild-type and var-
iant human rhodanese were expressed in E. coli and purified as
described previously (11). E102D and P285A rhodanese were
obtained in >90% purity as assessed by SDS-PAGE analysis
(Fig. 2A). Based on size exclusion chromatography, the molec-
ular mass of the two variants was estimated to be ~33 kDa,
consistent with them being monomers in solution like wild-
type rhodanese.

During purification, the E102D and P285A variants were
observed to be more stable as evidenced by lower precipitation
during protein concentration, which resulted in higher yields.
Thermal denaturation profiles confirmed that the E102D and
P285A variants are indeed more stable with 7' values of47.3 *
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FIGURE 2. Purity and stabilities of the rhodanese variants. A, SDS-PAGE
analysis of E102D (lane 1) and P285A (lane 2) variants of human rhodanese.
The molecular mass markers are shown in the lane labeled M. B, thermal
melting curves for wild-type rhodanese (circles), E102D (squares), and P285A
(triangles) were monitored by turbidometric analysis at 600 nm of protein
solutions (0.5 mg/ml)in 100 mm HEPES, pH 7.4, containing 150 mm NaCl buffer
as described under “Experimental Procedures.” The data are representative of
three independent experiments.

0.2°C (E102D) and 44.4 = 0.3°C (P285A) compared with
40.8 = 0.2 °C for wild-type rhodanese (Fig. 2B).
Thiosulfate:Cyanide Sulfurtransferase Activity of Rhodanese
Variants—The activity of the rhodanese variants in sulfur
transfer from thiosulfate to cyanide (Fig. 1C) was compared
with wild-type enzyme. The specific activity of wild-type
human rhodanese in the presence of cyanide and thiosulfate
was 1636 = 44 pmol min~' mg~' protein at 25 °C. The K,
values for cyanide and thiosulfate were 29 * 4 and 39.5 £ 2.5
mu, respectively (Fig. 3 and Table 1). By comparison, the
E102D and P285A variants exhibited 4- and 2.7-fold higher spe-
cific activities. The K, for cyanide was lower for the E102D
variant (7.0 = 0.5 mm) but higher for the P285A (51 * 3 mm)
variant. The K, for thiosulfate was higher for E102D (88.7 =
11.6 mMm) but lower for P285A (24 = 3 mm) rhodanese com-
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pared with wild-type enzyme (Table 1). Overall, the catalytic
efficiency (k,/K,,,«cn;) in the cyanide detoxification assay was
17- and 1.6-fold higher for the E102D and P285A variants,
respectively, compared with wild-type rhodanese.

GSSH:Sulfite Sulfurtransferase Activity of Rhodanese—The
activity of the polymorphic variants was compared with wild-
type rhodanese in the sulfur transfer reaction from GSSH to
sulfite (Fig. 1D) (11). The K, for sulfite was 2.8- (E102D) and
4.7-fold (P285A) higher than for wild-type rhodanese, whereas
the K, for GSSH was 1.8-fold higher for the E102D variant but
comparable to that for wild-type enzyme for the P285A variant
(Fig. 4 and Table 2).

Thiosulfate: Thiol Sulfurtransferase Activity of Rhodanese—
Next, we compared the efficiency of the rhodanese variants in
utilizing thiosulfate as a sulfur donor (Fig. 1E) in the presence of
the thiol acceptors, glutathione, L-cysteine, and L-homocys-
teine (Figs. 5 and 6). Like wild-type rhodanese, the variants
exhibited marked substrate inhibition at concentrations >2-3
mM thiosulfate (Fig. 6). For this reason, the dependence of the
reaction velocity at varying thiol concentrations was assessed at
3 mMm thiosulfate. Overall, the kinetic parameters for the two
variants were very similar and comparable to that for wild-type
rhodanese (Table 2). Because of the high K, values for cysteine
and homocysteine compared with their cellular concentrations
(11), these thiols are unlikely to be significant acceptors in the
rhodanese reaction. On the other hand, intracellular glutathi-
one concentrations can vary from 1 to 10 mm depending on the
cell type, and therefore, it is likely to be a physiologically rele-
vant acceptor (11). Based on a comparison of the k_,/K,,, uisite)
versus k /K, asmy values, the variants exhibited a 140,000-fold
(E102D) and 50,000-fold (P285A) preference for sulfite versus
glutathione as an acceptor (Table 2). Hence, like wild-type rho-
danese, the variants show a marked preference for thiosulfate
synthesis from GSSH and sulfite.

