
42  BIOCHIMICA ET BIOPHYSICA ACTA VOL. 2 4  (1957) 
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INTRODUCTION 

The reaction inactivation of several copper oxidases, particularly ascorbic acid 
oxidase, (AA0) has been the subject of previous investigations summarized by 
DAWSON AND TARPLEY 1 and SINGER AND KE AR NEY 2. In the absence of certain 
protective agents, these enzymes appear to be rapidly inactivated during catalysis 
of the aerobic oxidation of the appropriate substrate. POWERS AND DAWSON S classified 
the inactivation of the copper enzyme, AAO, into two categories: (a) inactivation 
due to environmental conditions during the reaction reduced by inert proteins such 
as gelatin, egg albumin, denatured catalase or peroxidase, and (b) inactivation due 
to some factor inherent in the ascorbic acid-AAO reaction, sensitive only to heme- 
containing proteins such as catalase and peroxidase. 

Interest in the activation and protection of AAO was renewed by the paper of 
GEMMILL 4 on the activating effect of thyroxine on the AAO system. FRIEDEN 5 
confirmed GEMMILL'S report and observed that  the activating and protecting action 
was not specific for thyroxine or proteins, but was shown by any effective cupric ion 
complexer such as EDTA, cyanide, cysteine, and other amino acids. It  was observed 
that  the copper complexers appear to increase the initial rate of AAO action as 
determined by the Warburg technique and also to protect the enzyme against reaction 
inactivation. These findings were of particular interest because of the subsequent 
observation that  AAO is very sensitive to cupric ion e and that  only when the enzyme 
is aerobically active is there an exchange of enzyme copper for radio-active cupric ion ~. 

Additional evidence was presented pertaining to the possible sulfhydryl depend- 
ence of AAO. FRIEDEN AND NAILE s reported the inhibition of AAO by the organic 
mercurials such as phenylmercuric chloride. However, this inhibition could be reversed 
by cysteine, glutathione, thyroxine, ribonucleic acid, some nucleotides, and some 
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Na t iona l  Science F o u n d a t i o n  Gran t  G-Io37.  The  use  of e q u i p m e n t  provided  by  t he  Research  
Council  of Flor ida  S ta te  Un i ve r s i t y  is g ra te fu l ly  acknowledged.  Several  p re l iminary  repor ts  have  
appea red  5,9. 

** W e  wish  to t h a n k  Miss BARBARA NAILE and  Mrs. JANE CROSBY for the i r  ass i s tance  in the  
work.  The  generos i ty  of Dr. CHARLES R.  DAWSON of Columbia  Un ive r s i t y  a n d  Mr. DANIEL REHEIS 
Of t he  Reheis  Co., Berkeley  Heigh t s ,  New Jersey,  in p rov id ing  samples  of ascorbic acid oxidasse 
(AAO) is g ra te fu l ly  acknowledged. 

Pre-doctora l  v is i tor  f rom t he  Un ive r s i t y  of B uenos  Aires Medical  School, School of Bio. 
chemis t ry ,  Buenos  Aires, Argen t ina .  

Re/erences p. 57. 



VOL. 24 (1957) PROPERTIES OF ASCORBIC ACID OXIDASE 43 

a m i n o  acids .  T h u s  whi le  t h i s  s p e c t r u m  of a c t i v a t i o n s ,  i n h i b i t i o n s  a n d  r eve r sa l s  w a s  

sugges t ive ,  t h e  e s s e n t i a l i t y  of s ens i t i ve  c h e m i c a l  g ro u p s  o t h e r  t h a n  or  in  a d d i t i o n  

to  s u l f h y d r y l  g r o u p s  of t h e  e n z y m e  w a s  n o t  p r e c l u d e d  9. 

Of  poss ib le  i m p o r t  to  t h e  b e h a v i o r  of A A O  are  t h e  r e c e n t  r e p o r t s  of t h e  e x i s t e n c e  

of a h i g h l y  r e a c t i v e  D P N H - o x i d i z i n g  i n t e r m e d i a t e  in  t h e  A A O  s y s t e m  b y  KERN 

AND RACKER 1° a n d  WOISLOIT, NASON AND TERRELL 11, 12. I t  was  shown t h a t  in  both 
t h e  a lcohol  d e h y d r o g e n a s e  a n d  q u i n o n e  r e d u c t a s e  s y s t e m ,  r a p i d  o x i d a t i o n  of r e d u c e d  

D P N  f o r m e d  in situ was  o b s e r v e d  w h e n  b o t h  a s c o r b a t e  a n d  A A O  was  a d d e d .  N e i t h e r  

c o m p o n e n t  a lone  n o r  cup r i c  ion  a n d  a s c o r b a t e  w a s  able  to  effect  a s imi la r  o x i d a t i o n .  

