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SUMMARY 

I. A 3oo-fold purified enzyme from yeast catalyzed the reduction of (a) SOs 2- 
to S ~-, (b) NO~- or NH20H to NH8 and (c) viologen dyes, when NADPH was the 
hydrogen donor. 

2. The ratio of S03"-/N02 - reduced was 1:3 and that  of NO2-/NH20H reduced 
was 1:1. 5 . These ratios were constant throughout the purification of the enzyme. 

3. The stoichiometry for NADPH, substrates and products has been determined 
for the purified enzyme as well as tile Michaelis constants for S082 , NO2- and 
N H 2 0 H  , and the inhibitor constants for the alternate substrates. 

4. The effects of various inhibitors on the reductase enzymes as well as the ef- 
fectiveness of electron donor systems for S032- reduction were also studied. 

INTRODUCTION 

Sulphite reductase preparations from various sources usually exhibit both ni- 
trite and hydroxylamine reductase activities 1-7. A 2oo-fold purified sulphite reductase 
from yeast (EC 1.8.1.2) catalyzed the reduction of NO 2- and NHzOH to NH 3 (ref. 8). A 
further purification and characterization of this enzyme system 9,10 and a comparison 
of its three reductase activities (S032-, NO 2- and NH~OH) was reported recently n. 
In this paper some properties of the enzyme which reduces S032-, NO~- and NH20H 
as well as methyl- and benzylviologens are presented. 

MATERIALS AND METHODS 

Enzyme preparations 
Sulphite reductase enzyme fractions (I-V) from commercial baker 's  yeast were 

prepared as described earlier 1°. These fractions also contained nitrite and hydroxyl- 
amine reductase activities. 

Assays for sulphite, nitrite and hydroxylamine reductases 
The reductases were assayed in a standard reaction mixture (3 ml) containing 

Abbrev ia t ions :  PCMB, p -ch lo romercur ibenzoa te ;  PMS, phenaz ine  meLhosulphate .  
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(#moles): potassium phosphate buffer (pH 7.4), 600; NaaSO3, NaNO a or NH2OH. 
HC1, 3; enzyme (0.05 0.4 ml) and a NADPH-generating system consisting of MgC12, 
3; NADP+, 0.3; glucose 6-phosphate, 5; and glucose-6-phosphate dehydrogenase, 
0.5 (I.U.). The reaction mixtures were incubated for 40 rain at 3 o°, in Quickfit glass 
tubes (MF 24 type) sealed with rubber serum caps. 

The sulphite reductase activity was assayed by determining the S a- produced 10. 
The residual SOa a- was measured as described previously 10. 
The product of NO a- or NHaOH reduction was NH a. After 4 ° min incubation 

at 3 o°, 0.3 ml M acetic acid s was injected through the serum cap into the reaction 
mixture, then an aliquot (1.5 ml) was transferred to a Conway microdiffusion unit. 
The NH 3 produced after a 3-h incubation period at 37 ° was determined according to 
the method of RUSSELL TM. Reaction mixtures without NO 2- or NH2OH were used as 
controls. 

Residual NOa- was determined as follows: After 40 min incubation, o.i ml 
zinc acetate and 1.9 ml cold 95 % (v/v) ethanol were added to the reaction mixture 
to precipitate any residual NADPH which might otherwise interfere with the chemical 
determination of NOa- (ref. 13). The precipitated substances were removed by  centri- 
fugation and a suitable portion of the supernatant fraction was used to determine 
residual NOa-, according to the method of HEWlTT AND NICHOLAS 1~. 

NHaOH was determined by tile colorimetric procedure of HAGEMAN et al. 15, 
and the absorbance at 54o nm was measured in an Optica spectrophotometer. 

Assay of NADPH-methylviologen reductase 
This activity was determined aerobically in a reaction mixture by  following the 

oxidation of NADPH at 34o nm. The reaction mixture in a final volume of 3 ml con- 
tained in (/~moles) : potassium phosphate buffer (pH 7.4), 600 ; NADPH, 0. 3; methyl- 
viologen, 3 and 0.05 ml 3oo-fold purified enzyme (Fraction V, Table I). The reaction 
was started by adding o.I ml of the dye solution. The NADPH oxidation did not 
occur in the absence of the dye or if the enzyme was either omitted or boiled. 

