
58 BIOCHIMICA ET BIOPHYSICA ACTA 

BBA 65946 

MECHANISM OF T H E  SALICYLATE H Y D R O X Y L A S E  REACTION* 

II.  T H E  ENZYME-SUBSTRATE COMPLEX 

S H I G E K I  T A K E M O R I ,  H I R O S H I  YASUDA**, K A T S U Y O S H I  MIHARA*** K E N Z I  S U Z U K I  
AND M A S A Y U K I  K A T A G I R I  

Department of Chemistry, Faculty qt Science, Nanazawa Uniw, rsity, Kanazawa 920 (Japan) 

(Received April ist, i969) 

SUMMARY 

I. Salicylate hydroxylase (salicylate, NADH :oxygen oxidoreductase (I-hydro- 
xylating, I-decarboxylating)) from Pseudomonas putida forms an enzyme-substra te  
complex with salicylate. 

2. The complex could be detected by a new absorption maxinmm around 
480 nm. By spectrophotometric titration, it was found that  a molar ratio of apoenzyme, 
FAD and salicylate in the complex was i : i : i .  

3. The complex was more stable than the holoenzyme under any tested con- 
ditions, i.e., heat, acid and proteinase treatments.  

4. The FAD moiety of the complex was reduced with NADH under anaerobic 
conditions, and the reoxidation of the reduced complex with air resulted in product 
formation. The stoichiometric relation in each reaction was demonstrated by  using 
substrate level amounts of the enzyme. A mechanism for salicylate hydroxylat ion 
reaction is proposed. 

INTRODUCTION 

I t  has already been established that  salicylate hydroxylase (salicylate, NADH : 
oxygen oxidoreductase (i-hydroxylating, I-decarboxylating)) from a pseudomonad*, 
which catalyzes the conversion of salicylate to catechol with the stoichiometric con- 
sumption of 02 and NADH, is a flavoprotein with FAD as the prosthetic group 4-6. In 
1957, HAYAISHI AND SUTTON "/ demonstrated that  lactate oxidative decarboxylase 
from Mycobacterium phlei catalyzes the incorporation of 02 into substrate and requires 

* The preceding paper  in this series is ref. i. A par t  of the results was presented at  the 
meeting of the Japan-U.S .A.  Sympos ium on Oxygenases  in Kyoto,  1966 (ref. 2). 

** Present  address:  Yoshitomi Pharmaceut ical  Indust r ies  Ltd., Fukuoka,  Japan.  
"** Present  address: Ins t i tu te  for Protein Research, Osaka University,  Osaka, Japan.  

* Kindly identified by Dr, G. Hegeman  of Depar tmen t  of  Bacteriology, Universi ty of 
California, Berkely as a new pseudomonad  which is quite similar to Pseudomonas putida a. 
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FMN as a coenzyme. Since then, a number of flavin(FAD or FMN)-requiring mono- 
oxygenases have been studied. However, there has been little experimental evidence, 
except for several speculations, clarifying the function of the flavin in the mono- 
oxygenase reaction. Salicylate hydroxylase with molecular weight of 57 ooo provides 
an especially favorable system for investigating the function of flavin in a mono- 
oxygenase reaction since it shows unusual alteration of absorption spectrum in the 
presence of the substratel, 2. Upon addition of salicylate, the absorption peaks are 
shifted to longer wavelengths with a marked shoulder around 480 nm. These spectral 
changes suggest the formation of an enzyme-substra te  complex. Since the new shoulder 
around 480 nm is characteristic of the complex, we can directly demonstrate the ratio 
of apoenzyme, FAD and salicylate ill the complex by  spectrophotometric titration. 

This paper describes spectrophotometric experiments which indicate that  sali- 
cylate hydroxylase combines specifically with the substrate to form a complex in 
which the ratio of apoenzyme, FAD and salicylate is I : I : I. Furthermore, we report 
preliminary experiments designed to show that  this ternary complex is an actual 
intermediate involved in the overall reaction of salicylate hydroxylase. 

