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SUMMARY 

The enzyme which catalyzes the conversion of mercaptopyruvate  to pyruvate  
and elemental sulfur has been isolated from Escherichia coli as a single entity. Mer- 
captopyruvate  sulfurtransferase (fl-mercaptopyruvate:cyanide sulfurtransferase, 
EC 2.8.1.2) was indicated to be homogeneous from ultracentrifuge data and from 
elution patterns of gel filtration. The molecular weight was determined by sedimen- 
tation equilibrium ultracentrifugation to be 23 8oo; the sedimentation coefficient, 
S°2o,w, was 2.48. Other constants indicated a typical globular protein. An isoelectric 
point was found at pH 4.2 by  electrophoresis on cellulose acetate. The absorption 
spectrum revealed no prosthetic groups on the enzyme. Zinc was detected in ratio 
of I atom/mole and copper, presumably a contaminant,  at approximately o.5 mole/ 
mole. The metals were not removed by extensive dialysis against lO .3 M EDTA. In 
solutions of low ionic strength, the enzyme dissociated into two active fragments of 
approximately 12 ooo molecular weight. Urea inactivated the enzyme but the effect 
was reversed by dialysis, dilution, or electrophoresis. The enzyme was stabilized in 
o.8 M KC1. 

Kinetic studies indicated mercaptopyruvate  sulfurtransferase was inhibited 
by the accumulation of persulfide sulfur unless an acceptor was present in the system. 
Apparently the transfer of persulfide sulfur from the enzyme to acceptors is not en- 
zyme catalyzed. The opt imum pH for the formation of persulfide sulfur, pH 9.3-9.6, 
was raised somewhat by the presence of cyanide. The enzyme was inhibited by the 
other product of the reaction, pyruvate.  Pyruvate  reacted with the substrate also. 
There was no indication of a function of associated metals, zinc or copper, in the 
mechanism of catalysis. 

INTRODUCTION 

Mercaptopyruvate sulfurtransferase (fl-mercaptopyruvate: cyanide sulfurtransferase, 
EC 2.8.1.2) has been found in mammalian systems and in microorganisms 1-5. In the 
presence of cyanide, the enzyme resembles rhodanese, (thiosulfate: cyanide sulfur- 

Abbreviat ion:  Bis, 2-amino-2-methyl-i ,3-propanediol diamine. 
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transferase, EC 2.8.1.1) in its action, thiocyanate being formed. The initial products 
of the enzyme catalysis, pyruvate and elemental sulfur, were first described by 
MEISTER et al. 1. The precipitation of free sulfur in the incubation medium does not 
occur in the presence of mercaptoethanoP, cyanide "z, sulfite, or sulfinates 6. Tile sulfur 
is transferred to the above acceptors and appears as mercaptoethanol persulfide, 
thiocyanate, thiosulfate, or thiosulfonates, respectively. In the absence of an accep- 
tot, the sulfur remains bound to the enzyme, or to protein in the medium, probably 
as a persulfide 7. A similar mercaptopyruvate sulfurtransferase has been somewhat 
purified from rat liver by |;ANSHIER AND KEN 8 who characterized it as a copper pro- 
tein. Subsequently the enzyme has been isolated free of copper 9. 

The present paper reports the isolation of a mercaptopyruvate sulfurtransferase 
from Echerichia coli in a highly purified form. Its chemical and physical properties 
have been determined and a kinetic study of the reaction has led to some observations 
on the mechanism of its catalytic action. 

MATERIALS 

Crystalline bovine serum albumin was obtained from Pentex, DEAE-cellulose, 
medium mesh, from Sigma, Sephadex G-Ioo from Pharmacia, cellulose acetate strips 
(PhoroSlide) from Millipore, and Silicone antifoam AF emulsion from Dow-Corning. 
Mercaptopyruvate was prepared as the ammonium salt according to the method of 
KUN 1° as modified by HYLIN AND WOOD 7. Other chemicals were obtained from vari- 
ous commercial sources. 

METHODS 

Enzyme assays during isolation procedures were more convenient when thio- 
cyanate was determined; the rate of pyruvate formation was higher and provided 
greater insight into the nature of the catalysis. 

Enzyme assays--thiocyanate formation. For routine isolation procedures the 
incubation mixture contained 225/*moles of 2-amino-2-methyl-I,3-propanediol 
diamine HC1 buffer (Bis buffer), pH 9.55, 15/*moles of ammonium mercaptopyruvate, 
12/,moles of KCN, 12o #g of bovine serum albumin, and an appropriate amount of 
enzyme in a total volume of 0.75 ml. The enzyme solution was diluted in 0.5 M Bis 
buffer containing o.15 mg of bovine serum albumin per ml. The incubation was car- 
ried out for IO rain at 37 ° and was stopped by addition of I ml of 38% formaldehyde. 
GOLDSTEIN'S 11 reagent, 4 ml, was added and the absorbance was determined in a Zeiss 
PMQ II  spectrophotometer at 460 nm after 3 ° sec. The readings were corrected with 
a blank prepared as above but with the enzyme added after the formaldehyde. Values 
were read from a standard curve. 

In absence of albumin tile activity of the enzyme was much lower. Addition 
of mercaptoethanol to the assay medium increased the activity 2- to 3-fold. 