Thiosulfate-dependent H,S Production by Liver Lysate—
Based on semiquantitative Western blot analysis, the amount of
rhodanese in murine liver was estimated to be ~1.8 = 0.3 ug
mg~ ' protein (Fig. 7). By comparison, our estimates of the
transsulfuration enzymes in murine liver were 0.13 * 0.03 ug
mg ™' protein for cystathionine -synthase and 8.0 = 0.4 ug
mg~' protein for <y-cystathionase (22). The capacity for
thiosulfate-dependent H,S production by liver homogenate in
the presence of 1 mM thiosulfate and 10 mm GSH was estimated
tobe ~10.7 = 1.3 nmol of H,S formed min ' g tissue " at 37 °C
and pH 7.4. By comparison, the capacity for (cysteine +
homocysteine)-dependent H,S production by murine liver,
representing the combined contributions of cystathionine
B-synthase and y-cystathionase, was reported to be 1.2 umol
min "' gtissue ' (22), which is >100-fold higher than H,S pro-
duction from thiosulfate in the presence of GSH.

Discussion

Opver the years, many functions have been ascribed to rhod-
anese including roles in iron-sulfur cluster biogenesis (23),
modulation of mitochondrial respiratory activity (24), and cya-
nide detoxification (7). In E. coli, rhodanese is subject to catab-
olite repression and, based on expression studies, was con-
cluded to play a role in aerobic energy metabolism (25). More
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FIGURE 3. Kinetic analysis of the thiosulfate:cyanide sulfurtransferase reaction catalyzed by rhodanese and its polymorphic variants. A, C, and E,
dependence of the reaction velocity on cyanide concentration in the presence of 100 mm thiosulfate (A, wild type; C, E102D; and E, P285A rhodanese). B, D, and
F, dependence of the reaction velocity on thiosulfate concentration in the presence of saturating (100 mm) cyanide (B, wild type; D, E102D; and F, P285A
rhodanese). The reaction conditions are described under “Experimental Procedures,” and the data are representative of three independent experiments.

TABLE 1
Comparison of kinetic parameters for the cyanide detoxification activity of the rhodanese variants
Rhodanese K,,crs) K, max Keat keat/ Kouirs) keat! K,icony
mm mm wmol min~ ! mg™* 57! mts™! uts™!
Wild-type 395£25 29 =4 1636 = 44 910 23 X 10° 31 X 10°
E102D 88.7 = 11.6 70+05 6762 = 59 3736 42 X 10° 534 X 103
P285A 24+ 3 51 *+3 4412 * 81 2437 101 X 10° 48 X 10°

a i

max

was estimated from graphs in which the concentration of cyanide was varied. The V,,, estimates obtained from graphs in which the concentration of thiosulfate was

varied are: wild-type (1846 + 49 pumol min~ ' mg ™, k., = 1020 s~ 1), E102D (7287 * 59 umol min~ ' mg !, k., = 4026 5~ '), and P285A (4204 = 92 pmol min ' mg ™%,

k,

ear = 2322571,

recently, a role for rhodanese in the mitochondrial sulfide oxi-
dation pathway has been established where it catalyzes the con-
version of GSSH and sulfite to thiosulfate (10, 11). H,S levels are
high in the lumen of the colon, where it is a product of com-
mensal sulfate reducing bacteria (26). Colonic rhodanese levels
and activity are down-regulated in colitis (27), and dysregula-
tion of H,S homeostasis at the host-microbe interface could be
important in the etiology of inflammatory bowel disease and
colorectal cancer (18, 27-30). Identification of single nucleo-
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tide polymorphisms correlated with disease resistance or sus-
ceptibility is an area of intense current interest. In light of the
possible correlations between rhodanese activity and disease
susceptibility, it is important to understand possible differences
in the stability and kinetics of the rhodanese polymorphic vari-
ants (17).

The polymorphic variations in rhodanese are located at sur-
face-exposed residues, and both are correlated with signifi-
cantly higher thermal stability compared with the wild-type
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“Experimental Procedures,” and the data are representative of three independent experiments.