MATERIALS 

Reagents 
FAD (approx. 9o% purity) was supplied by Dr. E. Ohmura, Takeda Research 

Laboratories, Osaka. NADH was obtained from Calbiochem. Co.; DEAE-cellulose 
from Brown Co. ; Sephadex G-25, G-Ioo and DEAE-Sephadex A-5o from Pharmacia;  
salicylic acid from Nakarai  Chemical, Kyoto;  benzoic acid and catechol from Merck 
Co. ; 2,3-, 2,4-, 2,5- and 3,4-dihydroxybenzoic acids, p-aminosalicylic acid, I -hydroxy-  
2-naphthoic acid, 3-methylsalicylic acid, m- and p-hydroxybenzoic acids f rom Tokyo 
Kasei, Tokyo. Catechol, m- and p-hydroxybenzoic acids were recrystaliized from 
toluene. I -Hydroxy-2-naphthoic acid and 2,3-, 2,4- and 3,4-dihydroxybenzoic acids 
were recrystallized from water. All of the acids used were neutralized with NaOH. 
Bacterial proteinase, "Nagarse", was donated by  Dr. K. Kusai of Nagase and Co., 
Amagasaki. 

Preparation of salicylate hydroxylase 
A purified preparation of salicylate hydroxylase was prepared according to a 

modification of the method reported previously 5. Cells were cultivated essentially 
under the same conditions as described previously 4, except that  2 mg of FeSO4 were 
further supplied to I 1 of the medium. 

All subsequent procedures were carried out at below 5 ° . The buffer used was 
K2HPO4-KH2PO 4 (pH 7.o), except when otherwise stated. Centrifugations were 
carried out at 13 ooo × g for 20 rain. A typical protocol is presented in Table I. 

Step L" Crude extract. The cells (IOO g, wet wt.) were ground for 45 min in a pre- 
chilled mechanical mortar  (20.5 cm diameter) with 2 times their weight of aluminum 
oxide (Wako W, 800) and were mixed with 500 ml of 33 mM buffer. The resultant slurry 
was centrifuged off. The precipitate together with alumina was resuspended in 300 ml 
of the same buffer and was centrifuged. The supernatant fluids from the two centri- 
fugation steps were combined to yield a crude extract. 

Step 2: (NHa)2SO 4 precipitation. To 500 ml of the crude extract, 113 g of solid 
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"FABLE I 

S U M M A R Y  OF P U R I F I C A T I O N  OF S A L I C Y L A T E  H Y D R O X Y L A S E  

Step Total Total Total Specifi c Yield 
vol. protein activity activity (%) 
(nal) (nag)  (units) (units/ 

nag) 

Crude ext rac t  715 929o 7o9 ° o.76 ioo 
(NH~)~SOi fract ionat ion 172 461o 5o2o 1.o9 71 
DEAE-cellulose I93 3330 494 ° 1.49 7 ° 
Sephadex G- ioo  87 714 416o 5.83 59 
DEAE-Sephadex  A-5o 3 ° 384 384 ° io.o 54 

(NH4)2SO 4 were added with mechanical stirring. After standing for more than 15 min, 
the mixture was centrifuged, and 75 g of (NHa)2S Q were further added per 500 ml of 
supernatant fluid. The precipitate was collected by centrifugation, was dissolved in 
about 15o ml of IO mM buffer and was then dialyzed for 3 h against 3 1 of the same 
buffer with two changes. 

Step 3: DEAE-cellulose treatment. The dialysate was passed through a column 
(4.0 cm × 20 cm) of DEAE-cellulose equilibrated with IO mM buffer, under which 
the enzyme was not adsorbed on the column. The enzyme fraction was rapidly eluted 
with the same buffer and was immediately applied to a gel-filtration column. 

Step 4: Sephadex G-Ioo gelfiltration. The eluted enzyme solution (193 ml) was 
applied to a column (9.0 cm X 50 cm) of Sephadex G-Ioo equilibrated with io mM 
buffer, and the column was developed with the same buffer at the flow rate of 60 ml 
per h. To the eluate containing the enzymatic activity (450 ml), 225 g of (NH4)2SO a 
were added. The precipitate was removed by centrifugation, was dissolved in io mM 
K2HP Q solution freshly prepared to give about 50 ml of the enzyme solution and was 
dialyzed for 3 h against IO mM K2HPO 4. 

