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Summary 

Phenylalanine 4-monooxygenase (L-phenylalanine, tetrahydropteridine:oxy- 
gen oxidoreductase (4-hydroxylating), EC 1.14.16.1) was purified approx. 600- 
fold to apparent homogeneity with a 48% yield from rat liver. Two distinct 
active forms were separable by calcium phosphate gel chromatography and 
numbered based on their order of elution from the gel column. The pre- 
dominant form, Form I, had an estimated molecular weight of about 240 000. 
The enzyme gave a single band on sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, the molecular weight of which was estimated to be approx. 
51 000, indicating that the enzyme might be composed of four identical sub- 
units. The molecular properties of Form I were: sedimentation coefficient, 
10.1 S; Stokes radius, 55/~; diffusion coefficient, 3.90 • 10 -7 cm2/s; frictional 
ratio, 1.33 and isoelectric point, pH 5.6. The enzyme contained approx. 0.6 
mol of iron and 0.3 mol of phosphate/mol of subunit of the enzyme. No 
significant differences in kinetic properties of the two forms, Form I and Form 
II, were observed. Amino acid analysis studies revealed that the amino acid 
composition of Form I was essentially identical with that of Form II, indicating 
that both forms might be the products of the same gene. There were, however, 
minor differences in the phosphate content and the isoelectric point between 
the two forms 

I n t r o d u c t i o n  

Phenylalanine 4-monooxygenase (L-phenylalanine, tetrahydropteridine:oxy- 
gen oxidoreductase (4-hydroxylating), EC 1.14.16.1) catalyzes the conversion 

Abbreviations: Me2PteH 4, 2-amino-4-hydroxy-6,7-dimethyltetrahydropteridine; MePteH4, 2-amino-4. 
hydro xy-6-methylt etrahyd1~pteridine. 
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of L-phenylalanine to L-tyrosine using tetrahydropterin as a reducing agent and 
molecular oxygen as an oxidizing agent. Two other enzymes, tyrosine 3-mono- 
oxygenase (L-tyrosine, tetrahydropteridine :oxygen oxidoreductase 
(3-hydroxylating), EC 1.14.16.2) and tryptophan 5-monooxygenase (L-trypto- 
phan, tetrahydropteridine:oxygen oxidoreductase (5-hydroxylating), EC 
1.14.16.4), also require tetrahydrobiopterin as an electron source and these 
three aromatic amino acid monooxygenases are believed to share many proper- 
ties. Although the most extensive studies have been carried out on phenyl- 
alanine 4-monooxygenase because it is available in far greater quantities than 
the other two monooxygenases, a pure form of mammalian phenylalanine 
4-monooxygenase has not been obtained. 

In a previous report we described the procedure for complete purification of 
phenylalanine 4-monooxygenase from Chromobacterium violaceum and 
described some properties of the enzyme [1]. However, a purification as high 
as 3000-fold was required for obtaining a homogeneous preparation. 

This study demonstrates the first purification of mammalian phenylalanine 
4-monooxygenase to apparent homogeneity with a very high yield. Some of its 
physical, chemical and catalytic properties have been examined. 

Experimental procedures 

Materials 
Beef liver catalase and horse spleen ferritin were purchased from Boehringer. 

DEAE-Sepharose CL-6B and polyacrylamide gradient gels (PAA4/30) were 
from Pharmacia. Ultrogel AcA 34 and Ampholine were obtained from LKB. 
Me2PteH4 and MePteH4 were purchased from Aldrich and Calbiochem, respec- 
tively. Bovine serum albumin, dithiothreitol, and dimethyl suberimidate were 
the products of Sigma. Cibacron Blue F3GA was obtained as a generous gift 
from Ciba Geigy, Japan. All other chemicals were reagent grade. 

Enzyme assays 
The activity of phenylalanine 4-monooxygenase was assayed fluorometri- 

cally by measuring the formation of tyrosine according to the nitroso-naphthol 
procedure of Waalkes and Udenfriend [2] as modified by Woo et al. [3]. The 
standard assay mixture contained 0.5 pmol of L-phenylalanine, 0.1 pmol of 
Me:PteH4, 1 pmol of dithiothreitol, 25 ~zmol of potassium phosphate buffer, 
pH 6.8, 100 pg of catalase and a suitable amount of enzyme in a total volume 
of 250 ~zl. The reaction was started by the addition of Me2PteH4 and carried 
out at 24°C for 5 min with shaking. 1 unit of enzyme is defined as the amount 
that produces 1 gmol of tyrosine per min at 24°C. 

Preparation of gels for chromatography 
Calcium phosphate gel was prepared by the method of Barranger [4] and 

uniformly mixed with wet cellulose powder [4]. Blue-Sepharose was prepared 
by coupling of Cibacron Blue F3GA to Sepharose 6B by the procedure of 
Heyns and DeMoor [5]. The amount of the coupled dye was determined 
spectrophotometrically at 610 nm after acid hydrolysis [5]. Approx. 0.9 mg of 
dye/ml of gel was found to be bound. 
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Determination 
The iron content of enzyme was determined with a Hitachi 508 atomic 

absorption spectrophotometer with the sensitivity of 0.1 ppm. Prior to deter- 
mination, the enzyme solution was passed through a Sephadex G-25 column 
equilibrated with 50 mM Tris-HC1 buffer, pH 6.8. Protein-bound phosphate was 
measured by the method of Ames [6]. The carbohydrate determination was 
carried out  by the phenol-sulfuric acid method [7] with glucose as a standard. 
Protein was determined by the method of Lowry [8] with bovine serum 
albumin as a standard. 

Sedimentation studies 
Sedimentation velocity and sedimentation equilibrium analyses were carried 

out in a Hitachi Model 282 analytical ultracentrifuge. Prior to centrifugation, 
samples were dialyzed at 4°C for 3 days against 10 mM Tris-HC1 buffer, pH 6.8, 
containing 200 mM KC1 and 0.2 mM dithiothreitol. Sedimentation velocity 
experiments were carried out at 60 000 rev./min at 4°C or 6°C. The sedimenta- 
tion coefficient was calculated according to Schachman [9] from the experi- 
ments which were carried out at protein concentration of 0.8 mg/ml using 
absorption optics. 

Sedimentation equilibrium was performed according to the method of 
Yphantis [10]. Centrifugation was carried out at 10 000 rev./min for 30 h at 
4°C and scanning was done at 280 nm by absorption optics. 