Ear l i e r ,  iV[ATHEWS 13 h a d  p o s t u l a t e d  a " m o n o d e h y d r o a s c o r b a t e "  as  a n  i n t e r m e d i a t e  

in  t h e  c o n v e r s i o n  of a s c o r b a t e  to  d e h y d r o a s c o r b a t e .  POWERS AND DAWSON 3 h a d  also 

p r e v i o u s l y  s u g g e s t e d  t h a t  t h e  i n a c t i v a t i o n  of A A O  m i g h t  be  due  to  s o m e  f ac t o r  

i n h e r e n t  in  t h e  A A O  r e a c t i o n .  

Th i s  r e p o r t  s u m m a r i z e s  our  r e c e n t  s t u d i e s  on  t h e  b e h a v i o r  of d i f f e r en t  p r e p a r a -  

t i o n s  of A A O  t r e a t e d  w i t h  a v a r i e t y  of c o n d i t i o n s  a n d  c h e m i c a l  r e a g e n t s .  

EXPERIMENTAL 

Methods 
AAO activity at 3o.o° C was determined by two independent methods essentially as described 
by POWERS, LEWIS AND DAWSON 14 and I~ACKER 15. The Warburg technique involves the addition 
of enzyme to the main compartment of the Warburg vessel, immediately prior to equilibration 
in a final volume of 3.o0 ml. Also in the main compartment, except where noted, were sufficient 
sodium phosphate buffer, pH 7.2, for a final concentration of O.OLOO M and any added compound. 
Freshly neutralized ascorbic acid was added to the side arm. Final pH's  after reaction were 
7.0 ~- 0.2. This pH was selected because of the greater solubility o5 many of the compounds 
tested as activators and the close to maximal enzyme activity at this pH. 

After five minutes equilibration, the side arm contents were tipped into the main compart- 
ment. After a further brief equilibration, the vessels were closed off and readings taken at five- 
minute intervals or otherwise as desired. No alkali was required in the center well, and except 
where otherwise noted, air was used as the gas phase. 

Glass redistilled water was used in all solutions and glassware rinsing. This apparently 
reduced the trace metal ion contamination so that  usually less than 5/,1 of oxygen were consumed 
in a 3 ° min experimental period. 

In the spectrophotometric method adopted from the report of RACKER 15, AAO was added 
immediately prior to mixing and timing the reaction. The 3.oo ml final volume in the Beckman 
cell contained O.OLOO M phosphate buffer at pH 7.2 and the indicated concentration of ascorbic 
acid stabilized with approximately io -e M EDTA. After a rapid mixing, readings were taken at 
3o-second intervals at 265 m/~ and the rate determined from the reduction in optical density 
between the one-minute and five-minute period during which the fall in optical density is linear 
as indicated in Fig. I. The rate is expressed as the decrease in optical density per minute for this 
linear period. 

Materials 
C.P. Chemicals and biochemicals of the highest quality purchasable were used throughout. The 
source of special chemicals is indicated in appropriate references in the results. I t  was observed 
that  sodium ascorbate gave large oxygen uptakes in the absence of enzyme, presumably owing 
to metal ion impurities. Accordingly C.P. ascorbic acid was used in all experiments. 

