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Summary 

The reaction between bovine rhodanese (thiosulfate:cyanide sulfurtrans- 
ferase, EC 2.8.1.1) and reduced dithiothreitol has been studied. This reagent, 
in the absence of thiosulfate, reduces the amount  of sulfur carried by rho- 
danese with formation of  sulfide and oxidized dithiothreitol:  E-S-SH + reduced 
dithiothreitol -* E-SH + HS- + oxidized dithiothreitol,  (E = enzyme). 

An inactivation was observed at high di thiothrei tol /enzyme ratios or at very 
low enzyme concentrations. The inactivation was not  observed in the presence 
of thiosulfate and can be reversed by cyanide or thiosulfate. 

A thiosulfate reduction activity of  rhodanese was also found using dithio- 
threitol as reductant.  

Introduct ion 

The sulfur transfer reaction catalyzed by rhodanese (thiosulfate:cyanide sul- 
furtransferase, EC 2.8.1.1) proceeds through a double displacement mechanism 
[1]. Crystalline rhodanese has been identified as an intermediate enzyme-sulfur 
complex [2]. Several hypotheses have been advanced to explain the chemical 
form of  sulfur bound to the enzyme [3]. As we have previously reported [4] 
rhodanese shows a characteristic absorption at 335 nm which has been attrib- 
uted to the presence of  transferable sulfur bound in a persulfide form. The per- 
sulfide group is formed by the addition of sulfane sulfur to a cysteinyl residue 
essential for rhodanese activity [ 5]. 

It has been recently observed that  rhodanese is inhibited by dithiothreitol,  
and this inhibition has been attributed to the reduction of a disulfide bond 
needed for the sulfur transfer reaction [6]. Since the interaction of  transferable 
sulfur with a sulfhydryl group or with a disulfide bond seems to be debatable 
we have studied the reactivity of  these groups with dithiothreitol.  The present 
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paper reports the reaction of  rhodanese with dithiothreitol.  This reducing 
agent, like lipoate [7],  can be utilized as substrate in the enzymic reduction of  
thiosulfate to sulfite and sulfide. A preliminary report  of  this work has appear- 
ed [8].  

Materials and Methods 

Reduced dithiothreitol was purchased from Sigma and oxidized dithiothreit- 
ol was prepared according to the method of Cleland [9].  All other chemicals 
used were Merck (Darmstadt, Germany) reagent-grade products.  

Crystalline bovine rhodanese was prepared from kidney as previously re- 
ported [10] and from liver as described by Horowitz and De Toma [11].  As 
crystallization had taken place in the presence of  1 mM thiosulfate the crys- 
talline rhodanese was in the sulfur-containing form, i.e. the persulfide enzyme. 
Most of  the experiments have been done on the beef  kidney enzyme and com- 
parative studies with the beef liver enzyme have shown no differences. Enzyme 
activity was measured by determining thiocyanate formation from thiosulfate 
and cyanide [12].  One enzyme unit is defined as the amount  of protein con- 
verting 1 pmol  of  cyanide to thiocyanate per minute (pH 8.65, 20°C). Sulfur- 
free rhodanese was prepared as reported earlier [13]. Protein concentration was 
determined from the absorbance at 280 nm using a molar absorptivity e = 
64.75 • 103 and a molecular weight of 37 000 [14].  

Crystalline enzyme {600 units/mg) was dissolved in 50 mM Tris/acetate buf- 
fer, pH 8, and extensively dialyzed against the same buffer.  

The reaction of  dithiothreitol with rhodanese both  in the sulfur-containing 
and in the sulfur-free forms was followed, in a stoppered cell of  1 cm path- 
length, recording the increase of  absorbance at 310 nm upon the addition of  
reduced dithiothreitol with a Beckman Acta III spec t rophotometer  equipped 
with a temperature control  unit. Spectral curves in the 300--400 nm region 
were registered before and 20 min after the addition of  reduced dithiothreitol 
to the enzyme. The molar ratio between enzyme and dithiothreitol was 1 : 2. 