Purification o f  enzyme 
All purification procedures were carried out at 4°C and centrifugations were 

carried out 27 000 X g for 15 min unless otherwise specified. 
Step 1. Extraction. After adult male Wistar rats were killed by a blow on the 

head followed by decapitation, the livers, 120 g, were immediately removed, 
cut into small pieces, and homogenized with 2.5 vols. of 25 mM potassium 
phosphate buffer, pH 6.8, containing 150 mM KC1 and 10 mM 2-mercapto- 
ethanol. The homogenate was centrifuged at 39 000 × g for 30 min, and the 
sediment was discarded. 

Step 2. Protamine treatment. To the supernatant solution (310 ml), 31 ml of 
1% protamine sulfate solution were added with stirring. After stirring for 10 
min, the precipitate was removed by centrifugation. 

Step 3. First (NH4)2S04 fractionation. The supernatant solution (310 ml) 
was brought to 35% saturation with solid (NH4)2SO4, stirred for 20 min, and 
centrifuged. The resulting supernatant was then brought to 45% saturation with 
solid (NH4)2SO4 and stirred for 20 min. After centrifugation, the precipitate 
was dissolved in 80 ml of 50 mM Tris-HC1 buffer, pH 7.0, containing 10% 
glycerol. 

Step 4. Second (NH4)2S04 fractionation. The enzyme solution (88 ml) was 
again brought to 45% saturation with solid (NH4)2SO4. After stirring for 20 
min, the precipitate was collected by centrifugation and dissolved in 45 ml of 
50 mM Tris-HC1 buffer, pH 7.0, containing 12.5% (NH4)2SO4 and 10% glycerol. 
The enzyme solution was then centrifuged for 10 min at 39 000 × g to remove 
insoluble materials. 

Step 5. Blue-Sepharose chromatography. The enzyme solution (51 ml) was 
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Fig.  I .  C o l u m n  cb-romatogzaphy in t h  e p u r i f i c a t i o n  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e  o n  B l u e - S e p h a r o s e  
(A) ,  c a l c i u m  phosphate  gel (B) and U l t r o g e l  A c A  3 4  (C).  o . . . . . .  o,  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e  
act ivity;  ~- ~, absorbance  at 280  nm.  The  fract ions wi th in  t h e  b a r s  we re  p o o l e d  for  further pur i f i c a -  
t i o n .  A t  t h e  p o i n t s  i n d i c a t e d  b y  t h e  a r r o w s  (A) ,  t h e  c o n c e n t r a t i o n  o f  ( N H 4 ) 2 S O  4 in  s t epwise  e lut ion  was 
changed,  1, 10%;  2 ,  7%, 3,  0%. 

applied to a Blue-Sepharose column (3 × 15 cm) equilibrated with 50 mM Tris- 
HC1 buffer, pH 7.0, containing 12.5% (NH4)2SO4 and 10% glycerol. The 
column was eluted successively with decreasing concentrations of (NH4)2SO4 as 
shown in Fig. 1A. The phenylalanine 4-monooxygenase activity was recovered 
in the last elution buffer. 

Step 6. Calcium phosphate gel chromatography. The active fractions were 
pooled (about 42 ml) and precipitated by the addition of solid (NH4)2SO4 (60% 
saturation). The  resulting precipitate was dissolved in a minimum volume of 
25 mM potassium phosphate buffer, pH 6.8, containing 150 mM KC1 and 20 
mM L-phenylalanine and dialyzed for 3 h against 500 ml of the same buffer. 
The dialysate was applied to a column of calcium phosphate gel (1.3 × 25 cm) 
equilibrated with 25 mM potassium phosphate buffer, pH 6.8, containing 150 
mM KC1 and 20 mM L-phenylalanine and the column was eluted with a 300-ml 
linear gradient from 25 to 200 mM potassium phosphate buffer, pH 6.8, 
containing 150 mM KC1 and 20 mM L-phenylalanine. The phenylalanine 
4-monooxygenase activity was resolved into two distinct peaks, a predominant 
form (Form I) and a minor form (Form II) as shown in Fig. 1B, in accord with 
the observation described by Donlon and Kaufman [ 11,12]. Active fractions of 
Form I and Form II were pooled separately, precipitated by (NH4)2SO4 (60% 
saturation), dissolved in a minimum volume of 50 mM Tris-HC1 buffer, pH 7.0, 
containing 10% glycerol and 20 mM L-phenylalanine, and stored frozen at 
--80°C until used for further purification. 

Two preparations of each form, which had been purified and stored as 
described above, were combined and further purified, separately, in the follow- 
ing steps. 
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Purification of Form I 
Step 7. First Ultrogel AcA 34 chromatography. The active enzyme solution 

(about 4 ml) of Form I preparation was layered onto a column of Ultrogel AcA 
34 (2 × 98 cm) equilibrated with 50 mM Tris-HC1 buffer, pH 7.0, containing 20 
mM L-phenylalanine and 5% glycerol and the column was eluted with the 
equilibration buffer. The active fractions were pooled and precipitated by 
(NH4)2SO4 (60% saturation). The resulting precipitate was dissolved in a 
minimum volume of 50 mM Tris-HC1 buffer, pH 7.0, containing 20 mM 
L-phenylalanine and 5% glycerol. 

Step 8. Second Ultrogel AcA 34 chromatography. The enzyme solution 
(about 2 ml) was layered onto the same column that was used at step 7. The 
elution pattern was shown in Fig. 1C. The active fractions were pooled (about 
30 ml). 

Step 9. DEAE-Sepharose CL-6B chromatography. The pooled enzyme solu- 
tion was applied to a DEAE-Sepharose CL-6B column (1.5 × 7 cm) equilibrated 
with 50 mM Tris-HC1 buffer, pH 7.0, containing 20 mM L-phenylalanine and 
5% glycerol. After washing with 25 ml of the equilibration buffer, the column 
was eluted with a 200-ml linear gradient from 0 to 300 mM KC1 in 50 mM Tris- 
HC1 buffer, pH 7.0, containing 20 mM L-phenylalanine and 5% glycerol. Active 
fractions were pooled and precipitated by the addition of (NH4)2SO4 (60% 
saturation). The precipitate was dissolved in a minimum volume of 50 mM Tris- 
HC1 buffer, pH 7.0, containing 10% glycerol and 1 mM 2-mercaptoethanol. The 
purified enzyme could be stored at --80°C for a month without any appreciable 
loss of activity. 

Purification of Form H 
Step 10. Ultrogel AcA 34 chromatography. The active enzyme solution 

(about 2 ml) of Form II preparation was layered onto a column of Ultrogel 
AcA 34 (2 × 98 cm) equilibrated with 50 mM Tris-HC1 buffer, pH 7.0, 
containing 20 mM L-phenylalanine and 5% glycerol and the column was eluted 
with the equilibration buffer. The active fractions which emerged near the void 
volume of the column were pooled and.precipitated by (NH4)2SO4 (60% satura- 
tion). The resulting precipitate was dissolved in a minimum volume of 50 mM 
Tris-HC1 buffer, pH 7.0, containing 10% glycerol and 1 mM 2-mercaptoethanol. 
Storage of the purified enzyme at --80°C for a month led to approx. 30% loss 
of enzyme activity. Thus, Form II was less stable than Form I. 