Electron donor systems 
The following electron donor systems were tested in place of the NADPH-  

generating system in the standard reaction mixture, described above. 
(i) NADH-generating system consisted of 0.3 #mole NAD +, crystalline lactate 

dehydrogenase (25 #g) and 12/,moles sodium lactate. 
(2) FADH a was continuously generated under an atmosphere of H 2 in the re- 

action tube, using 0.3 #mole FAD, 5 mg of o-amino-acid oxidase and 15/~moles 
(+)-alanine. Rubber serum caps which closed the reaction tubes ensured complete 
anaerobic conditions, after the tube had been repeatedly evacuated and flushed with 
H a. A hypodermic syringe needle inserted through the serum cap was used to sparge 
H~ through the reaction mixture. The reduction reaction was started on injecting 
a hydrogenated solution (0. 5 ml) of (+)-alanine (15 #moles) and SO~ a- (3 #moles). 

(3) Cytochrome c from horse heart (0.3/,mole) was reduced with 12 #moles 
sodium lactate and crystalline lactate dehydrogenase cytochrome b 2 from yeast (25 #g 
protein). The reduction was carried out under H a gas as for the FADH a assay. The 
reaction was started by injecting a solution of NaaSO 3 (3/~moles) previously sparged 
with Ha, into the reaction mixture. 
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(4) Benzyl- or methylviologen (o.oi M) was reduced chemically in Quickfit tubes 
(MF 24) sealed with rubber serum caps, by adding palladized asbestos and sparging 
with H 2. An appropriate amount (O.l-O.2 ml) of reduced dye solution was injected 
into the reaction mixture with a hypodermic syringe needle. The residual reduced dye 
in the reaction tube after a 4o-min incubation was autooxidised on adding the reactants 
used to determine S*- (ref. IO). Reaction mixtures with boiled enzymes were used as 
controls. 

(5) Phenazine methosulphate (PMS) plus NADH system contained 0.3/~mole 
PMS and 3/,moles NADH. After thoroughly flushing the reaction mixture with H2, 
0.2 ml of a solution containing 3 #moles each of NADH and Na2SO 3 similarly sparged 
with H 2 was injected into the tube. 

When other electron donors such as succinate, citrate, glutamate, etc. were 
used, 3 #moles of either replaced the NADPH-generating system in the standard 
reaction mixture. When pyruvate was the electron donor, ATP (5 #moles) and MgC12 
(3/~moles) were also added. 

Co factors and other reagents 
ATP, NADP +, NADPH, were from Calbiochem, Calif., U.S.A. ; glucose 6-phos- 

phate, glucose-6-phosphate dehydrogenase (EC 1.1.1.4o ) as crystalline suspension in 
Na2SO,, n-amino-acid oxidase, cytochrome c (horse heart Type II), crystalline lactate 
dehydrogenase Type I (EC I.I.I.27), and cytochrome b z Type IV (EC I.I.2.3), FMN, 
FAD, NAD +, NADH and GSH were obtained from Sigma Chemical Co., St. Louis, 
U.S.A. All other chemicals were purchased either from British Drug Houses, Poole, 
Great Britain, or from May and Baker, Degenham, Great Britain. Hydrogen of high 
puri ty (99.995%) was supplied by Commonwealth Industrial Gases, Torrensville, 
Queensland, Australia. Quickfit glass tubes (MF-24 type) were from Quickfit and 
Quartz, Stone, Staffordshire, Great Britain. 

RESULTS 

The results in Table I show that the ratio of the enzyme activities for S032-, 
NO z- and NHzOH was fairly constant throughout a 3oo-fold purification. The average 
ratio of the activities of nitrite reductase and sulphite reductase was 3:1, whereas 
for nitrite/hydroxylamine reductase it was I : 1.5. 

Stoichiometry 
3 moles NADPH were utilized by the purified enzyme to reduce i mole SO~ ~- to 

S z- or NO2- to NH 8, while only I mole of NADPH was required to reduce NH20H 
to NH 3 (Table II). 

Michaelis constants 
The Km values for S03 ~-, NO 2- and NH2OH, determined by Lineweaver-Burk 

plots 16, were 38 #M, 18o/~M and 4.5 mM, respectively. 