Step 5: DEAE-Sephadex chromatography. The dialyzed material was applied to 
a DEAE-Sephadex A-5o column (2. 5 cm × 30 cm) equilibrated with a flesh solution 
of io mM K2HPO 4. The enzyme was eluted with a linear gradient established between 
300 ml of 50 mM K~HPO 4 (mixing vessel) and 300 ml of 0.2 M K2HPO4 (reservoir). 
The enzyme fractions (25o ml) were combined, 125 g of (NH4)2SO 4 were added and the 
resulting precipitate was removed by centrifugation. The preparation, dissolved in a 
minimum amount of 33 mM buffer, was dialyzed for 3 h against the same buffer. 

Step 6: Reconstitution of holoenzyme. Since the flavin was partially leached from 
the protein moiety of the enzyme during the purification procedure, 2 mg of FAD per 
IOO mg protein were added to the dialyzed enzyme solution at the final step. The 
mixture was then applied to a Sephadex G-25 column (2.5 c m x  25 cm) equilibrated 
with 33 mM buffer. The column was subsequently developed with the same buffer. 
The holoenzyme thus obtained was completely free of unbound FAD and was used 
as the source of enzyme, except when stated otherwise. The enzyme was quite stable 
for a few weeks when stored at --2o °. Disc electrophoresis of this preparation by the 
method of DAvis s showed a single band, and the enzyme had a specific activity of IO. 

Crystallization of salicylate hydroxylase 
The (NH4)2SO a precipitate obtained at Step 5 was used as the starting material 

for crystallization. The precipitate was redissolved in a minimum amount of 50 mM 
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Fig. I. A phase-cont ras t  photomicrograph  of crystalline salicytate hydroxylase.  The indicated 
scale represents  o. 1 mm, 

Tris-HC1 buffer (pH 8.o) containing a few mg of FAD, and solid (NH4)2SO 4 was added 
slowly to the solution until a slight turbidity appeared. The pH of the solution was 
adiusted to 8.0 with aqueous ammonia. The solution was left to stand at 5 ° for a few 
hours, and the precipitate was then removed by centrifugation. This procedure was 
repeated until the first traces of yellow precipitate started to settle. This solution was 
left to crystallize at 5 °. Yellow crystals were slowly formed, and over a period of several 
days the crystal size increased (Fig. I). The specific activity was not increased by this 
procedure. Therefore, crystallization was not used for purification of the enzyme. 

Preparation of apo-salicylate hydroxylase 
The apoenzyme was prepared by the acid-(NH4)2SO 4 method in the same way 

described previously 4. This preparation of apoenzyme was stable for several days 
when stored at --20 ° . 

Metapyrocatechase 
This was prepared from Pseudomonas putida, T-2, essentially as described by 

NOZAKI et al. 9. The enzyme was stored as crystals suspended in 50 mM potassium 
phosphate buffer (pH 7.5) containing IO°~ acetone. 

METHODS 

Estimation of enzymatic activities 
The units of salicylate hydroxylase activity and the assay procedures have been 

described elsewhere .~. The amount of enzyme protein was estimated by the method of 
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LOWRY et al. 1°, using bovine serum a lbumin  (Sigma Chemical  Co.) as a p ro te in  s tan-  
dard .  Concent ra t ions  of  the  holoenzyme were de te rmined  spec t ropho tomet r i ca l ly  wi th  
the  use of  the  molar  ex t inc t ion  coefficient of  I 1.2 mM -1. cm -1 at  450 nm*. 