The ascorbic acid oxidase (AAO) preparations were obtained from the Reheis Co., and the 
Nutritional Biochemicals Co. A valuable additional preparation was also obtained through the 
generosity of Dr. CHARLES R. DAWSON~ The essential features of the various enzyme preparations 
are summarized in Table I. I t  must be emphasized that  it is recognized that  the properties of 
even the purest AAO preparations appear to alter slowly on standing despite storage in an iced 
Dewar maintained in a cold room. No ready solution to this storage problem seems available, 
since AAO loses considerable activity on lyophilization. The stability of AAO activity in the diluted 
state is considered in a subsequent section. However, it should be emphasized that  while samples 
differed quantitatively, no significant qualitative differences between the four preparations cited 
here and earlier preparations have been noted. 
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RESULTS 

Activation and protection o /AAO 

Iner t  pro te ins  and  o ther  so-called ac t iva t ing  agents  ma in t a in  AAO ac t iv i t y  over  a 
3o-minute  exper imen ta l  period.  This is i l lus t ra ted  in Figs. 2-4. In  Fig. 2, ac t iva to r  
was a d d e d  to the  ma in  c o m p a r t m e n t  conta in ing  the  enzyme lO-15 minutes  pr ior  
to  reac t ion  in i t ia t ion .  Af te r  30 minu tes  the  ra te  of AAO oxida t ion  in these vessels 
which d id  not  conta in  gela t in  h a d  become negligible.  No change in ra te  was observed 
for those  sys tems in which ac t i va to r  was present .  Fig. 3 shows t ha t  gela t in  pro tec t ion  
is m a x i m a l  when gela t in  is present  pr ior  to the  add i t i on  of subst ra te .  I ts  p ro tec t ive  
power  diminishes  as unp ro t ec t ed  enzyme is a]lowed pr ior  contac t  wi th  subs t ra te .  
These resul ts  become unde r s t andab l e  if we assume t h a t  a h igh ly  reac t ive  in t e rmed ia te  
con t r ibu tes  to the  enzyme ' s  inac t iva t ion  or if we assume t h a t  ac t ive  enzyme undergoes  
some s t ruc tu ra l  change which makes  i t  more sensi t ive to dena tura t ion .  Fo r  ei ther  
case iner t  p ro te in  such as gela t in  might  be expec ted  to  pro tec t  the  AAO pro te in  
from inac t iva t ion .  
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Fig. I. Spectrophotometric determination of 
AAO activity. 4.2 and 8. 5/,g AAO- 4 were added 
at  zero time. The reaction mixture contained 
O.OLO M phosphate buffer pH 7.2, I.OO. IO - e  M 

EDTA and either 7.o. lO -4 M or 3-5" Io-4 M 
freshly neutralized ascorbate. The optical 

density was measured at 265 mu. 
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Fig. 2. Comparative effects of gelatin on the 
rate of ascorbate oxidation in air and oxygen. 
Each vessel contained O.OLO M phosphate 
buffer, pH 7.2, o.o20 M ascorbate, gelatin i.o 

mg/ml, and AAO-4, 5.o units per vessel. 

EBect on initial rate 

Is the  in i t i a l  r a t e  of ascorba te  ox ida t ion  as ca t a lyzed  b y  AAO affected b y  the  presence 
of gela t in  or  o ther  ac t iva to r?  As ind i ca t ed  in Figs.  2 a n d  3, the  W a r b u r g  me thod  
suggests  a posi t ive  answer  to  this  quest ion.  In  e i ther  a i r  or  oxygen,  the  in i t ia l  r a t e  
appears  to  be increased b y  gelat in  as well as the  ma in t a in ing  of AAO act iv i ty .  A 
s imi lar  exper iment  using the  spec t ropho tomet r i c  m e t h o d  over  a t en -minu te  per iod 
gave  s imilar  d a t a  wi th  a definite increase in in i t ia l  r a te  when the  ac t iva to r  E D T A  
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Fig. 3. Effect  of t i m e  of add ing  ge la t in  on the  
a c t i v a t i o n  of AAO. A t o t a l  of 3 mg  ge la t in  was  
added  before ascorbate ,  a nd  i ,  5, 15 and  3 ° 
min  a f te r  a scorba te  as ind ica t ed  by  arrows. 

Condi t ions  are  as descr ibed in  Fig.  2. 
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Fig. 4. Effect  of AAO concen t ra t ion  on the  ra te  
of ascorba te  oxida t ion .  The ge la t in  concent ra-  
t ion  was  i .o  m g / m l  and  E D T A  was  i .o .  i o - 4 M  

under  condi t ions  as descr ibed in  Fig. 2. 

was used at lO -4 M. I t  must  be emphasized here tha t  in the spectrophotometric 
method, AAO is added only a few seconds before zero time. 