Electron donors 
NADPH and reduced viologen dyes were the most effective hydrogen donors 

(Table III). NADH or reduced PMS, however, were ineffective for SOa 2- reduction. 
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TABLE I 

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

Sulphite, nitri te and hydroxylanl ine  reductases were assayed by  determining the products,  S 2- 
and N H  a, as described in MATERIALS AND METHODS. The reaction mixtures  contained potass ium 
phospha te  buffer (pH 7-4), NADPH-genera t ing  system, the enzyme and op t imum amoun t s  of 
snbs t ra tes  (see Km values). Equa l  amounts  of enzyme (o.o5-o. 4 ml) were used for assaying the  
three reductases for any  given fraction. Fract ions I -V  contained 25, 2o, 4, o.84 and 2.o mg protein 
per ml, respectively. Reaction mixtures  wi thou t  the subs t ra tes  were used as controls. 

Fraction Sulphite Nitrite Hydroxyl- Fold Ratios 
reductase reductase amine purifi- 
(S 2-,nmoles) (NH3, nmoles) reductase cation B/A C/B 
(A) (B) (NH 3, nmoles) 

(c) 

I. Ceil-free ext rac t  (dialysed 
against  o.2 tVf po tass ium 
phosphate  buffer 
(pH 7.4) ) 147 456 

I I .  The enzyme protein  col- 
lected between 38 and 
48 % (NH4) 2SO4 satn. 
and dialysed against  the 
buffer for 24 h 128 41o 

I I I .  Fract ion I I  applied to a 
DEAE-cellulose column. 
Stepwise elution with o. 15 
and 0.25 M potass ium 
phospha te  buffer (pH 7.4). 
Concentrated by  (NH4) 2SO 4 
fract ionation (0-60 % 
satn.) and dialysed against  
0.2 M buffer for 24 h lO8 313 

IV. Fract ion I I I  applied to 
another  DEAE-cellulose 
column. Linear gradient  
elution made wi th  20o ml 
of o.i and 0. 3 M phospha te  
buffer, respectively 18o 514 

V. Dry  Sephadex G-25 beads 
added to Fract ion IV. 
Activity of the super- 
na t an t  fraction filtered 
under  suction 15o 45 ° 

662 i 3.I 1. 5 

575 7 3 .2 1.4 

47 ° 73 2.9 1.5 

8o6 I92 2.8 1.6 

68o 3o6 3.0 1.5 

Reduced forms of FAD, cytochrome c and the citric acid cycle substrates were not 
readily utilized. 

Inhibition studies 
Table IV shows the effect of various inhibitors on the activities of sulphite, 

nitrite and hydroxylamine reductases. All three activities were retarded to the same 
extent by inhibitors of thiol, flavin and iron, and the first two effects were reversed 
by GSH and FAD, respectively. 

CN- and iron-chelating agents inhibited the activities of sulphite, nitrite and 
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T A B L E  I I  

STOICHIOMETRY OF SO3 2-, N O  2-  AND N H 2 O H  REDUCTION BY THE PURIFIED ENZYME 

D u p l i c a t e  r e a c t i o n  m i x t u r e s ,  c o n t a i n i n g  6 o o / * m o l e s  p h o s p h a t e  bu f fe r  ( p H  7.4), 3 oo-fo ld  p u r i f i e d  
e n z y m e  ( i  un i t )  1°, N A D P H  a n d  a p p r o p r i a t e  s u b s t r a t e  (3 /*moles ) ,  w e r e  i n c u b a t e d  a t  3 o°. A f t e r  
t h e  i n c u b a t i o n  p e r i o d  (4 o min) ,  t h e  r e s i d u a l  s u b s t r a t e s  (SOs~- , N O 2 -  , N H 2 O H  ) a n d  e n d  p r o d u c t s  
(S 2- or  N H s )  w e r e  a s s a y e d ,  as  d e s c r i b e d  in  MATERIALS AND METHODS. 