Measurement of absorption spectrum 
A Hi tach i  model  E P R  3 recording spec t ropho tome te r  and  a P e r k i n - E l m e r  

Model 202 recording spec t ropho tomete r  were used with a i - cm l ight  pa th  cuvet te .  
Determination of catechol or 3-methylcatechol 
The amoun t s  of  catechol  or 3 -methylca techol  were e s t i m a t e d  enzymat i ca l ly  

wi th  the  use of  a crys ta l l ine  me tapyroca techase .  To a sample  conta in ing  catechol  or 
3 -methylca techol  in 3 ml of  4 ° mM potass ium phospha te  buffer (pH 7.2), 7 ° ng of  
me tapyroca t echase  in 50 #1 were added  by  means  of  a micropipe t te .  Af te r  the  mix ture  
was kep t  a t  room t e m p e r a t u r e  for more than  3 min, the  amount s  of catechol  or 3- 
me thy lca techo l  were de t e rmined  from the changes of the  absorbance  at  375 nm 
(e (375 nm) 3 .6 .1o  4 M - l . c m  -1) or a t  389 nm (e (389 nm) = 9 .6 .1o  3 M l ' c m  1), 
respect ively .  Under  the  assay  condi t ions ,  the  absorbances  at  these wavelengths  were 
found to be p ropor t iona l  to  the  concent ra t ions  of catechol  or 3 -methylca techol ,  
respect ively.  

Titration of enzyme-bound FAD with NADH 
The exper iments  were per formed in a Thunbe rg - type  cuve t te  ( I -cm l ight  path)  

equ ipped  with  a side arm and a vaccine cup. The cuve t te  was evacua ted  at  room 
t e m p e r a t u r e  for 15 min and was then flushed with  N 2 gas, a l t e rna te ly  twice. O2-free 
N 2 was p repa red  with  the  t r e a t m e n t  of  a lkal ine pyrogallot .  Af ter  placing it in an ice 
ba th  for I h, the  same procedure  was repea ted  once more. F ina l ly  the  cuve t te  was 
flushed with  N~. The solut ion of N A D H  was anaerobica l ly  p repared  in a Thunberg  
tube  in the  same way  as above.  T i t r a t ion  of the  enzyme with N A D H  was per formed 
b y  stepwise addi t ions  of  small  por t ions  (lO-2O ~ul) of the  l a t t e r  into the former solut ion 
b y  means  of a 5o-/,1 microsyringe.  

RESULTS 

Absorption spectrum of the enzyme-substrate complex 
As i l lus t ra ted  in Fig. 2, the  holoenzyme showed a sl ight  difference in spec t rmn 

compared  with  free FAD.  When  F A D  was mixed  wi th  an equimolar  amoun t  of the 
apoenzyme,  the  absorp t ion  in t ens i ty  of F A D  was s l ight ly  lowered, while the  peaks  
at  450 and 375 nm were not  shifted.  When  sa l icyla te  was added  to the  holoenzyme,  
the  peaks  at  45 ° and  375 nm were shif ted to 455 and 385 nm, respect ively,  and  a 
m a r k e d  shoulder  appea red  a round  480 nm (Fig. 3). S imilar  spect ra l  shifts were also 
p roduced  b y  a number  of o ther  subs t ra tes  for the  hyd roxy la se  react ion,  namely  2,3-, 
2, 4- and  2 ,5-d ihydroxybenzoates ,  p -aminosa l icy la te ,  I - h y d r o x y - 2 - n a p h t h o a t e  and 3- 
methylsa l icy la te .  Some represen ta t ive  spec t ra  in the  absence and presence of these 
compounds  are shown in Fig. 4. However ,  compounds  such as benzoate ,  m- and p-  
hyd roxybenzoa t e s  and 3 ,4 -d ihydroxybenzoa te  which were not  subs t ra tes  of the  
enzyme had  l i t t le  or no effect on spec t ra l  shift  a t  375 and  450 nm or in forming a shoulder  
at  480 nm. Free  F A D  did  not  replace the  holoenzyme,  o-Phenolsulfonate,  a compe- 

" Calculated on the basis of direct analysis of FAD released from the protein moiety by 
heat and acid treatments. 
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Fig. 2. Comparison of absorption spectra of FAD and salicylate hydroxylase in 33 mM potassium 
phosphate  buffer (pH 7.o) (3.o ml). Curve I, FAD (74 nmoles); Curve II, FAD + apoenzyme 
(74 nmoles). 