Air and oxygen as the gas phase 

In Fig. 2, oxygen and air are compared as the gas phase for AAO oxidation with 
and without activator. The greater rate with oxygen suggests that  oxygen can be a 
limiting factor in this system. However, the increase in rate is not in proportion to 
the five-fold increase in oxygen pressure. I t  is of interest to note that  the cupric 
ion-catalyzed oxidation of ascorbate shows a similar oxygen effecO 6,17. 

These observations are supported by the fact that  AAO activity in air is some- 
what sensitive to rates of shaking of the Warburg vessels S while activity in oxygen 
is relatively unaffected. Therefore when air was used as the gas phase, shaking rates 
were careflflly standardized at 12o + 5 oscillations per minute. However, it is believed 
that  the similarities in the shapes of the respective curves suggests the essential 
identity of the action of AAO in air and in oxygen. 

Stability o[ AAO activity 

One of the problems encountered with the AAO system is the difficuaty in obtaining 
reproducible data even using the same sample of enzyme. POWERS, LEWIS AND 
DAWSON 14 reported that  highly diluted solutions of purified AAO, such as are prepared 
for act ivi ty measurements, rapidly lost their activity on standing. They also found 
that  the loss in act ivi ty was minimized by  making the dilution in the presence of an 
inert protein. As can be seen from Fig. 4, there are regions of enzyme activity 
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which are very  sensitive to small  differences in  enzyme concentrat ion.  Since the 
enzyme is very  concentra ted in its usual  storage form, sampling var ia t ion was 
encountered.  Thus it  was impor t an t  to test the s tabi l i ty  of the non-ac t iva ted  and 
ac t ivated  AAO ac t iv i ty  in a di luted state. 

As indicated  in  Fig. 5, we have found tha t  di luted AAO solutions with as little 
as 69 Fg per ml re ta in  their  ac t ivated  ac t iv i ty  when these solutions are stored at  
o ° C  for 28 days. In  some experiments,  ac t iv i ty  was ma in t a ined  as long as three 
months.  At  3 °o C, or when frozen and  stored at - -15  ° C, AAO act iv i ty  in the presence 
of lO -4 M EDTA diminished appreciably in  several days. The susceptibil i ty of AAO 
to maximal  act ivat ion apparen t ly  occurs despite the loss of non-ac t iva ted  enzyme 
act ivi ty.  Non-act ivated  AAO act iv i ty  could not  be ma in t a ined  under  a ny  of these 
conditions. I t  is also possible tha t  storage of the enzyme in the presence of an  act ivator  
would protect  the non-ac t iva ted  AAO act ivi ty .  

E 
o tq 

~300"  
0 
3_ 
.c-20 ~ 

o 100-  

• ~ O*C octivoted 
. 

i 
o ~ ~ '  ~ '  ~"  30 

T i m e  in doys 

Fig. 5. Stability of AAO under various storage 
conditions. AAO-I was stored in the dilution 
69 /zg/ml and kept at --15 ° C, o ° C, or 3o ° C 
respectively. Activity tests were performed as 
described in Fig. i with i.o. io -~ M EDTA 
used in the activated experiments and 6.9 /zg 

AAO per vessel. 
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Fig. 6. Effect of AAO on the rate of ascorbate 
oxidation as determined by the spectrophoto- 
metric methods. The reaction mixture contained 
o.oi M phosphate buffer, pH 7.2, i.o. l O  - 6  M 

EDTA and either 0. 5 or o. 7- IO -~ M ascorbate 
and the indicated amount of AAO in 3.o ml. 
The change in optical density at 265 mu was 
determined from the linear portion of curves 

plotted as in Fig. i. 

The da ta  for several AAO preparat ions  are presented in  Table  I. The results 
show a qual i ta t ive  s imilar i ty  bu t  some quan t i t a t ive  differences. I n  all the work on 
the act ivat ion of AAO, enzyme samples were accordingly prepared either from 
highly concent ra ted  solutions or from di luted enzyme stored a t  0-2 ° C. While such 
preparat ions  are suitable for act ivat ion studies, they were not  considered suitable 
for studies of na t ive  enzyme act ivi ty.  I t  should be noted  tha t  several different AAO 
preparat ions  exhibi ted similar s tabi l i ty  properties. 

