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SUMMARY: The conditions required to obtain rhodanese inactivation 
in the presence of dithiothreitol indicate the involvement of hydro- 
gen peroxide produced by metal-ion catalyzed oxidation of dithio- 
threitol. Inhibition of dithiothreitol oxidation by a chelating 
agent, or by removal of hydrogen peroxide by catalase prevents the 
enzyme inactivation. The inactivated enzyme contains a disulfide 
bond resulting from the oxidation of the catalytic sulfhydryl group 
and another sulfhydryl group close to it. This disulfide might be 
formed via a sulfenic intermediate. 

Recent studies indicate that rhodanese (thiosulfate:cyanide 

sulfurtransferase EC 2.8.1.1.) is inactivated by DTT (1,Z). Since 

the enzyme contains only reduced sulfhydryl groups and the forma- 

tion of a disulfide bond is not required in the catalytic mecha- 

nism it seems unlikely that an efficient reducing agent would di- 

rectly cause inactivation. However rhodanese as purified is an in- 

termediate enzyme-sulfur complex (3) with substrate sulfur bound 

to a cysteinyl residue at the active site as a persulfide group (4). 

As we have recently shown (2) DTT reduces this persulfide group 

with formation of sulfide and oxidized DTT. The resulting sulfur- 

-free enzyme retains its activity if a sulfur donor which resto- 

res the persulfide group is present; otherwise the enzyme is ra- 

pidly inactivated by excess DTT. The protective effect exerted by 

substrates (2) strongly suggests chemical modification of the es- 

sential sulfhydryl group upon DTT inactivation. On the other hand 

Abbreviations: DTT - dithiothreitol; SDS - sodium dodecyl sulfate; 
EDTA - ethylenediamine tetraacetic acid. 
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DTT at low concentration undergoes a metal-ion catalyzed oxidation 

with formation of superoxide ion which can dismute producing oxy- 

gen and hydrogen peroxide (5). This compound could oxidize one or 

more critical residue at the enzyme active site (6). The purpose 

of this work was to investigate whether the enzyme inactivation 

is due to DTT directly reacting with the enzyme, as suggested by 

Kim and Horowitz (I), or to compounds (like hydrogen peroxide, 

superoxide ion or other radicals) generated during the autoxida- 

tion of DTT. To discriminate between these hypotheses the effect 

of other hydrogen peroxide producing systems on rhodanese has 

been studied. A preliminary report of this study was already pre- 

sented (7). 

MATERIALS AND METHODS: Chemicals were reagent grade mostly from 
Merck. DTT in the reduced form was purchased from Sigma while its 
oxidized form was prepared according to Cleland (8). Beef liver 
catalase and horse-radish peroxidase were from Boehringer. Bovi- 
ne erythrocyte superoxide dismutase was a kind gift from Dr L, 
Calabrese. Rhodanese was purified from beef liver as described 
by Horowitz and De Toma (9). Crystalline rhodanese was dissolved 
in 50 mM Tris-acetate buffer, pH 8.5 and then dyalized overnight 
against the same buffer. The enzyme (20 ,uM) was incubated at 20“ 
with different concentrations of DTT in a final volume of 0.2 ml. 
The molar ratio between enzyme and DTT was from 1:lOO to 1:lOOOO. 
The same experimental procedure was followed when the enzyme was 
directly incubated with hydrogen peroxide, in a molar ratio va- 
ring from I:1 to 1:25, or with 7 mM ascorbate. To eliminate ex- 
cess DTT from the inactivated enzyme the incubation mixture was 
sieved on a column (1x30 cm) of Sephadex G 50 fine equilibrated 
with 50 mM Tris-acetate buffer, pH 8.5. Fractions containing pro- 
tein were collected and then treated with 3000 fold excess of so- 
dium borohydride. After complete destruction of borohydride the 
reaction mixture was analyzed with a 448 AMEL oscillopolarograph 
using a dropping mercury electrode. Other experimental procedures 
were as reported in a previous paper (2). The sulfhydryl content 
of rhodanese before and after inactivation was determined by ti- 
tration with 5,5r-dithiobis(2-nitrobenzoic acid) in the presence 
of 8 M urea essentially as described by Ellman (10). The proce- 
dure for SDS-polyacrylamide gel electrophoresis was as reported 
by Weber and Osborn (11) but using SDS in the sample solution on- 
ly (12). In these conditions rhodanese shows a single band corre- 
sponding to a molecular weight of 35000. 