The experimental procedure for disulfide reduction with dithiothreitol was 
as reported by Iyer and Klee [15].  A few pl of  20?0 SDS, at pH 8, were added 
to the reaction mixture in order to unfold the protein. During these experi- 
ments the temperature was kept  at 10°C and fresh reduced dithiothreitol solu- 
tion was prepared immediately before use. 

The assays of rhodanese-catalyzed thiosulfate reduction by  dithiothreitol 
were carried ou t  in 1 cm light-path quartz cuvettes containing 150 pmol  Tris] 
acetate buffer,  pH 8, 30 #mol  thiosulfate and 60 pmol reduced dithiothreitol 
in 3 ml final volume. The reaction was started by adding 0.2 mg of rhodanese. 
The reaction rate was measured by recording the increase at 285 nm due to the 
appearance of  oxidized dithiothreitol as a function of  time. The amount  of  
oxidized dithiothreitol formed was calculated using e = 275 M -1 • cm -1 [9]. 
The autoxidation of  dithiothreitol during the assay was negligible since before 
the enzyme addition the recorder traces showed a zero slope. 

Polarographic analyses were performed with a 448 AMEL oscillopolarograph 
using a dropping mercury electrode. A 10-ml polarographic cell equipped for 
deaeration by  nitrogen flow was used. The range of  applied potential on the 
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dropping mercury electrode was from --0.2 to --1.2 V. The use of  this techni- 
que allows a very accurate measure of concentration of dithiothreitol in the 
reduced or in the oxidized form and of HS- since they give well-defined peaks 
in the range of  the applied potential.  In fact, in the above-mentioned experi- 
mental conditions, they show a potential peaks at --0.31, --0.93 and --0.29 V 
respectively. All these potentials are relative to the satured calomel electrode. 

Standard curves have been drawn for each compound with an accuracy of  
2%. The reaction was followed at room temperature,  recording the disappear- 
ance of  reduced dithiothreitol and the simultaneous appearance of  oxidized 
dithiothreitol and HS- after addition of stoichiometric amounts of rhodanese. 
The enzymic reduction of  thiosulfate was assayed at room temperature using 
0.2 mM of both thiosulfate and dithiothreitol.  The reaction was started by 
adding 0.2 mg of rhodanese. The variation of  electroreducible species was 
checked every 10 min throughout  the course of the reaction. 

The inactivation experiments were performed at 20°C incubating rhodanese 
and dithiothreitol at different molar ratios {1/1, 1/10 and 1/100) in 50 mM 
Tris/acetate buffer,  pH 8.6. Enzyme concentrations were from 1 pM to 100 
pM. Aliquots were taken from the reaction mixtures at appropriate time inter- 
vals and activity was determined in the standard assay [12].  The inactivation 
was expressed as percentage of residual activity relative to the untreated en- 
zyme. 

Results 

Reaction of  rhodanese with dithiothreitol 
When rhodanese, at concentrations between 0.4 and 0.8 mM, was treated 