Effect o/enzyme concentration 

The effect of enzyme concentra t ion  on the rate of aseorbate oxidat ion is shown in 
Fig. 4 for two different enzyme preparations.  The presence of a maximal ly  effective 
concentra t ion of EDTA and  gelat in gives an  almost l inear curve in contrast  with the 
S-shaped curve obta ined  in their  absence. By choosing IO 4- 5 uni ts  for these studies, 
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T A B L E  I 

SUMMARY OF SOME PROPERTIES OF THE ASCORBIC ACID OXIDASE PREPARATIONS 
USED IN VARIOUS EXPERIMENTS 

47 

Initial Non-az*ioated Actioated AAO 
Enzyme Source and date Copper activity* AAO activity** activity** 

designation Units/rag pl 0~/3o rain~rag pl 02/3o rain/rag 
% X xo 8 X zo s X zo a 

AAO I 1Reheis Co. 6-53 0.24 1.72 34 119 
AAO 2 N u t r i t i o n a l  

b iochem.  Corp. 8-54 o.16 1.8o 9.0 63 
AAO 3 1Reheis Co. 9-54 o.14 1.4o 12.6 27 
AAO 4 Dawson  9-54 0.26 2.o 5 lO. 3 lO 5 

* A c t i v i t y  as g iven  by  source expressed  in L o v e t t - J a n i s o n  uni ts ,  where  one un i t  is the  a m o u n t  
of enzyme  in presence of gelat in ,  i m g / m l ;  ox id iz ing  ascorba te  a t  p H  5.6, so t h a t  p l  0 2 is consumed 
per  m i n u t e .  

** A c t i v i t y  as  de t e rmined  under  the  condi t ions  descr ibed in me thods  of th i s  pape r ;  a c t i v a t e d  
AAO a c t i v i t y  res ts  inc luded  lO -4 M EDTA.  

intense enhancement of AAO activity can be observed. Above 30 units, activation 
becomes relatively insignificant. This apparent self-protection at higher enzyme 
concentrations is well known in enzymology and may indicate that  surface phenomena 
may be involved in the inactivation of AAO. Enzyme concentration was also found 
to affect the concentration of activator necessary for maximum activation. 

With the spectrophotometric method, the rate proved to be a linear function 
of AAO concentration, as indicated in Fig. 6. This method employs much less ascorbate 
per unit of enzyme and does not involve agitation during the brief reaction period 
of approximately five minutes; therefore, it is possible that  some of the conditions 
which might yield the data as in Fig. 4 may not be present when the spectrophoto- 
metric method is used. The presence of io  -e M EDTA, necessary to stabilize the 
ascorbate, was not found to activate AAO to any appreciable extent at this low 
dilution. 

Effect o/ascorbate concentration 

As pointed out by SINGER A N D  KEARNE¥ ~, a Michaelis constant for ascorbate in the 
AAO system has never been reported. Fig. 7 and 8 show the effect of ascorbate 
concentration on the rate of ascorbate oxidation. With or without activator, similar 
shaped curves were obtained when the rates of ascorbate oxidation were studied 
with the Warburg apparatus. All data show the phenomena of high substrate inhibi- 
tion, similar to those described by LINEWEAVER AND BURK m. Estimates of the Kra 
based on the Lineweaver-Burk treatment suggest a value of about 5" lO-3 M. How- 
ever, in the spectrophotometric method, as in Fig. 8, a much lower Kra of 3.9" IO-~ M 
ascorbate is obtained. This Ioo-fold difference in Kra emphasizes the difference in 
the two methods for determining AAO activity. Rather large differences in Kra 
determinations using the Warburg and spectrophotometric technique have been 
encountered with other enzymes. Optimal ascorbate concentrations of 0.o20 M and 
I.OO. lO -4 M, using the Warburg and spectrophotometric technique respectively, 
were used in most of the experiments reported in this paper. 
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50 Fig. 7. Effect of ascorbate concentration on AAO 

activity using the Warburg technique. The reaction 
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Fig. 8. Effect of ascorbate concentration on the rate 
Fig. 7. of ascorbate oxidation as determined by the spectro- 

photometric method. The reaction mixture contained O.OLO M phosphate buffer, pH 7.2, i.o. io-eM 
EDTA, and 4.2/zg AAO- 4 in 3.o ml. 