Pyruvate determinations. The incubation mixture contained 225/~moles of 
Bis buffer, pH 9.55, 15/,moles of ammonium mercaptopyruvate, 12o/,g of bovine 
serum albumin, 15/,moles of mercaptoethanol, 37-5/,moles of KC1, in a total volume 
of 0.75 ml. Incubation was carried out for 3 min (unless indicated otherwise) at 37 °. 
Tile reaction was stopped by addition of 0. 5 ml of 0.5 M CdC12.For preparation of a 
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blank, the enzyme was omitted during the incubation and added after the CdC12. 
The solution was allowed to stand for IO min and was cleared by centrifugation. A 
o.5-ml aliquot of the clear supernatant fluid was incubated for 5 min at 25 ° with 0.5 
ml of a o . i% 2,4-dinitrophenylhydrazine solution in 2 M HC1. Then 2.5 ml of 1. 5 M 
NaOH were added. The solution was clarified by centrifugation; the supernatant 
fluid was measured in the Zeiss spectrophotometer at 435 nm 35 min after addition 
of the reagent. Values were corrected by means of a pyruvate standard which was 
carried through the same procedure. 

Rhodanese determinations were carried out according to the method of SSRBO 12 
or o f  WOOD AND FIEDLER 2. Protein was measured by the methods of WARBURG AND 

CHRISTIAN 13, LOWRY et al. 14, or by total nitrogen determination involving nessleri- 
zation of a Kjeldahl digest 15. The conversion factor was calculated from the amino 
acid analysis to be 5.6 times the nitrogen value. 

Amino acid analysis. Samples were dialyzed against 0.5% potassium acetate 
prior to hydrolysis for 24 and 48 h in vacuo at lO5 °. Analyses were performed on a 
Beckman-Spinco Model C Amino Acid analyzer. Cysteic acid was measured on sample 
oxidized with performic acid and tryptophan was measured spectrophometrically 16. 

Analytical disc electrophoresis was carried out according to the procedures of 
DAVIS 17. 

Sedimentation velocity experiments were performed at 20 ° in a Spineo Model E 
ultracentrifuge equipped with a temperature control unit and a phase plate as a 
schlieren diaphragm. The rotor speed for these experiments was maintianed at 56 ioo 
rev./min. For sedimentation equilibrium experiments a Raleigh optical system was 
used with a synthetic boundary cell rotating at 15 700 rev./min at 20 °. The photograph 
was taken at 42 h. 

The absorption spectra were recorded with a Cary 14 Spectrophotometer. 
Isoelectric point. For this determination, cellulose acetate membranes were 

employed in a PhoroSlide electrophoresis cell. The migration was carried out at ioo V 
and 0. 7 mA for 20 rain in 0.02 M citrate or phosphate buffer from pH 4.0 to pH 6.0. 
I/~g of protein was applied. The strips were fixed for IO min in IO% sulfosalicylic 
acid, then stained for 2 h in o.25~ o Coomassi Blue and destained with 7% acetic acid. 

Sulfhydryl group determinations. Enzyme which had been dialyzed for 36 h 
against several changes of 0.o 5 M potassium acetate saturated with nitrogen was 
analyzed for sulihydryl groups by the method of ELLMAN TM. 

Metal analysis. Analyses for iron, copper and zinc were performed with a Per- 
kin-Elmer Atomic Absorption apparatus. The samples were first dialyzed for 36 h 
against three changes of lO -3 M EDTA. Values were calculated by comparison to 
standards. 

Growth of microorganisms. E. coli B were grown on an L-broth medium 19 for 
16-24 h under vigorous aeration. The cells were harvested with a Sharples centrifuge. 
The wet weight of the cells was approximately 5 g cells/1 of medium. The cell paste 
was frozen and stored at --20 ° for several months without observable loss of enzymic 
activity. Subsequently, the cells were grown in a 3oo-1 fermenter at the Biology Di- 
vision of the Oak Ridge National Laboratory on a tryptone-yeast  extract medium. 
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Enzyme purification 
Crude extract. 468 g of the  frozen cells were suspended  in a p p r o x i m a t e l y  15oo 

ml of NaC1-KC1 (o.5% /o.5~o) solut ion and  the  suspension was centr i fuged for 15 min 
at  8000 rev . /min  at  4 ° in a Sorval l  centrifuge.  The washing procedure  was repea ted ;  
the  washed pel let  was resuspended  in 950 ml of 66 mM cold po tass ium phospha te  
buffer, p H  7.0, conta in ing  IO -3 M E D T A .  The suspension was s t i r red  and  cooled b y  
an i ce -sa l t  mix tu re  while the  cells were broken  with  a Bronwil l  Biosonik sonica tor  
ope ra t ed  at  full power  for I h. Cell debris  was sed imented  at  9500 rev. /min for 4 ° 
rain at  4 ° in a Sorval l  centrifuge.  The  pellet ,  resuspended  in 400 ml of  cold phospha te  
buffer as above,  was centr i fuged for 4 ° rain. The combined  s u p e r n a t a n t  l iquors to- 
t a led  13oo ml. The crude ex t rac t  could be kep t  frozen at  - -20  ° for several  weeks with-  
out  loss of  ac t iv i ty .  

Protamine treatment. A I['~ p ro t amine  sulfate  solut ion was ad jus t ed  to p H  6.0 
wi th  2 M Tris and  was s tored  overnight  a t  4 °. The p ro t amine  solut ion was a d d e d  
dropwise  to the  crude ex t r ac t  over  a per iod of 30 min unt i l  the  280/260 nm ra t io  
reached a value  between 0.8 and 0. 9. Af ter  add i t ion  of  the  pro tamine ,  the  final so- 
lut ion was 4 ° to 50 mM in phosphate ,  p H  7.0. Af te r  s t and ing  for 2 h at  o °, the  so- 
lut ion was cent r i fuged at  9000 rev . /min  for IO min at  4 °. A clear s u p e r n a t a n t  of 184o 
ml was al lowed to s t a n d  overnight  a t  0% This p repa ra t ion  was sub jec ted  to D E A E -  
cellulose c h r o m a t o g r a p h y  as descr ibed in Fig. I.  In  some ins tances  the e luate  was 
run th rough  the second DEAE-ce l lu lose  column in sequence. 