with dithiothreitol the absorption at 335 nm, due to the presence of  a persul- 
fide group, is completely removed with concomitant  formation of  oxidized 
dithiothreitol  and sulfide. The absorption spectra of  dithiothreitol-treated en- 
zyme and that  o f  sulfur-containing enzyme are reported in Fig. 1. The reduc- 
tion of  the persulfide group by  dithiothreitol can also be followed either by re- 
cording the increase in absorbance at 310 nm due to the formation of  oxidized 
dithiothreitol  or by  detecting the appearance of  oxidized dithiothreitol and 
HS- by  the polarographic technique. However due to the spectral overlap be- 
tween the increasing absorption at 310 nm and the decreasing band at 335 nm 
a quanti tat ion of  this reaction is hardly possible. Nevertheless it is possible to 
remove the oxidized dithiothreitol formed by reduction with cyanide. In this 
case (Fig. 1,c) a further decrease in absorbance at 335 nm is obtained. The re- 
sulting spectrum is quite similar to that  of  the sulfur-free enzyme [10] .  On the 
other hand quantitative determination of  oxidized dithiothreitol can be ob- 
tained by  polarographic experiments. The addition of  enzyme to a stoichio- 
metric amount  of  reduced dithiothreitol causes the appearance of equivalent 
amounts of  HS- at --0.29 V and oxidized dithiothreitol at --0.93 V (Fig. 2a, b). 
In this way it was possible to titrate the amount  of  sulfur bound to the enzyme 
by  determining polarographically the increase of  oxidized dithiothreitol and 
H S - p e a k s  after each reduced dithiothreitol  addition. The titration stops 
when no further increase of  the reaction products  is observed and the re- 
duced dithiothreitol  peak becomes apparent. In these conditions (Fig. 2,c} the 
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Fig. 1. A b s o r p t i o n  spectra  o f  rhodanese .  The  e x p e r i m e n t s  was car r ied  o u t  in 50 m M  Tr i s /ace ta te ,  1 m M  
E D T A ,  p H  8, a t  10°C.  0 .5  m M  r h o d a n e s e  (su l fur -conta in ing  f o r m )  as such:  curve  a; in the  presence  o f  
1 m M  r e d u c e d  d i th io thre i to l :  curve  h and af ter  add i t i on  of  10  m M  cyan ide  to  the  d i th io thre i to l - t rea ted  
e n z y m e :  curve  c. 

reduction of  the rhodanese persulfide group by dithiothreitol gives sulfide and 
oxidized dithiothreitol in amounts corresponding to 1.4 atoms of sulfur per 
mol of enzyme. These results fit with the following reaction: 

E--S--SH + DWTre d -~ E--SH + HS- + DTTox 

taking into account that  by other ti tration methods [16] it is also possible to 
titrate only 1.35 atoms of  persulfide sulfur per mol of enzyme. After this 
t reatment  the enzyme has full catalytic activity. The sulfur-free rhodanese does 
not  react with dithiothreitol.  However if thiosulfate is added to this reaction 
mixture the protein persulfide group is regenerated and a 310 nm absorbance is 
obtained which accounts for oxidized dithiothreitol formation. After the per- 
sulfide reduction no further disulfide bonds in the enzyme could be reduced by 
dithiothreitol even with prolonged incubation with 0.2% SDS in order to unfold 
the enzyme. Similar results were obtained with sulfur-free enzyme. 

Thiosulfate reduction catalyzed by rhodanese in the presence of dithiothreitol 
The addition of 20 mM reduced dithiothreitol to the incubation mixture 

containing 10 mM thiosulfate and 2 #M rhodanese in 50 mM Tris/acetate buf- 
fer, pH 8, causes the reduction of  thiosulfate according to the reaction: 

DTTred + S2 O2 - ...,x DTTo x + SO 2 - + HS- 

The enzymic activity was followed spectrophotometrically by measuring the 
rate of dithiothreitol oxidation at 285 nm. Under these conditions 0.15 pmol/ 
min of  oxidized dithiothreitol were formed. In the absence of rhodanese no 
reaction occurred between dithiothreitol and thiosulfate. Thiosulfate reductase 
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Fig.  2. O s c i l l o p o l a r o g r a m s  of  d i t h i o t h r e i t o l  r e a c t i o n  w i t h  r h o d a n e s e .  The  s u p p o r t i n g  e l e c t r o l y t e  was  50  
m M  T r i s ] a c e t a t e  b u f f e r ,  p H  8. Abscissa :  a p p l i e d  p o t e n t i a l  f r o m  - - 0 . 2  t o  - - 1 . 2  V via s a t u r a t e d  c a l o m e l  elec-  
t r o d e .  O r d i n a t e :  c u r r e n t  d u e  t o  e l e c t r o r e d u e i b l e  spec ies  (pA) .  (a) p e a k  a t  - - 0 . 3 1  V d u e  t o  60 /zM r e d u c e d  di- 
t h i o t h r e i t o l  a n d  (b)  i ts d i s a p p e a r a n c e  a f t e r  a d d i t i o n  o f  6 0  p M  r h o d a n e s e  w i t h  a p p e a r a n c e  o f  t w o  p e a k s  co r -  
r e s p o n d i n g  to  e q u i v a l e n t  a m o u n t s  o f  H S -  a t  - - 0 . 2 9  V a n d  o x i d i z e d  d i t h i o t h r e i t o l  a t  - - 0 . 9 3  V;  c u r r e n t  
r a n g e  0 . 1 5  /~A/div. (c) C o m p l e t e  r e a c t i o n  o f  6 0  /~M r h o d a n e s e  a f t e r  a d d i t i o n  o f  1 0 0  # M  r e d u c e d  d i t h io -  
t h r e i t o l ;  c u r r e n t  r a n g e  0 .2  # A / d i v .  