TABLE 2

Comparison of kinetic parameters for the sulfur transferase activities of rhodanese variants

Rhodanese Donor Acc K, bonor K, A" Vi Koo n keat/ K., bonor Keat K,y ace
mm mm wmol min~ 1 mg ™! st M st Mgt
Wild-type® GSSH SO2~ 0.450 = 0.004 0.06 £ 0.01 609 *+ 25 389 0.86 X 10° 6.5 X 10°
S,03~ Cys 0.35 = 0.06 20.0 £ 0.5 13.0 £ 0.3 7.4 2.3+ 0.1 21 X 10° 0.37 X 10°
S,05” Hcy 0.3 *0.1 20.5* 1.9 155 £ 0.9 8.7 2.0=*0.1 29 X 10° 0.4 X 10°
S,03~ GSH 0.34 + 0.05 21.0 = 0.4 1.2 £0.02 0.67 23 +0.2 2.0 X 10° 0.03 X 10°
E102D GSSH SO2~ 0.81 = 0.07 0.17 £ 0.02 1302 £ 62 719 0.88 X 10° 4.2 X 10°
S,03” Cys 0.50 + 0.08 16.0 £ 0.7 11.3 £0.3 6.3 2.1*0.1 13 X 10° 0.4 X 10°
S,05~ Hcy 0.46 * 0.04 19+1 13.1 05 7.3 1.8 £0.1 16 X 10° 0.4 X 10°
S,03~ GSH 0.56 = 0.06 18.0 £ 0.8 1.10 = 0.03 0.61 2.1+0.2 1.1 X 10° 0.03 X 10°
P285A GSSH SO%~ 0.43 = 0.04 0.28 £ 0.03 746 * 35 412 0.96 X 10° 1.5 X 10°
S,03” Cys 0.5+ 0.2 19+1 11.2 = 0.4 6.2 19 £0.1 12 X 10° 0.3 X 10°
S,03 Hcy 0.46 = 0.03 20+ 2 13.3 09 7.4 22 +0.1 16 X 10° 0.37 X 10°
S,05” GSH 0.52 = 0.06 15.0 £ 0.8 0.93 £ 0.03 0.51 2.3 +0.2 1x10° 0.03 X 10°
“K, ., acc denotes the K, for the sulfane sulfur acceptor.

by,

max

was estimated from data sets in which the acceptor concentration was varied. Hcy is homocysteine.

¢ The values for wild-type rhodanese are from Ref. 11, and 7 is the Hill coefficient. S,03~ and SO3~ denote thiosulfate and sulfite, respectively.

protein (Fig. 2B). Rhodanese is a monomeric enzyme with a
highly hydrophobic interdomain interface. It has served as an
important model for studying bacterial GroEL-GroES chaper-
one-mediated folding of bovine rhodanese (31, 32). However,
the mechanism of refolding human rhodanese following its
relocation into the mitochondrion is not known. In addition to
its role in sulfide oxidation, rhodanese is important in mam-
mals for the mitochondrial import of 5S rRNA where the latter
supports translation (33). The association between 5S rRNA
and rhodanese occurs co-translationally and is followed by
their concerted localization to the mitochondrion. The possible
influence of melting temperatures that vary over an ~6°C
range in the polymorphic variants, on mitochondrial import of
rhodanese, and on 5S rRNA binding is not known.
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The E102D variation resides at the entrance to the active site
(Fig. 1B), and the presence of a shorter aspartate versus gluta-
mate residue increases the K, for thiosulfate and decreases the
K, for cyanide while increasing k_,, ~4-fold in the thiosulfate:
cyanide sulfurtransferase assay (Table 1). The P285A variation
on the other hand is quite remote from the active site, but it
too increases k_,, (~2.7-fold). It exhibits an increased K,
value for cyanide and decreased K, for thiosulfate compared
with wild-type rhodanese. Because the E102D variant is
more efficient than wild-type or P285A rhodanese in cata-
lyzing the thiosulfate:cyanide sulfur transfer reaction, indi-
viduals with the E102D variation might be at an advantage to
detoxify cyanide, which is elevated in smokers and in motor
neuron disease (19).
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FIGURE 5. Kinetic analysis of the thiosulfate:thiol sulfurtransferase reactions catalyzed by the rhodanese polymorphic variants. A-f, dependence of
the reaction velocity of sulfur transfer from 3 mm thiosulfate on varying concentrations of GSH (A and D), cysteine (B and E), or homocysteine (Cand F) for E102D
(A, C,and E) and for P285A (B, D, and F) rhodanese. The reaction conditions are described under “Experimental Procedures,” and the data are representative of

three independent experiments.

Surprisingly, when thiosulfate is used as a sulfane sulfur
donor in combination with thiols versus cyanide as acceptor, a
change in the kinetic behavior of the enzyme is seen. Thus, the
dependence of the reaction velocity on thiosulfate concentra-
tion changes from simple Michaelis-Menten behavior (Fig. 3)
to behavior exhibiting marked substrate inhibition (Fig. 6).
Inhibition by thiosulfate of the human thioltransferase, TSTD1,
and of human rhodanese have been reported, albeit at much
higher concentrations and at alkaline pH values (13, 34).