The e luate  from the ch roma tog ram was concen t ra ted  by  u l t ra f i l t ra t ion  wi th  
a UM-Io  Amieon filter, or b y  vacuum dialysis ,  to a volume of i i  ml and then centr i -  
fuged to remove insoluble  part ic les .  

Chromatography o~ ~%phadex G-zoo. A Sephadex  G-Ioo  column (2.5 cm × 20o 

2o 
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Fig. I. Pur i f i ca t ion  o f  the su]furtransferase Oll Dl~AE-cel lu lose.  A 3 ° enl X 5 cm Dl~Al~-cel lu-  
lose co lumn was packed under a pressure o f  5 ]b and was equ i l ib ra ted w i t h  0.o66 M phosphate 
buffer, p H  7.o, con t a in ing  io  -a M EDTA.  The sample  was  appl ied  on top  of the  co lumn a t  a flow 
ra te  of 25o ml/h.  Af te r  a p r e l i m i n a r y  w a s h ing  wi th  5 ° ml  of 66 mM phospha te ,  l inear  g r a d i e n t  
e lu t ion  (I 1 of o.o66 M p o t a s s i u m  phospha te ,  p H  7.o, E D T A  io  -a M and  I 1 of o. 3 M p o t a s s i u m  
p h o s p h a t e  buffer, p H  7.o, con t a in ing  o.35 M KC1 and  io  3 M EDTA) was appl ied.  The  e n z y m e  
a c t i v i t y  appea red  in Tubes  20-6o when  I5-ml  f rac t ions  were collected. The ac t ive  f rac t ions  were 
conlbined,  r e su l t ing  in a vo lume  of 58o ml. This  was d i lu ted  wi th  2 vol. of cold w a t e r  by  drop- 
wise a d d i t i o n  over  2o min. The d i lu te  sample  was absorbed  on a r epacked  DEAE-ce l lu lose  co lumn 
as descr ibed above.  E l u t i o n  was car r ied  ou t  w i t h  a l inear  g r a d i e n t  (o.I M p h o s p h a t e  buffer, p H  
7.o, i o  -3 M EDTA,  75o ml a nd  o. 3 M p h o s p h a t e  buffer, o.35 M KC1, pH 7.o, to  -3 M EDTA,  75 ° 
ml). 15-nll f rac t ions  were collected. The  a c t i v i t y  emerged as shown in the  figure. @ t~, enzyme  
a c t i v i t y ;  ~ O ,  absorbance  a t  280 nm. 
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Fig. 2. Purification of the sulfur t ransferase  by  electrophoresis on 18.5% polyacrylamide gel. A 
Canalco prepara t ive  gel electrophoresis assembly was used. The height of the separa tor  gel was 
5.5 cm, the height  of the spacer gel was 2.5 cm. The separa tor  gel was prepared from 4 par t s  of 37 % 
acrylamide, being o.08% in bisacrylamide, I pa r t  of 3.0 M Tris-HCl,  p H  8.6, being 0.025 M in 
te t ramethylenediamine,  2 par t s  water,  and I pa r t  of o.125 M a m m o n i u m  persulfate. The spacer 
gel was  prepared f rom i par t  of 0. 5 M Tris-HCl,  p H  7, being 0.05 M te t ramethylenediamine,  I 
pa r t s  of 14% acrylamide, being 0.25% in bisacrylamide, I pa r t  of o.125 M a m m o n i u m  persulfate 
and 4 par t s  of water.  In  order to remove  excess of persulfate and some unpolymerized monomer ,  
12 h after  po]ymerizat ion the electrode chambers  were filled wi th  0.375 M Tris-HC1 buffer, p H  8.6, 
containing 1.6. lO -2 M mercaptoe thanol  and prel iminary electrophoresis was carried out  for 3 h 
at  IO mA. The concentra te  of the Sephadex G- ioo  etuate (see METHODS) was dialyzed against  
3 mM Tris buffer, p H  7.9, containing lO -3 M EDTA,  5" l°-3 M mercaptoethanol ,  and 35% sucrose 
for i h. A trace of bromophenol  blue was added as a " t racker  dye". The sample was then  layered 
on top of tile spacer gel and the electrophoresis was s tar ted  at  a current  of 6 mA with  0.2 M gly- 
cine-Tris  buffer, p H  8.35, in the  chambers .  After the sample was concentrated (after approx  - 
mate ly  8 h) the electrophoresis was cont inued at  io mA. When  the t racker  dye had reached the 
bo t t om of the separa tor  gel, elution was s tar ted  and 7.5-ml fractions were co]lected every 5 rain, 
the elution buffer being o.375 M in Tris-HC1, p H  8.0, and lO -3 M EDTA.  The collection tubes  
were charged with i ml of 3.75 M KC1 solution in 0.05 M Tris-HCl,  pH 7.3, and IO -s M EDTA.  
7.5-ml fract ions were collected. The act ivi ty  appeared in a single peak as shown in the figure. 
Q) - -©,  enzyme activi ty;  0 - - - 0 ,  absorbance at  280 nm. 