Results 

Purification of  enzyme 
T h e  results of  purification are summarized in Table I. By this procedure, 

Form I and Form II of phenylalanine 4-monooxygenase were purified approx. 
620-fold with a 42% yield and 500-fold with a 6% yield, respectively. Analysis 
of the enzymes thus obtained on polyacrylamide gel electrophoresis showed 
two protein bands, each of which had phenylalanine 4-monooxygenase activity, 
in both Form I and Form II, respectively, as determined by assay of an 
identical companion gel (Fig. 2). 
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T A B L E  I 

P U R I F I C A T I O N  O F  P H E N Y L A L A N I N E  4 - M O N O O X Y G E N A S E  F R O M  2 4 0  g O F  R A T  L I V E R  

S tep  T o t a l  T o t a l  Spec i f i c  P u r i f i c a t i o n  Yie ld  
p r o t e i n  a c t i v i t y  a c t i v i t y  ( - fo ld)  (%) 
(mg)  (un i t s )  ( u n i t s / m g )  

1. E x t r a c t  31 0 0 0  9 0 . 6  0 . 0 0 2 9  1 1 0 0  
2. P r o t a m i n e  19  5 0 0  7 5 . 5  0 . 0 0 3 9  1 8 3  
3. 1s t  ( N H 4 ) 2 S O 4  4 6 3 0  4 8 . 3  0 . 0 1 0 4  4 53  
4 .  2 n d  ( N H 4 ) 2 S O 4  3 1 5 0  4 0 . 5  0 . 0 1 2 9  4 4 5  
5. B l u e - S e p h a r o s e  9 4 . 6  45 .9  0 . 4 8 5  1 6 7  51 
6. C a l c i u m  p h o s p h a t e  gel 

F o r m  I 4 7 . 4  58 .5  1 . 2 3  4 2 4  6 5  
F o r m  II 6 .6  12 .8  1 . 9 4  6 6 6  1 4  

F o r m  I 
7. 1s t  U l t roge l  A c A  3 4  3 0 . 0  4 2 . 5  1 . 4 2  4 9 0  4 7  
8. 2 n d  Ul t roge l  A c A  3 4  23 .7  4 2 . 0  1 . 7 7  6 1 0  4 6  
9 .  D E A E - S e p h a r o s e  CL-6B 2 1 . 0  3 7 . 8  1 . 8 0  6 2 1  4 2  

F o r m  II 
10 .  U l t roge l  A c A  3 4  3 .7  5 . 4 0  1 .46  5 0 3  6 

Physical properties 
The molecular weight of the purified Form I of:phenylalanine 4-monooxy- 

genase was determined by a number of procedures. Ultrogel AcA 34 gel filtra- 
tion of the enzyme showed a single symmetrical peak of the enzyme activity in 
a position corresponding to a single peak of protein as shoWn in Fig. 1C. The 
molecular weight of the enzyme was calculated from Ultrogel AcA 34 gel filtra- 
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Fig .  2 .  P o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s l s  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e .  A p p r o x .  15 /~g  o f  pm~f ied  
F o r m  I o r  1 0  /~g o f  p u r i f i e d  F o r m  II w a s  a p p U e d  t o  e a c h  gel.  E l e c t r o p h o r e s i s  w a s  c a r r i e d  o u t  w i t h  7% 
p o l y a c r y ] a m i d e  gels ( p H  8 .9 )  e s sen t i a l ly  a c c o r d i n g  t o  t h e  m e t h o d  d e s c r h i e d  b y  Davis  [ 2 8 ]  a n d  b y  
O r n s t e i n  [ 2 9 ]  w i t h  r i bo f l av in  as a c a t a l y s t .  A f t e r  e l e c t r o p h o r e s i s  a n d  s t a i n i n g  f o r  p r o t e i n  w i t h  C o o m a s s i e  
b r i l l i an t  b l u e  R - 2 5 0 ,  t h e  gels we re  s c a n n e d  a t  5 9 0  n m .  Para l le l  gels we re  s l iced  in  1 - m m  s e c t i o n s  a n d  e a c h  
s e c t i o n  w a s  h o m o g e n e i z e d  in  t h e  s t a n d a r d  assay  m i x t u r e  a n d  w a s  t h e n  a s s a y e d ,  w i t h  i n c u b a t i o n  a t  2 4 ° C  
f o r  3 0  m i n .  



319 

tion to be 280 000. In addition, gel filtration on Ultrogel AcA 34 revealed a 
Stokes radius, a, of  55.0 .~ and the diffusion coefficient, D20,w, was calculated 
to be 3.90 • 10 -7 cm2/s from the Stokes radius of  55.0 ~.  A molecular weight 
of  238 000 was obtained from the high speed sedimentation equilibrium plot  
[10] of  the enzyme, taking a partial specific volume of  0.740 cm3/g estimated 
from the amino acid composi t ion as described below. The sedimentation 
velocity of  the enzyme was measured by ultracentrifugation. A single, sym- 
metrical Schlieren peak was observed to sediment at $20,w = 10.1 S. A molec- 
ular weight of  the enzyme,  as determined from the sedimentation coefficient of  
10.1 S, the Stokes radius of  55.0 ~,  and the partial specific volume of  0.740 
cm3/g, was 241 000, which was closely in accord with the value of  238 000 
obtained from sedimentation equilibrium. A frictional ratio, fifo, of  the 
enzyme was calculated to be 1.33 from the Stokes radius and the partial 
specific volume, when 240 000 was used as molecular weight. 