I t  is possible that the inhibition of ascorbate oxidation at higher substrate 
concentrations is due to a more rapid formation of a highly reactive intermediate 
mentioned earlier. Since the amount of enzyme used is the same, if the rate of 
inactivation is also a function of the rate of formation of the intermediate, greater 
inactivation of AAO will obtain. An alternative explanation rests in the possible 
release of a greater amount of cupric ion during the early phases of the reaction 
resulting in greater enzyme inhibition. Nor should the possibility of the most frequent 
explanation for high substrate inhibition be overlooked. When the active enzyme 
substrate complex involves the binding of the substrate at a minimum of two dif- 
ferent sites, high concentrations of the substrate will inhibit when two substrate 
molecules interact with the enzyme at one of the two required sites. 

C H E M I C A L  R E A G E N T S  A N D  A S C O R B I C  A C I D  O X I D A S E  

AAO, like other copper enzymes, shows marked sensitivity to copper chelators and 
complexing agents. The action of such compounds on AAO may be an important 
clue to the role of copper and to the mechanism of the catalyzed reaction. Chemical 
compounds which activate and/or protect AAO may be divided into two categories. 
The largest group comprises those compounds which produce activation at increasing 
concentrations, but do not inhibit AAO activity at any concentration. Prominent 
among these are EDTA, thyroxine, cysteine, and most proteins. Many examples 
of this type of activation are given in subsequent sections of this paper, including 
Figs. 9 and IO and Tables I I I  and IV. 

Several compounds also activate AAO at low concentrations but inhibit the 
enzyme at higher concentrations. This behavior has been previously described for 
cyanide ion 6 and has also been observed by diethyldithiocarbamate and 8-hydroxy- 
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quinoline. The inhibitors observed at high concentrations of these reagents, all of 
which are powerful copper complexers, may be due to the ability to remove copper 
from the enzyme molecule. The ability of cyanide to remove copper from another 
copper oxidase, polyphenol oxidase, thereby inactivating the enzyme, has been 
shown by KUBOWlTZ 19. Diethyldithiocarbamate activates at Io-TM and inhibits 
AAO at I0 -s M. 8-Hydroxyquinoline activates at I0 -s M and shows inhibition at 
io -4 M. As previously reported °, cyanide ion activates AAO at I0 -s M and reduces 
initial AAO activity at about 10 -4 M. Inhibition of crude AAO by these and other 
copper reagents such as potassium ethyl xanthate and sodium sulfide has been report- 
ed previously by STOTZ et al. 2°. It  is therefore possible that  the inhibition produced 
by higher concentrations of copper reagents is due to the actual removal of copper 
ion from AAO. 
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I ~,10 T i I l 

- -4.0 
Log octivotor 

Fig. 9. Activat ion of AAO by  several powerful  
copper chelators. Maximal act ivation was taken 
as t h a t  a m o u n t  of act ivat ion achieved wi th  
i .o mg/ml  gelatin. Activat ion was measured in 
O.OlO M phospha te  buffer p H  7.2, wi th  6.o/~g 
AAO-I  per  Warbu rg  vessel and the  indicated 

.E 
E . . ~ _ ~  bu rnln 
0 160 ~ / ~ Pepsin, chymotrypsln 

• - G e l o t i n  0 [ ~ 120 

§ 80 / a ~ , - L o c t o g l o b u l i n  

I i t I 

o o12 oi, o'6 ~ ,5 ,.5 
P r o t e i n  mg/ml 

Fig. IO. The effect of some proteins on AAO 
activity. Activation was measured in o.olo M 
phospha te  buffer, p H  7.2, wi th  2. 5 /,g AAO- 4 
and the final concentrat ion of protein in 3.o ml 

Warburg  vessels. 

concentrat ion of cystine, EDTA,  thyroxine  and tr i iodothyronine.  