Fig. 3. Final  purification of  the sulfurtransferase on Sephadex G-ioo.  The concentrate  of the 
previous stage was applied to the bo t t om  of a 95 cm × 2.5 cm Sephadex G-ioo column equili- 
bra ted  with 0.8 M KC1 which was  2. lO -3 M in E D T A  and 5" IO-a M in mercaptoethanol .  Elut ion 
was carried out  wi th  the same buffer, 9.5-m1 fract ions being collected. After a forerun of 256 ml, 
the enzyme was eluted as shown in the figure. O - - - O ,  enzyme act ivi ty;  O---O, absorbance at  280 
r i m .  

cm) was equilibrated with o.o 5 M Tris-HC1, pH 7-3, containing o.8 M KC1 and 5" lO-4 
M EDTA. The sample ( n  ml) was applied to the bottom of the column at an effluent 
rate of IO ml/I5 min; 7.5-ml fractions were collected. The activity emerged as a 
symmetrical peak after an effluent volume of about 465 ml. The tubes containing the 
enzyme were pooled discarding 15% of the total activity in the least active fractions 
and the eluate was concentrated by ultrafiltration from 98 to 5 ml. At this step, the 
enzyme was fairly stable and could be stored for at least 3 weeks at o ° without loss 
of activity. 

Electrophoresis on polyacrylamide gel was done as described in Fig. 2. The 
major portion of the elution peak from the electrophoresis was selected to eliminate 
a closely following protein. The combined fractions were concentrated by ultrafil- 
tration to 5 ml. Sephadex G-zoo gel chromatography as described in Fig. 3 was the 
final step. The enzyme emerged as a single symmetrical peak which had constant 
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"I/ABLE I 

PURIFICATION OF MERCAPTOPYRUVATE SULFURTRANSFERASE FROM g. coli 

Stage Total Specific Yield 
protein activity (%) 
( rag)  (llmoles/mg per rain) 

C r u d e  e x t r a c t  41 o o o  o , 6  5 i o o  

Pro tamine  precipitat ion 22 5oo o.98 83 
DEAE-cellulose-I  I 69o 5.8 37 
DEAE-cellulose-I  I 825 9.8 31 
Sephadex G- ioo  63 87 i8 
Gel eleetrophoresis 5.4 525 i i 
Sephadex G- ioo  5.0 54 ° 7o 

specific activity throughout the active fractions. The combined fractions were con- 
centrated to 1.5 ml by ultrafiltration. This preparation was purified 83o-fold compar- 
ed to the first crude extract. The protocol of purification procedures together with 
yields and activities at the several stages is summarized in Table I. 

RESULTS 

When assayed at pH 9.6 in the presence of 0.02 M mercaptoethanol and 0.05 M 
KC1, the specific activity of the purified enzyme was 54 °/,moles of thiocyanate formed 
per mg of protein per min at 37 ° and 188o/,moles of pyruvate. In absence of mer- 
captoethanol and KC1, the specific activity was considerably lower. The presence of 
a stabilizing protein colloid such as bovine serum albumin was necessary also. The 
turnover number in terms of pyruvate at optimal conditions was 750 per min. 

The enzyme migrated as a single symmetrical peak in the ultracentrifuge. 

Stability 
The enzyme was markedly stabilized during purification and storage by the 

presence of monovalent cations. Maximal stability was obtained when the parifi- 
cation and storage were carried out at pH 6.7-7. 5 in the presence of o.8 M KC1 and 
2. lO .3 M mercaptoethanol. No appreciable loss of activity was observed during the 
first IO days of storage at 4 °. The activity dropped slowly over 3o days to a level of 
4o-5o% of the initial value. Dilute solutions of the enzyme could be stabilized by the 
addition of o. 15 mg of bovine serum albumin per ml. The albumin was routinely added 
to assays mixtures. Enzymatic activity in the assay medium was undiminished after 
I h at 37 ° and after at least 6 h at o °. Four-fifths of the activity was lost when the 
albumin was omitted. Gelatin and heated albumin solution were equally as effective 
in stabilizing the enzyme activity. 

When the eluate of the first DEAE-cellulose column (Fig. I) was dialyzed for 
16 h against o.o33 M phosphate buffer, pH 7.o, containing lO .3 M EDTA, consider- 
able loss of activity occurred. When this dialysate was rechromatographed on DEAE- 
cellulose, two enzymically active fractions were obtained (Fig. 4). The molecular 
weights were estimated by gel filtration on Sephadex G-Ioo to be approximately 
I I  ooo and 22 ooo. If  the time of dialysis were restricted to 2 h or less, only the dimer 
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Fig. 4. Separa t ion  of  two ac t ive  fo rms  of  t he  m e r c a p t o p y r u v a t e  su l fu r t r ans fe ra se  by  D E A E -  
cellulose c h r o m a t o g r a p h y  af te r  ex t ens ive  dialysis  aga ins t  weak  sal t  solut ions.  The  e lua te  f rom the  
first DEAE-ce l lu lose  c o l u m n  c h r o m a t o g r a p h y  (Fig. i) was  dia lyzed for 16 h aga ins t  33 m M  phos-  
p h a t e  buffer,  p H  7.0, con ta in ing  lO -3 M E D T A ,  appl ied to a DEAE-ce l lu lose  co lumn  (20 cm × 
2.5 cm) equ i l ib ra ted  wi th  t he  s ame  buffer.  The  f rac t ions  e lu ted  wi th  a l inear  g rad ien t  be tween  
33 mM a n d  0. 3 M p h o s p h a t e  buffer, p H  7.0, con ta in ing  lO -3 M E D T A .  The  ac t ive  f rac t ions  of  each 
peak  were combined ,  concen t r a t ed  by  60% a m m o n i u m  sul fa te  prec ip i ta t ion ,  a n d  t he  molecu la r  
we igh t  was  d e t e r m i n e d  by  gel f i l t ra t ion on a S ephadex  G-Ioo  c o l u m n  (95 cm × 2. 5 cm) equili-  
b r a t ed  wi th  1. 7 M KC1 in 0.05 M Tris  buffer,  p H  7.0, con ta in ing  5" I°-~ M E D T A .  O - - O ,  e n z y m e  
ac t iv i ty ;  O - - O ,  abso rbance  a t  280 nm.  L ack  of  s y m m e t r y  in t he  first peak  (mol. wt.  I I  ooo) 
resu l t s  f rom a closely assoc ia ted  i m p u r i t y  which  is la ter  r e m o v e d  in t he  e lec t rophores is  on acryl -  
a m i d e  gel (see Fig. 2.) 