RESULTS AND DISCUSSION: As previously reported, the treatment of 

rhodanese with DTT at high DTT/enzyme ratios or at very low enzyme 
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Figure 1: Effect of DTT on rhodanese activity. 
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20 ,uM rhodanese was incubated with different DTT concentrations 
in 50 mM Tris-acetate buffer pH 8.5 at 20°C (final volume 0.2 ml). 
At the times indicated 5 ~1 aliquots were withdrawn and assayed 
for activity according to Sorbo (23). 
DTT concentrations:A2 mM, 020 mM, 0100 mM, H200 MI. 

concentration, leads to a complete inactivation (2). In the pre- 

sent work, using even higher DTT/enzyme ratios (i.e. higher than 

loo), less inactivation than expected is observed. Figure 1 shows 

that after 30 min incubation of rhodanese with 2 mM DTT a comple- 

te inactivation is obtained whereas at higher DTT concentration 

only a partial inactivation is achieved. When the concentration 

of DTT is further increased to 200 mM the enzyme retains its full 

activity. Also when the incubation mixtures are deaerated by flu- 

shing nitrogen no inactivation is observed in any experimental 

conditions. No inactivation is obtained with oxidized DTT. Thus 

rhodanese inactivation depends on the simultaneous presence of 

both oxygen and DTT in appropriate concentration. This result is 

particularly interesting in view of the reported metal-ion cata- 

lyzed oxidation of DTT with production of superoxide ion and hy- 

drogen peroxide (5,6). These products might inactivate rhodanese. 

Consistent with this concept is the finding that high concentra- 
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Figure 2: Effect of hydrogen peroxide on rhodanese activity. 
Experimental conditions as reported in Figure 1. 
Open circles: different hydrogen peroxide concentrations; 
solid circles: 500 

F 
hydrogen peroxide i.n the presence of 200 mM DTT. 

Figure 3: Effect of ascorbate on rhodanese activity. 
In a final volume of 0.2 ml 14 p M rhodanese was incubated with 7 mM 
ascorbate and 20 ,uM CuCl in 50 m&l Tris-acetate buffer pH 8.5 at 20' 
in presence (A) or in absence (0) of 0.8 p catalase. At the times 
indicated 5 pl aliquots were taken from the incubation mixture and 
tested for activity. 

tions of DTT are unable to inactivate rhodanese, since in these 

conditions DTT can chelate metal ions essential for the oxida- 

tion. This hypothesis is also supported by the observation that 

90 mM EDTA protects rhodanese against DTT inactivation. It is 

important to note that EDTA has no protective effect when hydro- 

gen peroxide is present nor shows any influence on the rhodanese 

activity. This appears to indicate that metal chelation prevents 

formation of hydrogen peroxide in DTT solutions rather than pro- 

tecting the enzyme against hydrogen peroxide. The involvement of 

hydrogen peroxide in the mechanism of enzyme inactivation by DTT 

is supported by the ability of low concentrations of catalase 

(0.8 ,u-‘M) t 0 prevent it. Peroxidase too, in the presence of an ap- 
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propriate hydrogen donor, exerts a similar protection. The failu- 

re of super-oxide dismutase to protect the enzyme indicates that 

hydrogen peroxide rather than superoxide ion is the oxidizing 

agent responsible for rhodanese inactivation. Similarly the hy- 

droxyl radical scavenger (13) formate (2 mM) does not show any 

effect. Further evidence is obtained by treating enzyme with hy- 

drogen peroxide or with other hydrogen peroxide producing syste- 

ms. The incubations of rhodanese with different concentrations 

of hydrogen peroxide shows (Figure 2) that a 25 molar excess of 

hydrogen peroxide produces a time-dependent inactivation identi- 

cal to that produced by 100 molar excess of DTT. It is interest- 

ing to note that the effect of hydrogen peroxide on the enzyme 

is completely abolished by addition of a large excess of DTT. 