SDS-polyacrylamide gel electrophoresis revealed a single protein band with 

@ 

I t  t ~ W 

+ 

+t i 

i _ _  

B 6 

A 2 ~ ~  

J, 

A 
250 ~ 30 

o ° 2oo 

150 ~.20 
o 

- ~ 1 0  o 100 

50 . . . .  0 4 6 8 10 12 0 
Percentage Gel 

i i i i 

1 2 3 4 1 2 3 ~ s Molecular Weight x 10 -5 
Fig.  3 .  S D S - p o l y a c r y ] a m i d e  gel  e l e c t r o p h o r e s l s  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e .  E l e c t r o p h o r e s i s  w a s  
p e r f o r m e d  o n  1 0 %  p o l y a c r y l a m i d e  gel  b y  t h e  m e t h o d  o f  W e b e r  a n d  O s b o r n  [ 2 6 ]  (1 ,  2 ,  a n d  3) .  P r o t e i n  
s a m p l e s  w e r e  d e n a t u r e d  in  t h e  p r e s e n c e  o f  4% 2 - m e r c a p t o e t h a n o l  a n d  1% SDS a t  I 0 0 ° C  f o r  2 m i n .  Elec-  
t r o p h o r e s i s  o n  1 1 %  p o l y a e r y l a m i d e  gel  in  t h e  p r e s e n c e  o f  SDS w a s  a lso  p e r f o r m e d  b y  t h e  m e t h o d  o f  
Neville [ 2 7 ]  (4) .  A p p r o x .  1 0  ~g o f  F o r m  I (1) ,  5 0  ~g  o f  F o r m  I (2) ,  10  /~g o f  F o r m  II (3) ,  o r  5 ~g o f  
F o r m  I (4)  w a s  a p p l i e d  t o  e a c h  gel .  A f t e r  e l e c t r o p h o r e s l s °  gels we re  s t a i n e d  f o r  p r o t e i n  w i t h  C o o m a s s i e  
b r i l l i an t  b l u e  R - 2 5 0 .  

Fig .  4 .  D e t e r m i n a t i o n  o f  m o l e c u l a r  w e i g h t  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e  b y  e l e c t r o p h o r e s i s  o n  gels 
o f  v a r y i n g  p o l y a c r y l a m . i d e  c o n c e n t r a t i o n s .  E l e c t x o p h o r e s i s  w a s  ca r r i ed  o u t  a t  p H  8 .9  e s sen t i a l ly  a c c o r d i n g  
t o  Davis  [ 2 8 ]  a n d  O r n s t e i n  [ 2 9 ] .  A0 l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  l o g a r i t h m  o f  t h e  re la t ive  m o b i l i t y  a n d  
t h e  p o l y a e r y l a m i d e  c o n c e n t r a t i o n ,  o o,  a f a s t e r  m i g r a t i n g  b a n d  o f  t h e  e n z y m e ,  e ~, a s l o w e r  
m i g r a t i n g  b a n d  o f  t h e  e n z y m e .  B, l i n e a r  r e l a t i o n s h i p  b e t w e e n  m o l e c u l a r  w e i g h t  a n d  t h e  s lope  d e t e r m i n e d  
as d e s c r i b e d  in  A.  T h e  m o l e c u l a r  w e i g h t  o f  t h e  p r o t e i n  u s e d  as  s t a n d a r d s  w e r e  t a k e n  t o  b e  as f o l l o w s :  1,  
b o v i n e  s e r u m  a l b u m i n ,  6 8  0 0 0 ;  2 ,  b o v i n e  s e r u m  a l b u m i n ,  d imer °  1 3 6  0 0 0 ;  3,  a ldo la se ,  1 5 8  0 0 0 ;  4 ,  b o v i n e  
s e r u m  a l b u m i n ,  t r i m e r ,  2 0 4 0 0 0 ;  5,  ca t a l a se ,  2 4 0  0 0 0 ;  6,  fe r r i t in°  4 6 0  0 0 0 .  T h e  a r r o w s  A a n d  B i n d i c a t e  
t h e  p o s i t i o n s  o f  a f a s t e r  m i g r a t i n g  b a n d  a n d  a s l o w e r  m i g r a t i n g  b a n d  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e ,  
r e spec t i ve ly .  
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an apparent molecular weight of  51  000 in both forms (Fig. 3), indicating that  
both Form I and Form II might consist of  an identical polypeptide chain and 
fur thermore suggesting .'~at Form I might be a te tramer of identical subunits. 

Although both Form • and Form II, when electrophoresed on SDS-poly- 
acrylamide gels, gave a single protein staining band (Fig. 3), each of  the forms 
resolved into two active species, a predominant  faster migrating species and a 
minor slower migrating species, on polyacrylamide gel electrophoresis under 
nondenaturing conditions in the absence of  added detergent (Fig. 2). In order 
to estimate the molecular weights of these forms, purified enzyme preparations 
were analyzed by electrophoresis on polyacrylamide gels of  different concen- 
tration according to Hedrick and Smith [13] as shown in Fig. 4. The slope of  
the  logarithm of  the relative migration of  the  protein against the gel concentra- 
tion was proportional to the molecular weight of  the protein and the slopes for 
a faster migrating species and a slower migrating species of both forms, Form I 
and Form II, of  phenylalanine 4-monooxygenase corresponded to molecular 
weights of approx. 110 000 and 230 000, respectively. The latter value is in 
good agreement with the value of  238000 obtained from sedimentation 
equilibrium and with the value of  241 000 estimated from the sedimentation 
coefficient, the Stokes radius and the partial specific volume. These results, 
taken together with the fact that  SDS-polyacrylamide gel electrophoresis of  the 
enzyme showed a single band with the molecular weight of  51 000, indicate 
that  the predominant  faster migrating species and the minor slower migrating 
species may be a dimer and a tetramer, respectively, composed of identical 
subunits. Both gel filtration study and sedimentation studies demonstrated that  
native Form I of  phenylalanine 4-monooxygenase was a tetramer,  whereas 
polyacrylamide gel electrophoresis revealed that  the dimer was a predominant  
species. Thus, a tetrameric species appears to dissociate to dimeric species 
during the course of  polyacrylamide gel electrophoresis. 