was obtained. Increasing the ionic strength of the solution of KCI to o.2 M caused 
partial restoration of lost enzyme activity. 

When an analytical polyacrylamide gel electrophoresis was carried out on the 
purified enzyme at pH 8.6, two sharp bands were separated, most material being in 
the faster migrating band. At pH 7.0, however, only one broad band was obtained. 
Both bands which separated at pH 8.6 had enzyme activity. This suggested that  the 
enzyme was breaking down partially into subunits. In the preparative gel electro- 
phoresis (Fig. 2) only one active fraction was observed. 

The enzyme was inactivated by  dialysis against 8 M urea for 72 h. When analy- 
tical polyacrylamide gel electrophoresis was done in the presence of 8 M urea, the 
dialysate showed only one protein band. The activity of the enzyme could be partially 
restored by extensive dialysis against 0.8 M KC1 or gel electrophoresis. In the latter 
case, two active bands were obtained. When the enzyme was dialyzed against 5" lO-3 
M Tris-HC1 buffer, pH 6. 5, and then was subjected to preparative electrophoresis as 
described above, one enzymatically active band was obtained. Without this dialysis 
procedure, two enzyme bands were obtained. 

The stabil i ty of mercaptopyruvate  in the assay media was questioned because 
an odor of H2S could often be detected. Quanti tat ive measurements, however, show- 
ed that  incubation of 20/~moles of mercaptopyruvate  in Bis buffer, pH 9.5, for IO 
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rain at 37 ° produced less than 2% of S 2-. Likewise, the enzyme, pyruvate, and 
thiocyanate were stable under the assay conditions. Incubation of mercaptopyruvate 
in the assay medium for 30 rain at 5 °o produced only a I°/o conversion to persulfides. 

General properties 
The absorption spectrum ot the enzyme in 0.8 M KC1, 0.o5 M Tris-HC1 buffer, 

pH 7.5, showed a m a x i m u m  of absorbance only at 280 nm with  a small shoulder at 
290 293 nm. A solution of I mg of enzyme per ml in a I -cm cuvette exhibited an 
absorbance of o.93 at 280 nm. The isoelectric point as determined on cellulose acetate 

T A B L E  [ 1 

AMINO ACID COMPOSITION OF MERCAPTOPYRUVATE SULFURTRANSFERASE 

The de terminat ions  were done in a Spinco A m i n o  Acid Ana lyzer  except ing for t r y p t o p h a n  which  
was  determined photometr ica l ly .  A m m o n i a  ni trogen was 34 moles .  A m i n o  acid values  were cor- 
rected to zero hydro lys i s  t ime  for threonine  and serine. 

Amino acid residue Calculated Nearest integer 
equiv./23 800 g 

Lys ine  8.64 9 
His t id ine  5.66 6 
Arginine  9.69 i o  
Aspart ic  acid 21.45 21 
Threonine  9.83 i o  
Serinc 14.6o 15 
Glutamic  acid 26.52 27 
Prol ine  12.o6 12 
Glycine 20.26 20 
Alanine 22.35 22 
V a l i n e  16.69 17 
M e t h i o n i n e  3.43 3 
L e u c i n e  1 9 . 2  5 19 

l so leuc ine  9.53 1o 
Tyros ine  3.87 4 
Pheny la lan ine  7.15 7 
T r y p t o p h a n  5-51 6 
C y s t e i n e  1.94 2 

Total  220 

strips in the PhoroSlide apparatus was 4.2. At constant current, the distance the 
protein migrated, when plotted against the pH, yielded a straight line. 

While two cysteine residues were found by amino acid analyses, only one sulf- 
hydryl group per mole was detected by the reaction with 5,5'-dithiobis-(2-nitroben- 
zoic acid). Determinations were carried out on enzyme prepared in the presence of 
mercaptoethanol which was then dialyzed out under nitrogen protection. 

Metal analysis on an active enzyme preparation which had been dialyzed against 
lO -3 M EDTA for 36 h showed no detectable iron, approximately 0.5 mole of copper, 
and I mole of zinc per mole of protein. 

The amino acid analysis is shown in Table II and represents the composition 
of the dimer. 

The enzyme was not inactivated by lO .3 M iodoacetate, sodium azide, p- 
hydroxymercurisulfonate, N-ethylmaleimide or 5,5'-dithiobis-(2-nitrobenzoic acid) 
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when incubated in Tris-HC1 buffer, pH 7.5, containing o.15 mg of bovine serum 
albumin per ml, for 30 min. 

The presence of monovalent cations (KC1, K2SO4, Na2SO 4, 0.02 M) increased 
enzymic activity approximately 70°/0, while 2" IO-5 M CdC12, 5" Io-a M arsenite and 
lO -5 M copper acetate incubated at pH 9.5 did not alter the activity. EDTA, 5" Io-z 
M, and diethyldithiocarbamate, dithiooxamide, or dithiobisurea, all at Io -4 M, were 
not inhibitors. 