Fig. 3. Effect of salicylate on the spectrum of salicylate hydroxylase in 33 mM potassium phos- 
phate  buffer (pH 7.o) (3.o ml). Curve I, holoenzyme (92 nmoles) ; Curve II, holoenzyme + sali- 
cylate (5 o nmoles) ; Curve III ,  holoenzyme + salicylate (I ffmole). 

titive inhibitor for the enzyme 6, gave another type of spectral change (Fig. 4D). This 
compound differed in effect from salicylate, producing only a slight shift in the maxi- 
mum at 375 nm to shorter wavelengths. The peaks around 450 nm were not essentially 
affected, and no shoulder at 480 nm was observed. 

Stoichiometric relation of apoenzyme, FA D and salicylate in the enzyme-sub#rate complex 
Since the complex formation was observed by the absorption increase at the 

shoulder at 480 nm, stoichiometry was determined by titration of the holoenzyme with 
salicylate. The enzyme-bound FAD (153 nmoles) was titrated precisely with varying 
amounts of salicylate (Fig. 5, Curve I). No significant difference was observed when 
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Fig. 4. Effect of other substrates  and an inhibitor on the spectrum of salicylate hydroxylase in 
33 mM potassium phosphate  buffer (pH 7.0) (3.0 ml). A. Curve I, holoenzyme (92 nmoles) ; 
Curve II ,  holoenzyme + 2,5-dihydroxybenzoate (5/,moles) ; Curve III, holoenzyme + p-amino- 
salicylate (5/~moles). B. Curve I, holoenzyme ( i i o  nmoles); Curve I1, holoenzyme-c  2,3-dihy- 
droxybenzoate (5 ffmoles) ; Curve III ,  holoenzyme + 2,4-dihydroxybenzoate (5 ffmoles). C. 
Curve I, holoenzyme (129 nmoles); Curve II, holoenzyme q-3-methylsal icylate  (5/~moles). D. 
Curve I, holoenzyme (92 nmoles) ; Curve II ,  holoenzyme + o-phenolsulfonate (5 #moles). 

Fig. 5. A spectrophotometric t i t ra t ion of salicylate hydroxylase with salicylate. The reaction 
mixture contained 153 nmoles (Curve I) or 76 nmoles (Curve II) of the holoenzyme and indicated 
amounts  of salicylate in 33 mM potassium phosphate  buffer (pH 7.0) in 3.0 ml system. 
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the titration was carried out in the presence of excess free FAD. A similar titration 
was perfornled with salicylate in the presence of 76 nmoles holoenzyme (Fig. 5, Curve 
II). In both cases, the initial slope of the titration curve intercepted the maximunt 
value observed at i mole salicylate per mole enzyme-bound flavin. 

The fact that the molar ratio of FAD to the apoenzyme in salicylate hydroxylase 
is I : I  has been confirmed by equilibrium dialysis 5 and by fluorometric analvsis u. 
From combination of these results, it is now possible to conclude that a molar stoichio- 
metry of apoenzyme, FAD and salicylate in the complex is i : I : i. 

Since the increases in absorption at 48o nm upon addition of salicylate were 
assumed to be proportional to the amounts of the complex, it was possible to estimate 
the dissociation constant from data of the titration curve shown in Fig. 5. A mean 
value of the dissociation constant of salicylate in the complex was calculated to be 

3-5 #M. 

Stability of the enzyme-substrate complex 
Experiments demonstrated in Figs. 6A and 6B indicate that the holoenzyme is 