Electrophoresis of  phenylalanine 4-monooxygenase on a 4--30% polyacryl- 
amide gradient gel showed additional species as shown in Fig. 5. When electro- 
phoresis was performed at pH 8.35 (Fig. 5A), one major protein band and two 
broad bands were observed, the molecular weights of  which were calculated to 
be approx. 300 000, 120 000 and 67 000, respectively, f rom the linear relation- 
ship between the relative mobili ty and the logarithm of the molecular weight of  
the standard proteins. The species of the molecular weights 300 000 and 
120 000 had phenylalanine 4-monooxygenase activity as determined by assay 
of  identical companion gel, whereas the species of the molecular weight of  
67 000 had not  detectable activity. When electrophoresis was performed at pH 
7.3 (Fig. 5B), three protein bands of  molecular weights of  290 000, 210 000 
and 140 000, respectively, and one minor broad band of  molecular weight of  
approx. 80 000, were observed. When assays were performed after electro- 
phoresis, the species of the molecular weights 290 000, 210 000 and 140 000 
were found to be active and the species of  the molecular weight 80 000 were 
inactive. These results, taken together, suggest that  phenylalanine 4-mono- 
oxygenase can exist as a monomer ,  a dimer, even a tr imer as well as a te tramer 
of  identical subunits and all species other  than a monomer  are active. Addi- 
tional confirmation that  native phenylalanine 4-monooxygenase was a te tramer 
was obtained from the cross-linking analysis of  the enzyme. When cross-linked 
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Fig .  5.  E l e c t x o p h o r e s i s  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e  o n  a 4 - - 3 0 %  p o l y a c r y l a m i d e  g r a d i e n t  gel.  A,  
e l e c t r o p h o r e s i s  w a s  ca r r i ed  o u t  at p H  8 . 3 5  f o r  1 8  h ,  2 0 0  V a t  13VC in  t h e  r u n n i n g  b u f f e r  c o n s i s t i n g  o f  2 5  
m M  Tris ,  1 9 2  m M  g l y c i n e ,  0 . 1  m M  E D T A ,  a n d  0 .1  m M  d i t h i o t h r e i t o L  1,  f e r r i t i n  ( u p p e r )  and catalase  
( l o w e r ) ;  2,  b o v i n e  s e r u m  alblJrnlr~, d i m e r  ( u p p e r )  a n d  m o n o m e r  ( l o w e r ) ;  3,  F o r m  I o f  p h e n y l a l a n i n e  
4 - m o n o o x y g e n a s e  ( 2 0  /~g); 4 ,  F o r m  II  o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e  ( 1 0  Dg). B, e l e c t r o p h o r e s i s  
w a s  c a r r i e d  o u t  a t  p H  7 .3  f o r  1 8  h ,  2 0 0  V a t  1 3 ° C  i n  t h e  runnin~g b u f f e r  c o n s i s t i n g  o f  1 0  m M  Trls ,  
8 0  m M  g l y c i n e ,  1 0  m M  HCI,  0 .1  m M  E D T A ,  a n d  0 .1  m M  d i t h i o t h r e i t o l .  1 ,  f e r r i t i n  ( u p p e r )  a n d  ea t a l a se  
( l o w e r ) ;  2 ,  F o r m  II  (10 /~g) ;  3+ F o r m  I (20/~g) .  Gels  w e r e  s t a i n e d  f o r  p r o t e i n  w i t h  C o o m a s s i e  b r i l l i an t  b l u e  
R - 2 5 0 .  

enzyme protein was analyzed on SDS-polyacrylamide gel electrophoresis, four 
protein species were observed (Fig. 6), the molecular weights of  which were 
calculated to be 51 000, 107 000, 160 000 and 230 000, respectively, from the 
linear relationship between the relative migration and the logarithm of  molec- 
ular weight o f  protein using cros~linked ovalbumin as a standard [14]. Based 
on the molecular weights o f  these species, a monomer,  a dimer, a trimer, and a 
te tramer were suggested. 

Polyacrylamide gel electrofocusing showed a single protein band and the iso- 
electric points  for both  forms were estimated to be approx. 5.6 as shown in 
Fig. 7. As judged by  the posit ion of  the individual protein bands, the isoelectric 
point  o f  Form I appears to be slightly more acidic than that  o f  Form II. 

The physical parameters of  Form I of  phenylalanine 4-monooxygenase are 
summarized in Table II. 

Chemical properties 
The results o f  amino acid analyses are summarized in Table III. The results 

were essentially similar to those described by  Fisher et al. [15] with the 
striking except ion of  the contents  o f  aspartic acid and methionine. There were 
no significant differences be tween Form I and Form II, indicating that  both  
forms might be the same gene products.  Since 8 mol of  half-cystine/mol of  sub- 
unit  o f  the enzyme were determined as cysteic acid after performic acid oxida- 
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Fig.  6.  S D S - p o l y a c r y l a m i d e  gel  e l e c t r o p h o r s s i s  o f  c ross - l inked  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e .  Cross-  
l i nk ing  a n d  gel  a n a l y s i s  we re  ca r r i ed  o u t  e s sen t i a l ly  a c c o r d i n g  t o  t h e  p r o c e d u r e  o f  Davies  a n d  S t a r k  [ 3 5 ] .  
F o r m  I o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s e ,  0 . 6  m g / m l ,  w a s  c ross - l inked  w i t h  d i m e t h y l  s u b e r i m i d a t e  
o f  0 . 5  m g / m l  (2) ,  2 r ag /m1  (3) ,  a n d  5 m g / m l  (4)  a t  r o o m  t e m p e r a t u r e  f o r  1 h in  0 . 2  M t r i e t h a n o l a m i n e -  
HCI b u f f e r ,  p H  8 .5 .  C o n t r o l  e x p e r i m e n t  (1)  w a s  w i t h o u t  t r e a t m e n t  w i t h  d i m e t h y l  s u b e r i m i d a t e .  

Fig .  7.  A n a l y t i c a l  i s o e l e c t r o f o c u s i n g  o f  F o r m  I a n d  F o r m  II o f  p h e n y l a l a n i n e  4 - m o n o o x y g e n a s .  A p p r o x .  
1 0  ~g o f  e a c h  w a s  f o c u s e d  o n  5% p o l y a c r y l a m i d e  gels c o n t a i n i n g  2% A m p h o l i n e  ( p H  4 .0  t o  6 .0 )  a n d  8% 
suc rose  e s sen t i a l l y  a c c o r d i n g  to  t h e  p r o c e d u r e  d e s c r i b e d  b y  Wrig ley  [ 3 6 ] .  E l e c t r o f o c u s i n g  w a s  ca r r i ed  o u t  
a t  2 0 0  v f o r  5 h a t  4 °C .  A f t e r  e l e c t r o f o c u s i n g ,  gels  w e r e  s t a i n e d  f o r  p r o t e i n  w i t h  C o o m a s s i e  b r i l l i an t  b lue  
G - 2 5 0  [ 3 7 ] .  A para l l e l  gel  w a s  s l iced  i n t o  2 . 5 - r a m  s e c t i o n s  a n d  e a c h  s e c t i o n  w a s  p l a c e d  i n t o  0 . 5  m l  o f  
w a t e r .  A f t e r  s t a n d i n g  f o r  2 h w i t h  s h a k i n g ,  t h e  p H  o f  w a t e r  e x t r a c t  o f  e a c h  p iece  w a s  m e a s u r e d  a t  4 °C .  