Hydrodynamic properties 
When the enzyme was examined in the ultracentrifuge, it sedimented as ex- 

pected for a single homogeneous entity. Since the enzyme lost its activity rapidly in 
solutions of low ionic strength and produced two bands on gel electrophoresis or 
DEAE-cellulose column chromatography, all centrifugations were done in 0.05 M 
Tris-HC1 buffer, pH 7, containing 0.8 M KC1, IO -a M EDTA, and 2" IO -a M mercap- 
toethanol. Sedimentation coefficients of 2.22, 2.48 and 2.34 were found at protein 
concentrations of 1.25, 2.5 and 4.0 mg of protein per ml at 20 °. A corrected value for 
water was s°20,w = 2.48. A partial specific volume of 0.728 ml/g was estimated from 
amino acid analysis data. 

From data derived from sedimentation equilibrium centrifugation, the mole- 
cular weight was calculated to be 23 800. The diffusion coefficient calculated from the 
sedimentation constant and the molecular weight was 9.96. lO 7 cm 2.see -1. The mini- 
mum frictional coefficient was calculated from the relationships between the above 
parameters as derived by TAKAGI AND TANFORD 2° to be 3.94" I°-S. A value of fifo = 
1.o 7 indicated a typical, globular protein. A molecular weight was estimated on a 
Sephadex G-Ioo column equilibrated with 0.05 M Tris-HC1 buffer, pH 7.5, 0.8 M in 
KC1, lO -3 M in EDTA and 2.1o -3 M in mercaptoethanol. The results from three 
experiments revealed a value of 21 700 ~ 830, which was in fair agreement with 
the value 23 800 obtained in the centrifuge. The molecular weight calculated from 
amino acid analyses was 23 983 . 

Kinetic studies 
The activity of the enzyme was determined as a function of the pH in terms of 

thiocyanate and pyruvate formation (Fig. 5). In all cases, the enzyme exhibited a pH 
optimum in the range of 9.3-9.6. 

The enzyme activity showed a typical temperature dependence. The activity 
diminished from a maximum between 45 and 5 °0 to zero at 60 °. 

The activity of the enzyme was directly proportional to the amount of protein 
in the preparation and to the amount of substrate in the assay. As is shown in Fig. 6, 
the enzyme did not obey Michaelis-Menten kinetics in the absence of mercaptoetha- 
nol. However, in the presence of o.02 M mercaptoethanol and 0.05 M KC1, the Km 
value was 8.34.IO-3 M mercaptopyruvate when pyruvate was determined. In the 
presence of 0.02 M KCN, the Km for thiocyanate formation was 1.25- lO -2 M mer- 
captopyruvate. 

The initial rate of formation of thiocyanate was approximately one-third that 
of pyruvate (when cyanide was added to the latter assay, Fig. 7)- Also, there was a 
distinct time lag in thiocyanate formation. Pyruvate (lO -2 M) in the standard assay 
medium inhibited thiocyanate formation 17%, and 2-1o -2 M, 450/0 . Preincubation 
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Fig. 5. p H  o p t i m u m  of sulfurtransferase.  The complete svs tem contained in 0.75 nil: mercapto-  
pyruvate ,  15/ ,moles;  enzyme, 0. 3/*g; and buffers as designated in the graph:  0 ,  sodium phos- 
phate,  18o/ ,moles;  O, Tris-HCl,  225/ ,moles;  0 ,  Bis-HCI, 225/ ,moles;  0, carbonate,  135/,moles. 
Assays were done as described under  METHODS. - - ' - - ,  th iocyanate  format ion in the presence of 
167 mM KCN with an incubat ion t ime of IO rain ; -- -- -- ,  py ruva te  format ion under  the same con- 
dit ions excepting for an incubat ion t ime of 5 rain; - - ,  py ruva te  format ion with 0.02 M mer- 
captoethanol  subs t i tu ted  for the KCN and an incubat ion period of 3 rain. 

Fig. 6. Effect of subs t ra te  concentrat ion on py ruva t e  formation.  Influence of mercaptoe thanol  on 
the L ineweave r -Burk  plot. The enzyme assay medium was 5" lO-3 M in KC]. Py ruva t e  was deter- 
mined. The enzyme concentrat ion was 0. 5 pg/ml  and o. 15 mg of bovine serum albumin was added 
per  ml. The t ime of incubat ion was 4 min at  37 °. v was expressed as nmoles of py ruva t e  formed per 
/*g of enzyme. The subs t ra te  concentrat ion was expressed in mM mercap topyruva te .  O, assays 
wi thou t  mercaptoethanol ;  0 ,  assays with 0.o2 M inercaptoethanol  in the incubat ion mixture.  
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Fig. 7. Init ial  rates of th iocyanate  and py ruva t e  formation.  The reaction mixture  contained 12 
/,moles of KCN, ioo / ,moles  of Bis buffer, pH 9.55, 67.5/ ,g of bovine serum albumin,  15 pmoles  
of mercap topyruva te  and 0.2/*g of enzyme in a total  volume of 0.75 ml. The incubat ion at  37 ° 
was s topped by  addit ion of i ml of 38% formaldehyde for the th ioeyanate  determinat ion or of 
0. 5 ml of 0. 5 M CdCI~ for the py ruva t e  determinat ion.  Determinat ions  were carried out  as describ- 
ed under  METHODS. The ra te  of py ruva t e  format ion was not  altered by  preii~cubation of the mixture  
for 5 rain before adding the  enzyme. 