Reductase activity N A D P H  Substrate Product Stoichiometry 
added utilized formed 
(nmoles) (nmoles) (nmoles) Hydrogen 

donor Substrate : Product 

S u l p h i t e  3oo i o 7 i o6 N A D P H  
6oo 215 2o4 3 

N i t r i t e  3oo i 16 I o i  N A D P H  
60o 211 198 3 

H y d r o x y l a m i n e  300 309 3o5 N A D P H  
600 61o 603 I 

SO32- 
I 

N 0  2 -  
I 

: N H ~ 0 H  
: I 

S 2-  

I 

N H  a 
I 

: N H  3 
: I 

T A B L E  I I I  

ELECTRON DONORS FOR SULPHITE REDUCTASE 

The sulphite reductase (Fraction I, Table I) was assayed by determining the S 2- produced as 
described in MATERIALS AND METHODS. Benzyl- and methylviologens were reduced with palladized 
asbestos and M v PMS was reduced chemically with NADM. NADPH, NADH and FADH 2 were 
continuously generated (see MATERIALS AND METHODS). When sodium pyruvate was used, ATP 
a n d  Mg  2+ w e r e  i n c l u d e d  in  t h e  r e a c t i o n  m i x t u r e  (MATERIALS AND METHODS). 

Electron donors Relative activity Redox potential 
of S032- reduction E o" 
(nmoles S ~- pro- (pH 7.0) (V) 
duced per 4 ° rain) 

N A D P H  IOO - - 0 . 3 2 4  
N A D H  5 - - 0 . 3 2 0  
R e d u c e d  b e n z y l v i o l o g e n  i 13 --  o. 314 
P M S  + N A D H  o + o . 0 8 0  
F A D H ~  18 - - o . 2 0 9  
R e d u c e d  m e t h y l v i o l o g e n  148 - - o . 4 o  
S u c c i n a t e  13 + o.o 3 
C i t r a t e  15 - -  o.o 3 
G l u t a m a t e  13 --  o. 12 I 
P y r u v a t e  i o - -  o.63 
L a c t a t e  5 - -  o. 185 
R e d u c e d  c y t o c h r o m e  c 12 + o . z 6  
A c e t a t e  i o  - -  o .246 
B u t y r a t e  12 - -  o. 02.5 

hydroxylamine reductases only when the enzymes and inhibitor had been prein- 
cubated in the reaction mixture containing NADPH, without S03 ~-, N02- or NH20H. 
Mixing of substrate with the enzyme prior to adding the inhibitors offset this effect. 

A similar substrate protection of the enzyme against a mepacrine inhibition was 
observed for the NADPH-methylviologen reductase activity of the enzyme (Table V). 
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T A B L E  I V  

E F F E C T  O F  I N H I B I T O R S  ON R E D U C T A S E  A C T I V I T I E S  

N A D P H - l i n k e d  s u l p h i t e ,  n i t r i t e  a n d  h y d r o x y ] a m i n e  r e d u c t a s e  a c t i v i t i e s  w e r e  a s s a y e d  b y  f o l l o w i n g  
t h e  o x i d a t i o n  of N A D P I t  a t  34 ° n m  in  a U n i c a m  S P 7 o o  r e c o r d i n g  s p e c t r o p h o t o m e t e r .  R e a c t i o n  
w a s  s t a r t e d  b y  a d d i n g  o . i  m l  c o n t a i n i n g  3 / z m o l e s  NazSO~, N a N O ~  or  N H ~ O H  to  6 0 0 / z l n o l e s  
buf fe r  ( pH  7.4), 0-3 /~mole N A D P H ,  e n z y m e  ( F r a c t i o n  V) a n d  i n h i b i t o r ,  in  2.9 m l  i n  a i - c n l  q u a r t z  
c u v e t t e .  T h e  a b s o l u t e  a c t i v i t i e s  for  N A D P H  o x i d i s e d  p e r  5 r a in  Oil a d d i n g  SOa2- , N O  2- a n d  
N H ~ O H  w i t h o u t  i n h i b i t o r  a re  68, 82 a n d  48 n m o l e s .  

Inhibitor Final Inhibition (%) 
c o ~ c n .  
(raM) Sulphite Nitrite Hydroxylamine 

reductase reductase reductase 

P C M B  * o . I  IOO IOO 98 
K C N  * * * i .o i o o  i o o  i o o  
M e p a c r i n e  * * o. 4 86 88 80 
Q u i n i n e  s u l p h a t e  i . o  3 ° 33 25 
8 - H y d r o x y q u i n o l i n e  3.o 9o 85 85 
a , a ' - D i p y r i d y l  * * * i o.o 62 65 63 
o - P h e n a n t h r o l i n e "  * * i o . o  8o 78 81 

* I n h i b i t i o n  r e v e r s e d  w i t h  G S H .  
** I n h i b i t i o n  r e v e r s e d  w i t h  F A D .  