rapidly inactivated at 41° or at pH 4.2. However, the complex which was formed in 
the presence of salicylate was found to be completely stable under these conditions. 
The protective effect of salicylate in a proteinase treatment was also similar to that 
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Fig. 6. Effect  of  s u b s t r a t e  on acid (A), h e a t  (B) and  Naga r se  (C) i nac t iva t ions  of sal icylate  hy-  
droxylase .  A. The  reac t ion  m i x t u r e  (2.o ml) con ta in ing  5.7 nmoles  of  t he  ho loenzyme,  6o ffmoles 
of  ace ta te  buffer  (pH 4.2) and  8oo nmoles  of  sal icylate  was  i ncuba t ed  a t  2o °. Samples  were wi th-  
d r awn  a t  t ime  in tervals ,  and  a s sayed  for ac t iv i ty .  B. The  reac t ion  m i x t u r e  (2.o ml) con ta in ing  
5.7 nmoles  of  t he  ho l oenzyme  and  6o #mo l e s  of  p o t a s s i u m  p h o s p h a t e  buffer  (pH 7.0) was supple-  
m e n t e d  wi th  800 nmoles  of  t he  s u b s t r a t e s  and  i n c u b a t e d  a t  41°. C. The  reac t ion  m i x t u r e  (3.o ml) 
con ta in ing  5.7 nmoles  of  t he  ho loenzyme,  48 #mo l e s  of  Tr is-HC1 buffer  (pH 8.@, io  #g  of  Na-  
garse  and  8oo nmoles  of  sa l icyla te  was i ncuba t ed  a t  29 °. Curve  I, w i t h o u t  subs t r a t e ;  Curve  II,  
wi th  sal icylate ;  Curve  I I I ,  wi th  2 ,5 -d ihydroxybenzoa te ;  Curve  IV, wi th  p -aminosa l icy la te .  

Fig. 7. Effect  of  s u b s t r a t e  on t he  inac t iva t ion  of  t he  a p o e n z y m e  by  hea t  (A) and  Naga r se  (B). 
A. The  reac t ion  m i x t u r e  (2.o ml) con ta in ing  1.5 nmoles  of  t he  apoenzyme ,  6o ,umoles of  po t a s s ium 
p h o s p h a t e  buffer  (pH 7.o) and  8oo nmoles  of  sal icylate ,  was i n c u b a t e d  a t  41°. B. The  react ion 
m i x t u r e  was  as descr ibed in A, excep t  t h a t  io  ktg of Naga r se  were fu r t he r  added.  The  react ion 
m i x t u r e  was  i ncuba t ed  a t  2o °. Curve  I, w i t h o u t  sa l icyla te ;  Curve  II,  wi th  salieylate.  
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observed in the heat and acid inactivation experiments (Fig. 6C). Under the conditions 
in which the holoenzyme lost 80% of its initial activity, the complex lost only 300/o. 

To determine whether the addition of other substrates related to salicylate 
would also affect the stability of the enzyme, the holoenzyme was incubated with 
such compounds at 41°. The data collected in Fig. 6B show that  the stability is sig- 
nificantly increased by incubation with such compounds, while other substances such 
as catechol or benzoate afforded scarcely any significant protection. 

These results provide an additional evidence that  the holoenzyme combines with 
salicylate to form a complex having a more rigid structure than the holoenzyme. 

As shown in Fig. 7 A, the apoenzyme was also spontaneously destroyed at 41°. 
Enzymatic  activity was completely lost in IO rain. However, an appreciable protective 
effect was observed in the presence of salicylate. When the apoenzyme was incubated 
with Nagarse, its activity decreased considerably. This inactivation was depressed by  
the addition ofsalicylate, as shown in Fig. 7 B. Similar protective effects were observed 
with substances related to salicylate but not with substances which were not substrates 
for the enzyme. 

Spectrophotometric and stoichiometric demonstration that the enzyme-substrate complex 
is involved in the catalysis 

Anaerobic titration of the enzyme-substrate complex with NA DH. To elucidate the 
catalytic mechanism of FAD in the complex, the effect of NADH on the spectrum of 
the complex was investigated. Fig. 8A shows the results of anaerobic t i tration of the 
complex with NADH. Curve I represents oxidized form. Upon addition of appropriate 
amounts of NADH to a solution of the complex, the absorption over the whole spectral 
range diminished instantaneously (Curves I I -VI) ,  and no increase in absorption at a 
wavelength greater than 530 nm, which could be at tr ibuted to a stable one-electron 
reduced form of the enzyme-flavin, was observed. The resulting spectra were very 
similar to those of the fully reduced form of flavin, and the amount of the change in 
absorbance at 450 nm was proportional to the amount of added NADH. After addition 
of i mole of NADH per mole of the complex, the spectrum of the reaction mixture 
showed full reduction (Curve VII).  