T A B L E  II  

S U M M A R Y  
(FORM I) 

O F  T H E  P H Y S I C A L  P A R A M E T E R S  O F  P H E N Y L A L A N I N E  4 - M O N O O X Y G E N A S E  

P a r a m e t e r s  V a l u e  

S t o k e s  r ad ius ,  a * 
S e d i m e n t a t i o n  c o e f f i c i e n t ,  s 2 0 , w  
Par t i a l  spec i f ic  v o l u m e ,  v ** 
D i f f u s i o n  c o e f f i c i e n t ,  D 2 0 , w  * * * 
I soe lec t r i c  p o i n t  
M o l e c u l a r  w e i g h t  

S e d i m e n t a t i o n  e q u i l i b r i u m  
S e d i m e n t a t i o n  v e l o c i t y  
l .] l trogel A c A  3 4  gel  f i l t r a t i o n  
S D S - p o l y a c r y l a m i d e  gel  e l e c t r o p h o r e s i s  

F r i c t i o n a l  r a t i o ,  f / f o *  ** 

55.0 A 
10.1 S 
0.740 cm 3/g 
3.90 • 10 -7 cm 2/s 

p H  5 .6  

2 3 8 0 0 0  
241  0 0 0  
2 8 0  0 0 0  

51 0 0 0  
1 . 3 3  

* E s t i m a t e d  b y  t h e  gel f i l t r a t i o n  o n  Ul t roge l  A c A  3 4  b y  t h e  m e t h o d  o f  Siegel  a n d  M o n t y  [ 3 4 ] .  
** C a l c u l a t e d  f r o m  t h e  a m i n o  ac id  c o m p o s i t i o n  [ 1 6 ] .  

* ** T h e s e  va lues  w e r e  c a l c u l a t e d  b y  t h e  f o l l o w i n g  e q u a t i o n s  [ 3 4 ] :  

D = R T / N ~ 6 a ~  

f / f o  = a/(~ 'Mr147rN)113.  
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T A B L E  III 

A M I N O  A C I D  C O M P O S I T I O N  O F  P H E N Y L A L A N I N E  4 - M O N O O X Y G E N A S E  O F  R A T  L I V E R  

A m i n o  a c i d  a n a l y s i s  w a s  p e r f o r m e d  o n  a H i t a c h i  K L A - 5  a u t o m a t i c  a m i n o  a c i d  a n a l y z e r  as  d e s c r i b e d  b y  
S p a c k m a n  e t  al .  [ 3 0 ] .  Sam p le s  w e r e  d i a l y z e d  a g a i n s t  d i s t i l l ed  w a t e r  a n d  t h e n  h y d r o l y z e d  i n  v a c u o  in  6 N 
HC1 f o r  24 ,  4 8  a n d  7 2  h a t  l l 0 ° C .  E x c e p t  w h e r e  n o t e d ,  e a c h  va lue  is t h e  ave rage  o f  2 4 ,  4 8 ,  a n d  72 -h  
h y d r o l y s i s .  R e s i d u e s  per  m o l e c u l e  are b ase d  o n  a subuni t  m o l e c u l a r  w e i g h t  o f  51 0 0 0 .  Mole  p e r c e n t a g e  o f  
F o r m  I is f r o m  th is  w o r k  b u t  t h e  part ia l ly  puri f ied  m o l e  p e r c e n t a g e  is c a l c u l a t e d  f r o m  the  da ta  r e p o r t e d  
b y  Fisher  et  al .  [ 1 5 ] .  

A m i n o  acid  R e s i d u e s / m o l e c u l e  Mol% 

F o r m  I F o r m  II F o r m  I P a r t i a l l y  puri f ied  

L y s i n e  2 8 . 5  2 9 . 8  6 . 4  5 .1  
H i s t i d i n e  1 0 . 5  1 0 . 6  2 .4  1 .8  
A r g i n i n e  2 7 . 2  2 6 . 6  6 .1  4 . 7  
A s p a r t i c  a c id  3 9 . 2  4 0 . 6  8 .8  1 5 . 8  
T h r e o n i n e  a 2 2 . 4  2 2 . 6  5 .0  4 . 5  
Se r ine  a 3 0 . 0  3 1 . 0  6 .7  6 .7  
G l u t a m i c  ac id  5 9 . 4  6 0 . 0  1 3 . 3  1 2 . 5  
ProHne 23 .7  2 2 . 6  5 .3  6 .3  
G l y c i n e  24 .9  2 5 . 4  5 .6  5 .8  
A l a n i n e  2 8 . 4  2 9 . 0  6 .4  6 .9  
Cys t e i c  a c i d  b 7 .9  N.D.  1 .8  1 .6  
C y s t e i n e  c 5 .6  N .D.  1 .3  I . i  
Va l ine  2 2 . 5  2 3 . 8  5 .1  4 . 7  
M e t h i o n i n e  0 .9  0 .9  0 . 2  0 . 9  
I so l euc ine  2 4 . 0  2 4 . 4  5 .4  4 . 2  
L e u c i n e  4 6 . 8  4 7 . 6  1 0 . 5  1 0 . 3  
T y r o s i n e  2 1 . 5  2 0 . 5  4 . 8  3 .1  
P h e n y l a l a n i n c  2 5 . 0  2 6 . 5  5 .6  4 . 7  
T r y p t o p h a n  d 2 .8  3 .3  0 .6  0 . 4  

a E s t i m a t e d  b y  e x t r a p o l a t i o n  to  zero  t i m e  o f  h y d r o l y s i s .  
b D e t e r m i n e d  b y  p e r f o r m i c  ac id  o x i d a t i o n  [ 3 1 ] .  
c D e t e r m i n e d  b y  t he  us e  o f  5 , 5 ' - d i t h i o b i s ( 2 - n i t r o b e n z o i e  a c i d )  in  2% SDS [ 3 2 ] .  
d D e t e r m i n e d  s p e c t x o p h o t o m e t r i c a l l y  [ 3 3 ] .  
N . D . ,  n o t  d e t e r m i n e d .  

t ion and about  six sulfhydryl groups/mol of  subunit were determined by the 
use of  5,5'-dithiobis(2-nitrobenzoic acid) in the presence of  2% SDS, there 
appeared to be one disulfide linkage between the cysteine residues. When the 
native enzyme was titrated with 5,5'-dithiobis(2-nitrobenzoic acid), only 1.5 
mol  o f  sulfhydryl residues/mol of  subunit reacted with the reagent. Therefore, 
it appeared that four or more cysteine residues per subunit were buried inside 
the enzyme molecule.  A partial specific volume of  0 .740  cm3/g was obtained 
from the amino acid composi t ion [16] .  No  carbohydrate was detected by the 
phenol-sulfuric acid method [7] under the experimental conditions that the 
quantity of  0 .05 mol  of  sugar/mol of  subunit o f  the enzyme could be 
measured. The iron content  of  Form I was determined by the atomic absorp- 
tion spectrophotometer.  Based on a molecular weight of  51 000, 0.6 mol  of  
iron was found per mol  o f  subunit o f  the enzyme. The protein-bound phos- 
phate contents  per mol  of  subunit o f  Form I and Form II were determined to 
be 0.3 mol  and 0.4 mol,  respectively. 
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Catalyt ic  proper t i e s  
The purified Form I and Form II exhibited their respective broad pH optima 

from pH 6.5 to 8.5. The apparent Km values for L-phenylalanine, Me2PteH4, 
and MePteH4 and the V values of both forms of phenylalanine 4-monooxy- 
genase, which were obtained from the linear double-reciprocal plots [17], are 
listed in Table IV. When Me2PteH4 was used as an electron donor, a turnover 
number of  545 min -1 was calculated from the V values, based on the molecular 
weight of  240 000. There was essentially no difference in these kinetic values 
between Form I and Form II. As an electron donor, MePteH4 was more active 
than Me2PteH4. 