Fig. 8. Effect of sulfur acceptors on ra te  of py ruva t e  formation.  The complete sys tem contained 
225/*moles Bis buffer, p H  9.55, 67.5/*g bovine serum albumin,  15/ ,moles mercap topyruva te ,  
0. 5 / ,g  of enzyme and addit ions to bring the tota l  volume to o.75 ml. The addit ions were either 
wate r  (m) KCN, 12/ ,moles (O),  or mercaptoe thanol  15/ ,moles (0). The py r uva t e  was determined 
as described under  METHODS. 
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of mercaptopyruvate  with an equimolar amount of pyruvate  completely prevented 
its function as a substrate in the enzymic reaction even with the enhancing effect of 
mercaptoethanol.  KCN reversed the inhibition about one-half while additional mer- 
captopyruvate  was only slightly effective. 

The effect of cyanide is seen in Fig. 8. Cyanide was inhibitory at short time inter- 
vals but at longer periods exerted a slight enhancement. However, when the enzyme 
was preincubated with 5" lO-2 M KCN at pH 7.5 for I h, nearly complete inactivation 
resulted. After preincubation with cyanide at pH 9.5 for 5 min, there was a slight in- 
hibitory effect on the enzyme which was partially reversed by mercaptoethano]. 

T A B L E  I I I  

I N H I B I T I O N  O F  E N Z Y M E  A C T I V I T Y  B Y  P O L Y S U L F I D E  S U L F U R  

Flowers  of  sul fur  were shaken  in 0. 5 M Bis buffer, pH  9.6, con t a in ing  o.12 M m e r c a p t o e t h a n o l  for 
3 ° rain a t  37 °. Af ter  f i l t ra t ion,  the  a m o u n t  of polysulf ide  sulfur  was  de t e rmined  and  a l iquo t s  
were added  to the  enzyme  assay  m e d i u m  wi th  add i t i ona l  m e r e a p t o e t h a n o l  to  m a k e  a t o t a l  of 
15 #mole s  of sulfl~ydryl compound .  P y r u v a t e  was  d e t e r m i n e d  as descr ibed under  METHODS. 
W h e n  cyan ide  was  added  to  a s imi la r  p r e p a r a t i o n  and  t h i o c y a n a t e  fo rma t ion  was de te rmined ,  the  
a p p a r e n t  inh ib i t ion  of the  enzymic  reac t ion  was i i  %. 

Ratio of mercaptopersulfide Pyruvate formation 
to persulfide (%) 

None  ioo  
18 lO2 
1 3  8 2  

3.5 81 
2 , 2  7 8 
1 . 2  2 9  

The enhancing effect of mercaptoethanol on the reaction was exerted relative 
to its level in the medium reaching a maximum only when approximately equal to 
the substrate concentration which saturated the enzyme. Higher concentrations of 
mercaptoethanol were inhibitory. Other sulfllydryl compounds were very slightly 
effective, e.g. cysteamine and thioglycollic acid. Mercaptosuccinic and mercaptopro- 
pionic acids had a slight inhibitory effect at 2. lO -2 M. Cysteine 7 was inhibitory. Like- 
wise glutathione at lO -3 M inhibited the reaction 70%, cystine at o.I M, 750/0 . 

Persulfides of mercaptoethanol had a marked inhibitory effect on enzymic 
pyruvate  formation (Table III). The inhibitory effect on thiocyanate formation was 
somewhat less. 

DISCUSSION 

After the final stage of purification, the enzyme appeared to be free of any 
significant amount of impurities. The emergence of the enzyme from the final Sepha- 
dex G-Ioo gel in a symmetrical  peak and the pat terns of the sedimentation velocity 
studies indicated the sulfurtransferase to be highly purified. The enzyme contained 
approximately o. 5 mole of copper per 24 ooo molecular weight and no iron but also 
I . I  moles of zinc. The removal of copper from proteins is very difficult. In the present 
case, it was retained after 36 h of dialysis of the enzyme against lO -3 M EDTA. 
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VAN DEN HAMER et al. 9 experienced similar difficulties with the mercaptopyruvate 
sulfurtransferase from rat liver and erythrocytes. These investigators removed prac- 
tically all the copper from the enzyme with sodium diethyldithiocarbamate and con- 
cluded the association of copper with the enzyme as reported by KEN AND FANSHIER 3 
was an artefact. In the present study, incubation with sodium diethyldithiocarba- 
mate did not inhibit the enzyme nor did EDTA. I t  thus appears that if a divalent 
metal ion is involved in the active form of the enzyme, it is tightly bound. I t  is of in- 
terest that  I mole of zinc per monomer of 18 500 molecular weight has been reported 
by WESTLEY and co-workers 21 for rhodanese. 

As observed by I2ANSHIER AND KEN 8 for the corresponding rat liver enzyme, 
the sulfurtransferase from E .  coli is very unstable in solutions of low ionic strength. 
Like the rat liver enzyme it readily dissociates into monomers which lowers the 
activity. However, in solutions of about 0.8 M KC1, the enzyme monomer rapidly 
dimerizes. 

Two active bands were obtained from a DEAE-cellulose column after the en- 
zyme preparation had been dialyzed against dilute salt but only one was seen in the 
presence of urea or in solutions dialyzed against high salt concentration. Urea 
produced reversible inactivation. These observations are suggestive that the enzyme 
occurs as a dimer which is in equilibrium with monomers. 