Anaerobic titration of the holoenz~,me with NADH. In the absence of salicylate, 
the holoenzyme was also reduced with NADH, and the situation was quite similar to 
the case in its substrate complex. As shown in Fig. 8B, a fully reduced form appeared 
throughout the titration, and the full reduction was observed on the addition of I mole 
of NADH per mole of enzyme-bound FAD. 

Reaction of the reduced enzvme-substrate complex with 02. To show that  NADH- 
reduced complex is an actual intermediate in the overall hydroxylation reaction, 
a t tempts  were made to demonstrate that  the reduced complex is capable of aerobic 
hydroxylation of the substrate. Upon introducing air into the reduced form of the 
complex, the reduced flavin moiety was rapidly reoxidized, and the absorption in the 
visible region increased to the same level as that  of the untreated preparation. Under 
these conditions, the reaction product, catechol, was stoichiometrically produced in 
the reaction mixture. As shown in Fig. 9, the stoichiometric relation was apparently 
maintained until I mole of NADH per mole of the enzyme-bound FAD had been 
added. When the reduced complex was heated before admitt ing air, no product was 
observed. This indicated also that  anaerobiosis had been completely achieved. When 
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and I. I o moles of NA1)H per mole of enzyme-bound flavin, respectively. 

Fig. 9. A graphic representat ion of s toichiometry of salicylate hydroxylase  reaction. The reaction 
mixture  contained, in the main vessel of a Thunberg- type  cuvet te  with I -cm light path,  IOO ~moles 
of po tass ium phospha te  buffer (pH 7.o), 5 ffmoles of salicylate and 142-165 nmoles of the enzyme 
in a total  volume of 2.9 ml, and indicated amoun t s  of N A D H  (in o.i ml) in the side arm at 2o °. 
The cuvet te  was evacuated according to the same procedure as described in METHODS. After the 
addit ion of N A D H  into the main vessel, the am oun t  of enzyme-bound F A D H  2 was calculated by 
the decrease of the absorbance at 45 ° n m ,  taking an extinction coefficient of lO. 3 mM-~ .cm-L  
Then air was introduced into the cuvette  and the amoun t  of catechol produced in the reaction 
mixture  was est imated with the use of metapyroeatechase.  

the holoenzyme was reduced with NADH in the absence of salicylate and then was 
allowed to react with air after addition of salicylate, a stoichiometric amount of cate- 
chol was also detected as observed in the complex. 

3-Methylsalicylate-holoenzyme was found to show spectral and enzymatic 
properties similar to those of salicylate-holoenzyme (Table II). The amount of the 
reduced complex formed was identical with that of NADH added, and upon admitting 
air a stoichiometric amount of 3-methylcatechol was produced from the reduced 
complex. When the reduced holoenzyme was allowed to react with air after addition 
of 3-methylsalicylate, the product was also detected stoichiometrically. 

These results support the conclusion that the holoenzyme-substrate complex 
interacts with NADH to form an actual reduced intermediate (enzyme FADH 2 
substrate), which reacts with 0 2 to form the product. 

T A B L E  I l 

S T O I C H I O M E T R Y  O F  S A L I C Y L A T E  H Y D R O X Y L A S E  R E A C T I O N  \ V I T H  J - M E T H Y L S A L I C Y L A T E  AS  S U B -  

S T R A T ] ~  

Expts .  [ and II ,  the assay conditions were as described in Fig. 9, except t ha t  5 #moles 3-methyl- 
salieylate were used as a substrate .  Expt .  I I I ,  after  the enzyme had been reduced, 5 F moles 
subs t ra te  were added from the side arm, and the reaction mixture  was then exposed to air. 