activity of  rhodanese also carried out in the polarographic cell. At 10-min inter- 
vals the disappearance of reduced dithiothreitol and the appearance of HS- and 
oxidized dithiothreitol were registered. However since HS- peak at --0.29 V is 
too close to that  of reduced dithiothreitol at --0.31 V to be resolved, an accu- 
rate quantitative determination of these two compounds during the enzyme re- 
action was not  possible. For studying the reverse reaction cyanide was used in- 
stead of sulfite. Starting with equimolar amounts of HS- and oxidized dithio- 
threitol (10 mM) in the presence of 25 mM cyanide, at pH 8, Tris/acetate buf- 
fer 50 mM, no reaction occurred in the absence of enzyme. When 2 pM rho- 
danese was added to the incubation mixture reduced dithiothreitol and SCN- 
were formed according to the reaction: 

D T T o x  + H S -  + C N ' -  ~ D T T r e d  + S C N -  

The enzymatic reaction was followed by testing thiocyanate formation with 
colorimetric analysis [12]. Under these conditions 0.05 pmol/min of thiocya- 
nate were formed. 
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Res idual  ac t iv i ty  of  s u l f u r ~ o n t a i n i n g  rhodanese ,  as p e r c e n t a g e  of  gnat ~,L ~,l~ u n t r e a t e d  e n z y m e ,  a f t e r  
t r e a t m e n t  w i th  d i th io th re i to l  in var ious  mo la r  rat ios for  50 vain. Fo r  e x p e r i m e n t a l  cond i t ions  see Methods .  

[E]/[DTTred] 

[El 

100  #M 10 #M 1 #M 

1 : I I00 80 15 

1 : I0 80 I0 0 

1 : I00 0 0 0 

Rhodanese inactivation by dithiothreitol 
The effect dithiothreitol on the sulfur transfer reaction catalyzed by rho- 

danese was investigated by incubating both sulfur-containing and sulfur-free 
enzymes in the presence of  reduced dithiothreitol. In a typical experiment few 
#1 of  a reduced dithiothreitol solution, at pH 8, were added to 0.25 ml of  100 
#M rhodanese in order to achieve molar ratios between enzyme and reduced 
dithiothreitol of  1 : 1, 1 : 10 and 1 : 100. As reported in Fig. 3 rhodanese is 
unaffected by dithiothreitol at a molar ratio 1 : 1 whereas at higher concen- 
trations dithiothreitol produces a time-dependent decrease in enzyme activity 
which is a function of  dithiothreitol concentration. These conditions require a 
100-molar excess of  reduced dithiothreitol to inactivate the enzyme rapidly 
and completely. The results obtained using different concentrations of  enzyme 
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Fig. 3. I nac t i va t i on  of  rhodanese by  di th io thzei to l .  0.1 m M  rhod an ese  ( su l fur -conta in ing  f o r m )  was  incu-  
b a t e d  a t  20°C  wi th  d i f f e ren t  r e d u c e d  d i th io th re i t o l  c o n c e n t r a t i o n s  in 50 m M  Tr i s / ace ta te  bu f fe r ,  p H  8.6.  
A t  the  i nd i ca t ed  t i m es  a l iquots  were  t a ke n  f r o m  the  i n c u b a t i o n  m i x t u r e s  and  t e s t ed  for  ac t iv i ty .  