T A B L E  I I  

E F F E C T  O1~ C A T A L A S E  A N D  E D E S T I N  ON AAO A C T I V I T Y  

Concentration ttl oxygen consumed in 
o~ protein 30 minutes* with 

mg/ml catala*e edwin 

o 4 ° 4 ° 
o.oolo 98 99 
O.OLO 288 228 
o . Io  284 236 
0.25 157 256 
0.5 - -  164 
i-5 - -  164 

* The act ivated rate with gelatin i .o mg/ml  was 269 #1 in 3 ° minutes.  The reaction mixture  
contained O.OLO M phospha te  buffer, p H  7.2, o.o2o M ascorbate, 3.o /~g. AAO- 4 in addit ion to 
protein  as indicated. 
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T A B L E  I I I  

A C T I V A T I O N  OF A S C O R B I C  A C I D  O X I D A S E  

B Y  A M I N O  ACIDS ,  T H Y R O X I N E  A N A L O G S  A N D  N U C L E I C  ACID C O M P O N E N T S  

Compounds Molarity* % maximal activation* * Compounds Molarity * 
% maximal 
activation** 

G l y c i n e  I o -3 82 
lO -3 41 

G l y c y l g l y c i n e  i o -3 i o 2 
IO -3 2 

D- or  L - P h e n y l a l a n i n e  1°-2  94 
lO -3 2I  

L -P ro l ine  lO-2 95 
1 0 - 3  9 

L - H i s t i d i n e  lO -4 78 
lO -5 41 

L - T y r o s i n e  10 -2 84 
lO -3 42 

L - T r y p t o p h a n e  I o -3 95 
1 0  -4` 2 5 

A s p a r t i c  ac id  lO -3 65 
lO -3 42 

A r g i n i n e  I o  -2 91 
IO - 3  IO 

Ser ine  lO-2 53 
lO-3 34 

Thyroxine analogs 

3.5 - D i i o d o - n L - t h y r o n i n e  8.0.  lO -4 97 
lO -4 29 

3 , 5 - D i i o d e - L - t y r o s i n e  i o  -2 64 
IO-2 5 

O - B e n z y l - 3 , 5  -d i iodo-  10 -4 96 
DL- ty ros ine  i o -~ 27 

N - a c e t y l - O - b e n z y l - 3 , 5 -  3 .0 .  lO -3 6 
d i i odo -DL- ty ros ine  

3 ,5-Di iodo-4-  (3 ' , 5 ' -d i iodo-  
4 ' - h y d r o x y - p h e n o x y )  
be nz o i c  ac id  IO-Z - - 3  

Nucleic acid components 

A d e n i n e  10 -3 64 
lO -4 14 

G u a n i n e  lO -3 lO 4 
lO -4 17 

A d e n y l i c  ac id  1°-3  45 
lO-4 5 

G u a n y l i c  ac id  lO -3 85 
10 -4 3 ° 

I n o s i n i c  ac id  i o -4 i n h i b i t o r y  
C y t i d y l i c  ac id  lO -3 i n h i b i t o r y  

lO-4 5 
U r i d y i i c  ac id  lO -4 i n h i b i t o r y  
D P N  i o  -a  7 ° 

lO -4 16 
RNA I o -~ 85 

lO -5 15 

* U n l e s s  o t h e r w i s e  i n d i c a t e d ,  all  c o n c e n t r a t i o n s  a r e  I .oo t i m e s  t h e  i n d i c a t e d  m o l a r i t y .  
* * M a x i m a l  a c t i v a t i o n  is de f ined  as  t h a t  a m o u n t  of  a c t i v a t i o n  o b t a i n e d  w i t h  i .o m g / m l  ge la t in .  

T h e  r e a c t i o n  m i x t u r e  c o n t a i n e d  O.OLO p h o s p h a t e  buffer ,  p H  7.2, o .o2o M a s c o r b a t e ,  a n d  5 - 1 o  u n i t s  
of  v a r i o u s  p r e p a r a t i o n s .  

Activation o/ AAO by proteins 

Activation of AAO by proteins has been considered in some detail by  POWERS, 
LEWIS AND DAWSON 14. Using the Warburg technique, a number of different proteins 
were studied for their activating influence as summarized in Fig. IO. Included among 
these were several crystalline proteolytic enzymes. I t  was observed that  except for 
lactoglobulin and lysozyme, these proteins gave essentially the same effect; the 
variations noted are due to small variations in AAO sampling. The fact that  chymo- 
trypsin did not reduce any of the act ivated AAO activity at pH 7.2 indicates little 
ot no proteolysis. I t  was further observed that  incubation of AAO with chymotrypsin 
for 48 hours did not modify activated AAO activity. The lack of over 40% activation 
by  lysozyme even at much higher concentrations may  indicate some important  
structural difference in this protein. The apparently variable effect of lactoglobulin 
may  indicate the presence of some inhibiting impurity. 