All centrifugation studies were performed in high salt concentration. When 
the data were arranged so that the log fringe displacement versus  the square of the 
radius of rotation could be plotted, the resulting slightly curved line suggested that, 
during centrifugation at high protein concentration, some association phenomena 
may have taken place. Normalized values for the amino acid analysis show eight 
amino acids to occur in an odd number per dimer. This argues against tile dimer 
dissociating into identical monomers. 

The amino acid analysis revealed only two half-cystines per molecular weight 
of 23 800. Only one of these was accessible to sulffiydryl group reagents. The effects 
of inhibitors indicate the accessible sulfliydryl group is not necessary for function of 
the enzyme. This is in contrast to the rhodanese system 22. However, the catalytic 
system of the mercaptopyruvate sulfurtransferase contains a sulfllydryl group con- 
tributed by the substrate. Hence, it might be expected that the action of mercuri- 
benzoate, metals, and other reversible reactants for sulffiydryl groups would be in- 
conclusive. N-Ethylmaleimide, iodoacetic acid and sodium azide had but little effect 
on the activity of the purified enzyme. 

The enzyme was sensitive to oxygen, especially when additional copper was 
added 23. Chelating agents for copper as noted above had no effect on enzyme activity. 
It  should be noted that Mn 2+ catalyzes decomposition of mercaptopyruvate to yield 
persulfide sulfur. Under conditions of the enzyme assay, lO -3 M Mn ~+ was approxi- 
mately equivalent to 0. 7 unit of enzyme. 

The pH optimum for pyruvate formation (Fig. 5) was 9.3-9.6 for the purified 
enzyme, which confirms our earlier report 23. The addition of mercaptoethanol in- 
creased the velocity of the reaction but had no effect on the optimum pH values. 
When cyanide was added as a sulfur acceptor and thiocyanate was determined, the 
activity extended into the alkaline ranges. The shift represents the slower rate of 
thiocyanate formation (Fig. 7) and the pH effect on the rate of reaction of cyanide 
with persulfide sulfur when no catalyst was present 7. 
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The reaction catalyzed by  mercaptopyruvate  sulfurtransferase is the removal  
of sulfur from the substrate. 

O O 
LL II 

H S C H ~ - C - C O O H  --+ C H 3 - C - C O O H  + S o 

Mercaptopyruvate is the only substrate known for this enzyme and free car- 
boxyl, sulfllydryl and carbonyl groups are necessary for the reaction 24. The substrate 
apparent ly attaches to the enzyme surface and pyruvate  is rapidly released. An 
enzyme-sulfur complex that  remains liberates free sulfur when acidified. 

As shown by MEISTER et al. 1 for a liver extract  at pH 7.4, the sulfur precipi- 
tates with protein. HYLIN AND WOOD 7 found the sulfur remains in solution as a per- 
sulfide in alkaline medium. In this form, the sulfur is available for transfer to various 
acceptors, e.g. cyanide to form thiocyanate 2, and sulfite to form thiosulfate 6. The 
enzyme-sulfur complex can be transported by  electrophoresis on paper and retains 
its ability to form thiocyanate when cyanide is added (J. W. HYLIN AND J. L. WOOD, 
unpublished results). Addition of persulfides caused a progressive inhibition of the 
enzymic production of pyruvate  (Table I I I ) .  Probably the a t tachment  of the per- 
sulfide sulfur to the enzyme could stop the reaction if all the active centers were sa- 
turated. This does not occur because mercaptopyruvate  accepts the sulfur to form 
a persulfide. This is noted by  development of a characteristic yellow color in the incu~ 
bation mixture which is dissipated by the addition of cyanide or mercaptoethanol. 
Mercaptopyruvate is relatively poor as a persulfide acceptor 7. 

The inhibiting effect of pyruvate  on the enzymic reaction was noted by MEIS- 
TER et al. 1 who observed the conversion of mercaptopyruvate  to pyruvate  was not 
quanti tat ive except in the presence of mercaptoethanol.  Repeated additions of en- 
zyme to an incubation mixture had no effect. We have observed that  preincubation 
of mercaptopyruvate  with equimolar amounts of pyruvate  completely eliminated 
substrate activity. I t  was apparent  that  the mercaptopyruvate  was converted to 
other products possibly through formation of a thiomercaptol compound 26. Pyruvate  
may  act on the enzyme also since addition of more substrate failed to provide for the 
reaction at the expected level. 

Fig. 8 shows the rate of pyruvate  formation by the purified enzyme is increased 
by the presence of mercaptoethanol approximately 2-fold. The maximum effect of 
mercaptoethanol was seen at a concentration of 2.5 raM. A Lineweaver-Burk plot 
of the velocity-substrate activity (Fig. 5) shows the relationship is not linear unless 
mercaptoethanol is present. Fig. 7 shows pyruvate  forms much faster than thio- 
cyanate when cyanide is present as an acceptor. A time lag in thiocyanate formation 
has been observed consistently. Cyanide is slightly inhibitory initially but enhances 
the production of pyruvate  above the control at seven minutes of incubation. Those 
findings support the conclusion that  the transfer of sulfur from persulfide to cyanide 
is not an enzyme-catalyzed reaction, although the enzyme enhances the reaction of 
mercaptoethanol persulfide with cyanide at pH 9.6 to a slight degree. This is similar 
to the action of serum albumin on colloidal sulflar 25. 

The formation of persulfide sulfur is a unique reaction of the sulfurtransferases 
of this class. The precipitation of free sulfur probably never occurs i n  v i vo  due to the 
presence of acceptors and of reducing agents such as sulfhydryl compounds which 
can convert the sulfur to sulfide ion. 
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