Partially purified rat liver phenylalanine 4-monooxygenase [18,19] and 
highly purified bacterial phenylalanine 4-monooxygenase [1] have been 
reported to catalyze the hydroxylation of  tryptophan. A completely purified 
preparation of  rat liver phenylalanine 4-monooxygenase also catalyzed the 
hydroxylation of tryptophan at 0.2% of  the rate of  the hydroxylation of  
phenylalanine under the standard assay conditions. A double-reciprocal plot of  
initial velocity vs. tryptophan concentration did not give a straight line. When 
log v/( V - -  v) was plotted against logarithm of  the concentration of  tryptophan, 
a Hill coefficient of 1.5 was obtained in the presence of either electron donor, 
MePteH4 or Me2PteH4, indicating some positive cooperativity. The apparent 
Km values for MePteH4 and Me2PteH4 and the V values which were obtained 
from the linear double-reciprocal plots, are listed in Table IV. 

T A B L E  IV 

K I N E T I C  P A R A M E T E R S  OF P H E N Y L A L A N I N E  4 - M O N O O X Y G E N A S E  OF R A T  L I V E R  

T r y p t o p h a n  5 - m o n o o x y g e n a s e  activity was  assayed f luorimetrical ly  b y  measuring the format ion  o f  5-hy- 
d r o x y t r y p t o p h a n  b y  the m e t h o d  of  Fr iedman et al. [ 3 8 ] .  The  standard assay sys t em conta ined  0.5 ~ m o l  
o f  L-tryptophan,  0 . I  Izmol o f  M e 2 P t e H  4 or  MePteH4 ,  1 /~mol o f  d i th iothre i to l ,  25 /~mol o f  potass ium 
phosphate  buffer ,  pH 6.8,  100  /~g of  catalase and a suitable a m o u n t  o f  e n z y m e  in a tota l  v o l u m e  of  250 
~I. The react ion was  carried out  at 24°C for 30  min  wi th  shaking.  

Substrate  F o r m  I F o r m  II  

K m V K m V 

( m M )  ( n m o l / m i n  per m g )  ( m M )  ( n m o l / m i n  per rag)  

L-Phenylalanine a 1 .92  2 2 7 0  
L-Phenylalanine b 0 . 7 2 0  5260  
Me2P teH4  c 0 . 0 4 4 4  1 9 2 0  
MePteH 4 c 0 . 0 3 7 0  5560 

L-Tryptophan  a 8 .50  e 3 3 . 0  
L-Tryptophan  b 4 .90  e 54 .0  
M e 2 P t e H 4  d 0 . 0 7 1 4  29.4  
MePteH 4 d 0 . 0 7 6 9  52.6 

1.43 1590  
0 .4 5 4  3700  
0 . 0 3 4 4  1110  
0 . 0 4 5 5  4 1 7 0  

a With 0 .4  m M  Me2P t eH  4 as a cofac tor .  
b With 0 .4  m M  MePteH 4 as a eofactor .  
c With 5 m M  L-phenylalanine.  
d With 20 m M  L-tryptophan.  
e Values  represent  the concentrat ions  o f  L- tryptophan required for  ha l f -maximal  ve loc i ty ,  which  were ob-  
ta ined from substrate saturation plots .  
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Discussion 

Previous attempts to purify phenylalanine 4-monooxygenase from mam- 
malian sources' by conventional protein purification techniques were only 
partially successful [20]. In the present studies, using a Blue-Sepharose column 
the enzyme was purified approx. 600-fold to apparent homogeneity with a 48% 
recovery from rat liver. Judging from the behavior on Blue-Sepharose chroma- 
tography (Fig. 1A), Blue-Sepharose appears to act as a hydrophobic adsorbent. 

The existence of two or three isozymes of mammalian liver phenylalanine 
4-monooxygenase, which are separable by chromatography on calcium phos- 
phate gel [11,21] or on hydroxyapatite [22], has been reported. Recently, 
Donlon and Kaufman [11,12] have suggested that these two species of the 
enzyme are due to different degrees of phosphorylation of the enzyme protein. 
The two species, tentatively designated Form I and Form II in this report, 
showed essentially the same character in the amino acid composition and the 
same behavior on polyacrylamide gel electrophoresis, indicating that these 
species might be the same gene product. In the phosphate content and the iso- 
electric point, slight differences between the two forms were observed. 
Although the purified Form I gave a single symmetrical peak with an apparent 
molecular weight of approx. 280 000 on Ultrogel AcA 34 gel filtration, the 
purified Form II was eluted in the Void volume of the column. However, gel 
filtration of crude extract on Ultrogel AcA 34 revealed a single peak of the 
enzyme activity corresponding in elution position to a molecular weight of 
280 000 but not detectable enzyme activity in the void volume of the column. 
The behavior of the purified Form II appeared to be that of a heterogenous 
mixture of large molecular weight aggregates. There appeared to be a significant 
difference between the two forms in their stability. Purified Form II was much 
more unstable than purified Form I under the storage conditions at --80°C. The 
results described above suggest that the multiplicity of the enzyme may be 
attributable to posttranslational conformation alteration of the enzyme rather 
than differential gene expression. Although the conformation alteration of the 
enzyme might be due to phosphorylation associated with the regulation of the 
enzyme as suggested by Donlon and Kaufman [11,12], no significant 
difference between the two purified forms in their kinetic properties was 
observed under the experimental conditions. 