* ** I n h i b i t i o n  w a s  n o t  o b s e r v e d  if  a n y  one  of t h e s e  c o m p o u n d s  w a s  a d d e d  s u b s e q u e n t  t o  t h e  
a d d i t i o n  of SOa 2 , N O  2- or  N H 2 O H  to  t h e  e n z y m e .  

T A B L E  V 

EFFECT OF VARIOUS INHIBITORS ON NADPH--METHYLVIOLOGEN REDUCTASE ACTIVITY 

T h e  e n z y m e  w a s  a s s a y e d  b y  f o l l o w i n g  o x i d a t i o n  of N A D P H  a t  34 ° n m .  T h e  r e a c t i o n  m i x t u r e  
(2.9 ml)  c o n t a i n e d  6 0 0 / , m o l e s  p h o s p h a t e  buf fe r  ( p i t  7.4), o . 3 / * m o l e  N A D P H  a n d  i n h i b i t o r .  
W h e n  SOa 2 , N O ~ -  or  N H 2 O H  w a s  t e s t e d  as  a n  i n h i b i t o r  of t i l e  d y e  r e d u c t i o n ,  t h e  e n z y m e  w a s  
f i r s t  p r e i n c u b a t e d  w i t h  K C N  (i  raM) in  t h e  r e a c t i o n  m i x t u r e  for  a t  l e a s t  1 m i n  p r i o r  t o  t h e  a d d i t i o n  
of 3 / ~ m o l e s  SOa ~-, N O  2- or  N H ~ O H .  T h i s  e n s u r e d  t h a t  t h e  t h r e e  s u b s t r a t e s  w o u l d  n o t  be  e n z y m -  
i c a l l y  r e d u c e d .  T h e  d y e  r e d u c t i o n  w a s  n o t  i n h i b i t e d  b y  C N - .  F i n a l l y ,  t h e  N A D P H - d y e  r e d u c t i o n  
r e a c t i o n  w a s  s t a r t e d  b y  a d d i n g  o . I  m l  c o n t a i n i n g  3 / * m o l e s  of m e t h y l v i o l o g e n .  

Inhibitor Final concn. Inhibition 
(raM) (%) 

N - E t h y h n a l e i m i d e  i .o 5 ° 
P C M B "  o. I 96 
N a A s O  2 2.0 o 
M e p a c r i n e  ~ *, *""  i .o i o o  

K C N  ~ I .o o 
( 5.o o 

I o d o a c e t i c  a c i d  2.o 9 
SO32- , N O  2- or  N H u O H  i .o o 
o - P h e n a n t h r o l i n e  5.o o 
a , a - D i p y r i d y l  5.0 o 

* I n h i b i t i o n  w a s  o b s e r v e d  i r r e s p e c t i v e  of t h e  o r d e r  of a d d i n g  P C M B  a n d  m e t h y l v i o l o g e n  to  
t h e  r e a c t i o n  m i x t u r e .  

* * I n h i b i t i o n  w a s  n o t  o b s e r v e d  if  m e p a c r i n e  w a s  a d d e d ,  s u b s e q u e n t  t o  t h e  a d d i t i o n  of m e t h y l -  
v io logen .  

* ~ * I n h i b i t i o n  w a s  r e v e r s e d  b y  F M N .  
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This reduction was also strongly retarded by p-chloromercuribenzoate (PCMB), but 
it was not prevented by premixing the substrate with the enzyme. The dye reductase 
activity, however, was not affected either by iron inhibitors or by KCN, SO~ 2-, 
NO 2- and NHzOH. 