Fig. 4.  Reversa l  of  d i th io th re i to l  i nac t iva ted  rhoda ne s e  by  cyan ide  or  th iosul fa te .  10 /~M e n z y m e  was  in- 
c u b a t e d  wi th  a 100 -m o l a r  excess  of  r e d u c e d  d i th io th re i to l  in 50 m M  Tr i s / ace t a t e  b u f f e r  pH 8.6 a t  20°C 
(e --). A f t e r  10  min ,  w h e n  a c o m p l e t e  inac t iva t ion  was  achieved ,  s amples  were  t r e a t ed  i m m e d i a t e l y  
wi th  cyan id e  to  a c o n c e n t r a t i o n  of  2 mM (A A) or  w i th  th iosu l fa te  to  a c o n c e n t r a t i o n  o f  130 mM 
(m m). Al iquo ts  f r o m  the i ncuba t ion  m i x t u r e s  were  t a ke n  a t  the  t ime  ind ica ted  and  act ivi t ies  were  
d e t e r m i n e d .  
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and dithiothreitol are reported in Table I. It appears that  rhodanese is more 
sensitive to dithiothreitol inactivation at low protein concentration. Inactiva- 
tion was not  reversed by dialysis or gel filtration of the protein. The compari- 
son of the inactivation experiments performed on sulfur-free rhodanese, in the 
same conditions reported for the sulfur-containing enzyme, shows at any time 
higher extent  of inactivation (about 40%). 

Reversal of  dithiothreitol inactivation 
The addition of thiosulfate or cyanide to the incubation mixture of 10 pM 

rhodanese after complete inactivation with 100 molar excess of reduced dithio- 
threitol, restored the enzyme activity. The reversal ot ~ dithiothreitol-inactivated 
rhodanese was time dependent.  Cyanide restored the activity completely whilst 
thiosulfate only up 60% (Fig. 4). 

Discussion 

The use of  reduced dithiothreitol has given useful information in the study 
of sulfur transfer reaction catalyzed by rhodanese. The presence of a persulfide 
group on the enzyme-sulfur complex [4] has found further support. The 
bleaching of the 335 nm absorption on addition of dithiothreitol is very fast 
and concomitant  with the formation of oxidized dithiothreitol and sulfide. A 
disulfide bridge would have been cleaved more slowly without  formation of sul- 
fide. After reduction of  the persulfide group no further reaction of dithio- 
threitol with the enzyme has been observed even a long time after the addition 
of SDS. These results indicate that  no disulfide bonds are present in rhodanese 
molecule. This is in contrast with the hypothesis recently advanced by Man and 
Bryant [6] suggesting a disulfide group participation to the sulfur transfer. On 
the other hand the reactivitiy of dithiothreitol with the persulfide group, in 
contrast to the report of Wang and Volini [5],  shows that  dithiothreitol can be 
an active acceptor of sulfur in the reductive cleavage of thiosulfate by rho- 
danese. In fact the presence of thiosulfate in the incubation mixture containing 
reduced dithiothreitol and rhodanese, by restoring the persulfide group on the 
enzyme molecule, leads to continuous formation of oxidized dithiothreitol and 
sulfide. No inactivation of rhodanese was observed in the presence of thiosul- 
fate nor when high concentrations of enzyme were used at enzyme/dithio- 
threitol ratio near 1. A rapid and complete inactivation by dithiothreitol,  as re- 
ported by several authors [5,6,17] was instead observed in the absence of thio- 
sulfate and with a 100-molar excess of dithiothreitol or when the enzyme was 
about 1 pM. Since no disulfide bonds are present in the rhodanese molecule 
and a free thiol group is essential for enzymic activity this inactivation could be 
due to the formation of a mixed disulfide between dithiothreitol and enzyme 
[17]. The involvement of the essential cysteinyl residue is supported by the 
protective effect of thiosulfate. The formation of a mixed disulfide between 
rhodanese and dithiothreitol as the inactivating event is confirmed by its rever- 
sal by addition of cyanide or thiosulfate. Both these compounds could reduce 
the dithiothreitol-enzyme disulfide. Our hypothesis on the mechanism of 
dithiothreitol inactivation is in agreement with a very recent report from Kim 
and Horowitz [17]. 
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