Kaufman and Fisher [23] and Gillam et al. [24] have demonstrated several 
different polymeric forms of rat liver phenylalanine 4-monooxygenase. 
Although polyacrylamide gel electrophoresis showed that the enzyme was 
capable of existing as an inactive monomer, an active dimer, even an active 
trimer and an active tetramer, both the sedimentation behavior and the elution 
pattern from Ultrogel AcA 34 revealed that the enzyme existed only as an 
active tetramer, suggesting that the native tetrameric form might dissociate to 
monomeric, dimeric and trimeric forms during the course of polyacrylamide gel 
electrophoresis. Tourian [25] has reported that incubation of the enzyme with 
L-phenylalanine at room temperature caused the shift of the equilibrium from a 
dimer to a tetramer of the enzyme. However, the elution pattern from Ultrogel 
AcA 34 was not affected by the presence or absence of L-phenylalanine in the 
elution buffer. Addition of dithiothreitol (0.1 mM) also did not affect the elu- 
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tion pattern. It was, therefore, presumed that native rat liver phenylalanine 
4-monooxygenase was a tetramer. 

Kaufman and Fisher [19,20] reported the phenylalanine 4-monooxygenase 
was composed of equal amounts of two different subunits, one with a molec- 
ular weight of 49 000 and the other with a molecular weight of 50 000. How- 
ever, our vigorous attempts to separate the subunits on polyacrylamide gel 
electrophoresis in a variety of systems, including SDS-gel electrophoresis on 7 
or 10% polyacrylamide gel by the method of Weber and Osborn [26], SDS-gel 
electrophoresis by the method of Neville [ 27], SDS-gradient gel electrophoresis 
on 7.5--10% or 4--30% polyacrylamide gel or gel electrophoresis on 7% poly- 
acrylamide gel in the presence of 7 M urea at pH 8.4, were all unsuccessful, 
indicating only a single polypeptide in our preparation of phenylalanine 
4-monooxygenase. 

Kaufman and his coworkers [15] demonstrated that 95% pure phenylalanine 
4-monooxygenase from rat liver contained 0.5--1 tool of iron per 50000 
molecular weight subunit and the metal might be involved in the enzyme reac- 
tion. Our pure preparation of the enzyme contained 0.6 mol of iron per 51 000 
molecular weight subunit. 

Acknowledgements 

We thank Mr. K. Miyakawa for performing the ultracentrifugation studies 
and Mrs. Y. Ohishi for performing the amino acid analysis. This work was 
supported in part by a grant-in-aid for Scientific Research from the Ministry of 
Education, Science and Culture of Japan, and a research grant from Takeda 
Foundation. 

References 

1 Nakata,  H., Yamauchi,  T. and Fujisawa, H. (1979) J. Biol. Chem. 254, 1829--1833 
2 Waalkes, T. and Udenfriend,  S. (1957) J. Lab. Clin. Med. 50, 733--735 
3 Woo, S.L.C., Giilam, S.S. and Woolf, L.L (1974) Biochem. J. 139, 741--749 
4 Barranger, J.A. (1976) Biochem. Med. 15, 55--86 
5 Heyns, W. and DeMoor, P. (1974) Biochim. Biophys. Acta 358, 1--13 
6 Ames, B.N. (1966) Methods Enzymol .  8, 115--118 
7 Dubois, M., Gilles, K,A., Hamil ton,  J.K., Rebers, P.A. and Smith,  F. (1956) Anal. Chem. 28, 350--356 
8 Lowry,  O.H., Rosebrough, N.J., Farr, A.L. and Randall ,  R.J. (1951) J. Biol. Chem. 193, 265--275 
9 Schachman, H.K. (1957) Methods Enzymol.  4, 32--103 

10 Yphantis,  D.A. (1964) Biochemistry 3, 297--317 
11 Donlon, J. and Kaufman, S. (1977) Bioehem. Biophys. Res. Commun. 78, 1011--1017 
12 Donlon, J. and Kaufman, S. (1978) J. Biol. Chem. 253, 6657--6659 
13 Hedrick, J.L. and Smith,  A.J. (1968) Arch. Biochem. Biophys. 126, 155--164 
14 Carpenter,  F.H. and  Harrington, K.T. (1972) J. Biol. Chem. 247, 5580--5586 
15 Fisher, D.B., Kirkwood, R. and Kaufman, S. (1972) J. Biol. Chem. 247, 5161--5167 
16 Cohn, E.J. and Edsall, J.T. (1943) in Proteins, Amino Acids and Peptides p. 375, Van Nostrand Rein- 

hold Co., New York 
17 Lineweaver, H. and Burk, D. (1934) J. Am. Chem. Soc. 56, 658--666 
18 Renson, J., Weisshach, H. and Udenfriend, S. (1962) J. Biol. Chem. 237, 2261--2264 
19 Fisher, D.B. and Kaufman, S. (1973) J. BioL Chem. 248, 4345--4353 
20 Kaufman, S. and Fisher, D.B. (1974) in Molecular Mechanisms of  Oxygen  Activat ion (Hayaishi, O., 

ed.), pp. 285--369,  Academic Press, New York 
21 Barranger, J.A., Geiger, P.J., Huzino, A. and Bessman, S.P. (1972) Science 175, 903---905 
22 Miller, M.R., McClure, D. and Shiman, I~. (1976) J. Biol. Chem. 251, 3677--3684 
23 Kaufrnan, S. and Fisher, D.B. (1970) J. Biol. Chem. 245, 4745--4750 



3 2 7  

24 Gillam, S.S., Woo, S.L.C. and Woolf, L.I. (1974) Biochem. J. 139, 731--739 
25 Tourian, A. (1971) Biochim. Biophys. Acta  242, 345---354 
26 Weber, K. and Osborn, M. (1969) J. Biol. Chem. 244, 4406--4412 
27 Neville, D.M., Jr. (1971) J. Biol. Chem. 246, 6328--6334 
28 Davis, B.J. (1964) Ann. N.Y. Acad. Sci. 121 ,404 - -427  
29 Ornstein, L. (1964) Ann. N.Y. Acad. Sci. 121, 321--349 
30 Spackman,  D.H., Stein, W.H. and Moore, S. (1958) Anal. Chem. 30, 1190--1206 
31 Moore, S. (1963) J. Biol. Chem. 238, 235--237 
32 Ellman, G.L. (1959) Arch. Biochem. Biophys. 82, 70--77 
33 Goodwin,  T.W. and Morton,  R.A. (1946)  Biochem. J. 40, 628--632 
34 Siegel, L. and Monty,  K. (1966) Biochim. Biophys. Acta  112, 346--362 
35 Davies, G.E. and Stark, G.R. (1970) Proc. Natl. Acad. Sci. U.S.A. 66, 651--656 
36 Wrigley, C.W. (1971) Methods Enzymol .  22, 559--564 
37 Reisner, A.H., Nemes, P. and Bucholtz,  C. (1975) Anal. Biochem. 64, 509--616 
38 Friedman,  P.A., Kappleman,  A.H. and Kaufman,  S. (1972) J. Biol. Chem. 247, 4165--4173 