Expt. Enzyme 3-Methyl- NA DH 
No. (nmoles) salicylate (nmoles) 

(ffmoles) 

Enzyme 3-Methyl- 
reduced catechol 
(nmoles) formed 

( nmoles ) 

[ I I I  5 5 8  4 7  67 
I I I O  7 5 l O  7 9 8 lO 7 

I I I  lO9 - - -  I l O  I I 6  I I ~  
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DISCUSSION 

The interaction of substrate with salicylate hydroxylase is characterized by  an 
absorption spectrum in which a new shoulder is formed at about 48o nm. The ap- 
pearance of the shoulder is considered to be due to the formation of an enzyme-  
substrate complex. The dissociation constant of salicylate in the complex is found to 
be very small, so that  we can now directly demonstrate the stoichiometry between 
apoenzyme, FAD and salieylate to be i : I : I  by  spectrophotometric t i tration with 
salicylate. Recently we have carried out a fluorometric analysis of the enzyme-  
substrate complex of salieylate hydroxylase and have found that  the enzyme combines 
specifically with the substrate to form a fluorescent complex; the molar ratio of the 
components in the complex is i : i : I  (refs. I I  and 12). This is in good accordance with 
the results of spectrophotometrie investigations described here. 

Spectral shifts, similar to those observed with salicylate hydroxylase in the 
presence of salicylate, have been reported in a study of a benzoate complex of D-amino- 
acid oxidase 13. At tempts  have been made to explain the spectral shifts seen in the 
spectrum of D-amino-acid oxidase after the addition of benzoatO3, x4. As demonstrated 
in this paper, the substrate complex of salicylate hydroxylase is the really "act ive" 
form of the enzyme, so that  the fine mechanism of the spectral shift in the flavin, 
induced by  the binding of the enzyme and the substrate, may  be a key to the solution 
of the real mechanism involved in the monooxygenase reaction. 

The protective effect of substrate against inactivation of salicylate hydroxylase 
is an additional evidence that  the holoenzyme combines with salicylate to firm the 
substrate complex which has a more rigid structure than the holoenzyme. I t  is of some 
interest that  the stability characteristics of the apoenzyme in the presence of substrate 
are very similar to those of the substrate complex of the holoenzyme. The effect of 
salicylate on the stability of the apoenzyme can be interpreted in terms of stabilization 
of the protein structure. The fluorometric experiments reported in the subsequent 
paper 11 show that  the apoenzyme forms a binary complex with salicylate at a molar 
ratio of one to one. 

Although more kinetic experimental information is required to establish the 
mechanism, the data collected in this s tudy form the basis of a tentative hypothesis 
shown in Scheme I. We suppose that  the pr imary reaction of salicylate hydroxylase 
involves the interaction of substrate with the holoenzyme as indicated in Reaction a 
of Scheme I. The enzyme salicylate complex can now receive electron from NADH 
(Reaction b) and in the presence of 02, produces the hydroxylated product, catechol 
(Reaction c). Another possibility involves the interaction of NADH rather than 

S A  NADH + H *  0 2  
E - F A D  " E -FAD-SA " E-FADH2-SA • E - F A D  + c o t e c h o l  
I (a )  (b )  (c)  
I I CO2  

I I H 2 0  
I 
INADH * H + SA 
F . . . . . . .  E .FADH 2 . . . . . . . .  

(b') I (a ') 

!o, 
r 

E-FA D * H202 

Scheme  I. P roposed  m e c h a n i s m  of  sa l icyla te  h y d r o x y l a s e  react ion.  E and  SA denote  t he  apo-  
enTyme and  sal icylate ,  respect ively .  
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salicylate, the holoenzyme was found to be reduced with NADH.  When the reduced 
holoenzyme was nfixed with salicylate under  anaerobic condit ions and then O~ was 
introduced,  the stoichiometric formation of catechol was observed. These results 
suggest the possible process of the a l ternat ive  reaction sequence b' ,  a '  and c for sali- 
cylate hydroxyla t ion.  However, React ion b '  is not  an efficient one for salicylate 
hydroxyla t ion,  since the Km for NADH determined by  the decrease of absorbance at 
34o n m  is about  4oo t imes larger in the absence than  in the presence of salicylate 6, 
while the affinity of the holoenzyme for salicylate is not  influenced by  the presence 
of N A D H  as reported here. Kinet ic  studies by  a stopped flow technique,  which will 
be published later, have supported this hypothesis.  Thus  it is now possible to say that  
the reaction sequence a, b and c should be p redominan t  in the overall catalyt ic  process 
of salicylate hydroxylat ion.  
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