A second difference in the kinetic behavior of rhodanese is
observed when the concentration of cyanide versus thiols is
varied. In the presence of cyanide as an acceptor, the reaction
exhibits hyperbolic behavior (Fig. 3). In contrast, in the pres-
ence of thiols, sigmoidal kinetics are observed (Fig. 5). Because
thiosulfate is the sulfur donor in both sets of reactions, the
molecular mechanism for the observed difference in kinetic
behavior is unclear. The sigmoidal kinetics is accompanied by a
decrease in the thiosulfate K, value by almost two orders of
magnitude in the presence of thiols versus cyanide. It is possible
that the noncatalytic N-terminal domain of rhodanese houses

SASBMB

SEPTEMBER 25, 2015+ VOLUME 290-NUMBER 39

an allosteric site for thiols explaining both the sigmoidal kinet-
ics and the influence on the thiosulfate K. An earlier steady-
state kinetic analysis of the thiosulfate:cyanide sulfurtrans-
ferase reaction catalyzed by human rhodanese yielded a set of
intersecting lines, suggesting a ping-pong mechanism (34). In
contrast, the initial velocity data for human TSTD1 in the thio-
sulfate:glutathione sulfurtransferase reaction yielded intersect-
ing lines consistent with a ternary mechanism (13). It is possible
that the kinetic mechanism of human rhodanese is influenced
by the nature of the sulfur acceptor, i.e. thiols versus cyanide
(13, 35).

Our kinetic analyses reveal that the polymorphic variants like
wild-type rhodanese catalyze sulfur transfer from GSSH (Fig.
1D) much more efficiently than from thiosulfate (Fig. 1E). This
reaction preference is consistent with the role of rhodanese in
generating thiosulfate in the mitochondrial sulfide oxidation
pathway (Fig. 84) (10, 11). In this scheme, GSSH is produced in
the first step of the sulfide oxidation pathway by sulfide quinone
oxidoreductase and is a substrate for both the persulfide dioxy-
genase and for rhodanese. The k_,/Ky,gssy for rhodanese

cat
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FIGURE 7. Semiquantitative Western blot analysis of rhodanese in murine
liver tissue. Shown is representative Western blot analysis of purified recom-
binant human rhodanese compared with rhodanese present in murine liver
lysate. The lanes contained the indicated amounts of purified human rhoda-
nese or liver extract.
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(~0.9 X 10°M 's™'atpH 7.4 and 25 °C) is ~2-fold higher than
for human persulfide dioxygenase (0.4 X 10° M 's™ ' at pH 7.4
and 22°C) (36). Competition for GSSH between the two
enzymes would be influenced by their relative abundance, as
well as the concentrations of their co-substrates, namely O, (for
the dioxygenase) and sulfite (for rhodanese). Furthermore,
interaction between the persulfide dioxygenase and rhodanese
could increase the effective concentration of sulfite, allowing
this reactive intermediate to channel between the two active
sites. Natural fusions of rhodanese and persulfide dioxygenase
are found in bacteria, suggesting that a functional interaction
between them might exist in other organisms (13, 35, 37).

An alternative model for the mitochondrial sulfide oxidation
pathway has been proposed (12) in which the primary role of
rhodanese is to utilize thiosulfate (Fig. 8B). There are several
significant differences between the two models. Thiosulfate
rather than GSSH is predicted to be the physiological product
of the first step catalyzed by sulfide quinone oxidoreductase.

SASBMB

VOLUME 290-NUMBER 39+-SEPTEMBER 25, 2015



A
SO,
SQR m GSH
H,S —7>—> GSSH 7'7’ SO,
e 02 GSH ess>H<A
Rha SR
B
SQR
H,S —7—> S5,05> GSSH S0,2 =——>S0,%
S{oX

0O, GsH
Rhd

' e

82032'7—-> GSSH
GSH
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scheme. B, an alternative model proposed for the organization of the mito-
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GSSH occurs outside the mitochondrion and is catalyzed by TSTD1. No role
for the mitochondrially localized rhodanese is proposed in this model. SQR,
sulfide quinone oxidoreductase; PDO, persulfide dioxygenase; SO, sulfite oxi-
dase; Rhd, rhodanese. The boxes in A and B denote the mitochondrion.