Sub#rate inhibition 
According to the double-reciprocal plots t? the sulphite, nitrite and hydroxyl- 

amine reductase activities were competitively inhibited by alternate substrates. How- 
ever, when the SOs 2- concentration was increased to I mM, the NH~OH inhibition 
of SOs ~- reduction was not observed. Inhibition of sulphite reductase activity by 
NH~OH (Kin = 4.5 mM) was achieved, when the concentration of SO32- (Kin = 

38 #M) was 0.33 mM or less. 
The inhibition constants for S03 ~- (Fig. IA), NO 2- (Fig. IB) and NH2OH 

(Fig. IC), determined according to the method of DIXON is, were 12 ffM, 188 ffM and 
5 mM, respectively. These values are in good agreement with Michaelis constants for 
the three substrates. 

e B (K, :188 MM) 
[~ 4 t  A (K[ . . . . .  2-= ) . . . .  ~ ,40 t / . . . . .  2- 

- 6 o  - 4 o - 2 0  o 2 0  d o  6 0  8 b  '~/0 ' - 1 ~  " 0 " l b  2:0 " 
/ = s u l ~ i t e  (~M) I = n l t r l t e  ( r aM)  

~° t 

o C (K/= 5raM) 

# 0 .16mM SO~- 4O 4 /  

m / . / i  2 

-,40 -2O 0 2O 4 0  6O 8 0  .r :hyd rOXylomine (raM) 

Fig. I. Inhibition constants. A. K, value for SO~ ~-. Nitrite reductase activity in a standard reaction 
mixture (MATERIALS AND METHODS) was competitively inhibited by fairly low concentrations 
of SO82-. The results were plotted according to the method of DIXON is. B. K, value for NOz-. 
Enzymic reduction of SO82- was inhibited by varying amounts of NOa-. The amount of S 2-. 
produced was determined as described in MATERIALS AND METHODS.. C. K, value for NH2OH. 
Sulphite reductase activity was inhibited by fairly high concentrations of NHzOH. The smaller 
the SO8~- concentration, the greater was the inhibition by NH~OH. The reaction mixture (3 ml) 
contained phosphate buffer, 6oo/~moles; MgCI~, 3/~moles; glucose 6-phosphate, 5 #,moles; 
NADP +, o. 3/,moles; glucose-6-phosphate dehydrogenase, 0. 5 I.U.; Na~SOD, 0. 5 or i/~mole; and 
varying amounts of NH2OH. The yeast enzyme (Fraction V, Table I) was finally added to start  
the reaction. 

DISCUSSION 

Although a separation of nitrite and hydroxylamine reductase (EC 1.6.6. 4 
and EC 1.7.99.1 ) has been attained in plants 19-2z, our observations with the yeast 
enzyme indicate that the reductases of SO32-, NO2-, and NHzOH are probably as- 
sociated with one enzyme as is the case in Escherichia coli t-3. This interpretation is 
based on the following facts: (a)the ratios of the reduction of SO32-/NO2-/NH~OH 
were constant throughout the 3Do-fold purification of the enzyme, (b) the inhibitors 
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which affected the sulphite reductase act ivi ty  also affected the N 0 2 -  and  NH~OH 
reductions to the same ex ten t  and  (c) in all three cases, the inhibi t ions  by  KCN and  
iron-chelating agents were prevented by  premixing the enzyme and  substrate.  

Since the three reductase activities were inhibi ted to the same extent  by  
PCMB, mepacrine,  ~,cd-dipyridyl and o-phenanthroline,  it  is possible tha t  the electrons 
from N A D P H  were t ranspor ted  along the same sequence suggested earlier for SOs 2- 
reduct ion 10. 

The stoichiometry of the three reduct ion reactions is as follows: 

3 N A D P H +  H + +  SO3Z- --+3 NADP++ S ~- + 3 H20 (i) 

3 N A D P H +  H + +  HNO~ ---+3 NADP++ NH3+ 2 H20 (2) 

NADPH + H + + NH2OH--+ NADP+ + NH3 + H20 (3) 

Because the sulphite, n i t r i te  and  hydroxylamine  reductase activities were com- 
pet i t ively inhibi ted by  the a l ternate  substrates,  it is possible tha t  the three substrates  
were competing for a common site in the enzyme. 

The purified enzyme also catalyses the reduct ion of benzyl-  or methylviologen b y  
NADPH.  This reaction which is inhibi ted by  mepacrine is reversed by  FMN, in- 
dicat ing a flavin requi rement ;  this was proposed earlier 1°. 

Based on the Km and  K,  values for SOs 2-, NO 2- and N H 2 0 H ,  it is suggested 
tha t  S0~ 2- reduct ion is the physiological funct ion of the enzyme. 
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