This result suggests that another cause of the failure of high 

concentration of DTT to inactivate rhodanese might be the rea- 

ction of the hydrogen peroxide with excess of DTT rather than 

with a residue of protein. Further support for the hypothesis 

of hydrogen peroxide involvement comes from experiments made in 

the presence of ascorbate. As reported by Cavallini (14) and re- 

cently by Halliwell and Foyer (15) ascorbate is oxidized in the 

presence of Cu 
++ 

with formation of hydrogen peroxide which in 

turn may oxidize other substrates like pyruvate. Figure 3 shows 

that the incubation of rhodanese with 7 mM ascorbate and 20 
P 

CuC12 leads to a time-dependent inactivation of enzyme. If  cata- 

lase is present in the incubation mixture no inactivation is ap- 

parent as shown in the same figure. Kim and Horowitz proposed 

that the binding of DTT to the enzyme is responsible for rhoda- 

nese inactivation (1). This possibility is ruled out by the fol- 

lowing evidence. A DTT inactivated sample of enzyme (20 p) was 

freed from excess reagent by gel filtration. The eluted protein 

was treated with sodium borohydride and then analyzed polarogra- 

phycally. No peak at -0.31 V was observed indicating no release 

of free DTT from the enzyme. In these experimental conditions 1 

PM reduced DTT was easily determined. Experiments were also car- 
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Scheme I 

ried out to measure the number of sulfhydryl groups of rhodanese 

before and after inactivation by DTT. The decrease in number of 

sulfhydryl groups from 4 to 2 after DTT treatment indicates that 

inactivation may result from formation of a disulfide bond in the 

enzyme molecule. This result fits well with the previously repor- 

ted findings (2) that inactivated enzyme can be reactivated by 

treatment with cyanide or thiosulfate. SDS-polyacrylamide gel 

electrophoresis excludes the formation of intermolecular disulfi- 

de bridges since no higher molecular weight forms are detected. 

On the other hand many authors (16-18) suggest the formation of 

intramolecular disulfide bridges after treatment of rhodanese 

with different reagents. The proximity of another non essential 

sulfhydryl group to the catalytic one has been demonstrated in a 

recent study from this laboratory (19). Some authors suggested 

that the first step in disulfide formation is the oxidation of 

a sulfhydryl group to sulfenic acid (20-22). To check this possi- 

bility we treated inactivated enzyme with 4000 molar excess of 

sodium arsenite. It has been proposed that this very mildly re- 

ducing compound may reduce sulfenic acids, but not disulfides, 

to thiols (20). The addition of arsenite to inactivated rhodane- 

se, after gel filtration to remove excess DTT, causes a recovery 

of about 40% of activity in 180 min. Furthermore this reactiva- 
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tion occures only if rhodanese is not 100% inactivated. This re- 

sult can be interpreted by supposing that a first step in the 

oxidation of enzyme is the formation of a sulfenic group, and 

that this subsequently reacts with a neighbouring sulfhydryl gro- 

up to give a disulfide bridge no more susceptible to arsenite re- 

duction (see scheme I). Thus it may be concluded, in agreement 

with our previous work (Z), that the reaction of rhodanese with 

DTT consists in reduction of its persulfide group (reaction 1) 

while the enzyme inactivation is not due to DTT itself but to the 

hydrogen peroxide generated during its autoxidation (reaction 2). 

This oxidizing agent inactivates rhodanese by the formation of a 

disulfide bond between the catalytic sulfhydryl group and another 

one close to it in the active site possibly through the interme- 

diate formation of a sulfenic group. 
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