Hence, to generate GSSH, required for sulfite production by
persulfide dioxygenase, an additional step catalyzed by TSTD1,
a single rhodanese domain thioltransferase was invoked (13).
TSTD1, which is cytoplasmic in location, was shown to convert
thiosulfate to GSSH, at the alkaline pH of 9.0, at which the
reaction kinetics were characterized (13). The drawback of this
model is that it necessitates the intercompartmental crossing of
the highly reactive GSSH intermediate for operation of the sul-
fide oxidation pathway and does not address the role of rhoda-
nese in it. The kinetics of the GSSH:sulfite sulfur transfer reac-
tion by TSTD1 were not examined (13).

Our results are consistent with a role for rhodanese in gen-
erating thiosulfate, which is the major product of sulfide oxida-
tion in colon where rhodanese levels are high. Compared with
wild-type rhodanese, the P285A variant shows a 4-fold lower
catalytic efficiency (k.,/K,,, cuisice)» Whereas the E102D variant is
only marginally less efficient (Table 2). The differences in cata-
Iytic efficiency stem from multiple sources because both K, for
sulfite and k_,, are affected by the polymorphic variations.
Based on the comparison of their k. /K, ;. Values, individ-
uals with the P285A variation might be expected to be more
susceptible to disease under conditions of high H,S flux, for
instance in the colon.

Interestingly, the k_,/K,,, st for rhodanese (1.5-6.5 X 10°
M~ ' s7' at pH 7.4 and 25°C) is comparable to the value
reported for human sulfite oxidase (2.4 X 10° M~ s~ 'at pH 8.0
and 25 °C) (38). However, unlike rhodanese, sulfite oxidase is
present in the mitochondrial intermembrane space (39). The
relative amounts of rhodanese versus sulfite oxidase, the con-
centrations of their co-substrates (O, for sulfite oxidase and
GSSH for rhodanese), and the efficiency of sulfite transport into

SASBMB

SEPTEMBER 25, 2015+ VOLUME 290-NUMBER 39

Polymorphic Variants of Rhodanese

the intermembrane space likely govern utilization of sulfite by
these two enzymes.

Finally, our assay used to monitor sulfur transfer from thio-
sulfate to thiols followed H,S production from the resulting
persulfide product (Reactions 1 and 2), raising the possibility
that rhodanese might be a source of H,S in vivo. If this reaction
were to occur at a significant rate under physiological condi-
tions, rhodanese could contribute to H,S formation rather than
toits clearance, which is another argument against TST-depen-
dent thiosulfate utilization as shown in Fig. 8B.

Thiosulfate + GSH — Sulfite + GSSH
GSSH + GSH — GSSG + H,S
REACTION 1 AND 2

To assess the production of H,S from thiosulfate in liver,
the amount of rhodanese in murine liver was first determined.
The amount of rhodanese is ~14-fold higher than of cystathi-
onine B-synthase and 4-fold lower than of y-cystathionase (22),
the transsulfuration pathway enzymes that generate H,S (40,
41). The capacity of rhodanese in murine liver lysate to produce
H,S from thiosulfate in the presence of GSH was ~1% of the
capacity of cystathionine B-synthase and <y-cystathionase to
produce H,S from cysteine and homocysteine, consistent with
the primary role of rhodanese in H,S clearance (Fig. 84) rather
than H,S production.

Conclusions—In summary, we have shown that the polymor-
phic variants of rhodanese described in the French population
influence the thermal stability and kinetic properties of the
enzyme despite their distal locations from the active site. The
conservative E102D variant is located in the noncatalytic N-ter-
minal domain at the entrance to the active site, and the differ-
ence in a single methylene group in a protein with a molecular
mass of 33 kDa leads to a 6.5 °C increase in thermal stability, an
~2-fold increase in k_,, for the physiologically relevant GSSH:
sulfite sulfur transfer reaction, and an ~4-fold increase in k_,, in
the thiosulfate:cyanide sulfur transfer reaction. The nonconser-
vative P285A variation is located on a flexible loop in the cata-
lytic C-terminal domain, and this substitution also has pleotro-
pic effects, albeit primarily in the thiosulfate:cyanide sulfur
transfer reaction (2.7-fold increase in k,,). In view of the kinetic
and stability differences, correlations, if any, between these
polymorphic variations and rhodanese-related disease suscep-
tibility will be interesting to examine. Our results also demon-
strate that thiosulfate-dependent H,S production by TSTs is
insignificant in murine liver lysate, consistent with the role of
rhodanese in H,S clearance.
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