Subsequently the effect of crystalline catalase and edestin in this system was 
also studied. Sample data is presented in Table II .  I t  is seen that  these proteins 
show intense activation as lactoglobulin and also show some subsequent reduction 
in activation. However, little or no unique effect of catalase was found in these 
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experiments. Since a satisfactory explanation for these protein effects is not readily 
available, this phenomenon is worthy of further study. 

Activation by amino acids 

Activation of AAO by amino acids has been briefly reported "~. Some of the data are 
summarized in Table n I .  From these data it is seen that  appreciable activation 
occurs for most amino acids at lO -8 M, but  only a few amino acids such as histidine, 
cysteine and tryptophane activate appreciably below lO -8 M. The latter amino 
acids are, of course, those that  might be expected to interact more effectively with 
copper ion than the typical a-amino acid. These observations emphasize the relatively 
non-specific nature of AAO activation and stimulated many of the subsequent 
studies on activation. 

Effect o/thyroxine and analogs 

Activation of AAO by thyroxine was first reported by GEMMILL 4. FRIEDEN 5 also 
noted that  a number of thyroxine analogs showed this activity. Data on several 
thyroxine analogs are presented in Table n I .  Fig. 9 also included data with thyroxine 
and triiodothyronine. 

I t  is clear from this data that  the ability to activate AAO is not necesarily 
related to thyroxine-like activity. O-Benzyl-3, 5-diiodotyrosine activates AAO and 
complexes cupric ion readily 8 but  serves as a thyroxine antagonist 2x. 3',3,5-Triiodo- 
thyronine is the most potent naturally occurring thyroid substance but  is less effective 
than thyroxine as an AAO activator and as a cupric ion complexer s. The data suggests 
that  the free amino group is an important requirement in the ability of compounds 
to activate AAO, since when this functional group is blocked or absent, activation 
power disappears. The diiodophenol group is of limited importance in activation 
power, although it can be shown that  diiodophenols form complexes with cupric ion 2z. 

The AAO system may be used to observe interactions between thyroxine and 
various cations. For cations which are inert to AAO, the diminution of the ability 
of thyroxine to activate AAO is interpreted as indicating interaction between 
thyroxine and such cations. Accordingly, strong interactions between thyroxine at 
I.OO.io-dM and Co++ at Io-4M, Mg ++ at Io-3M, and Mn++ at Io-SM, have been 
observed using this system. LARDY has also reported complexes between various 
metal ions and thyroxine 83. 

Effects o/nucleic acid and components 

On investigating the effects of nucleic acid, nucleotides and other fragments, it was 
observed that  many of these compounds could also activate AAO. In the data included 
in Table I n  it is seen that  RNA and several of its various fragments activate AAO 
at concentrations in the range of IO-~-IO -4. However, three nucleotides which 
contain one or more keto groups are inhibitory. In their activating effect, nucleotides 
do not represent a departure from the thesis that  all compounds which activate AAO 
also interact with copper. Intense interactions of nucleic acid and components with 
cupric ion have been observed and will be described in a separate communication le. 

Effects o/metal ions 

I t  has been previously noted that  such metal ions as Cu++, Ag+, Zn++, and Ni+÷ 
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inhibit AAO activity e. However, detailed data were presented only for Cu ++. Included 
in Table IV is data indicating the relative greater effectiveness of Hg ++ when compared 
with Ni++ or Zn++. Some inhibition was also observed with large amounts of arsenate 
and iodoacetate. 

T A B L E  I V  

E F F E C T  O F  M E T A L  I O N S  ON A S C O R B I C  A C I D  O X I D A S E  

Compound Molarity % Maximal 
activation 

A1 +++ i . o .  lO -4  3 ° 

I .o" 10 -3 1o 5 

C a  ++ I .O.  i o  -4  18 

M g  ++ 1 .2 .  lO -3  73 
I .O.  lO -4  3 

B a  ++ I .O.  lO -3  19 
I .O" I O  - 3  2 8  

% I~thibi2io~ 

C u  ++ i . o .  lO .7  3 

2. 5 • i o  -7  5 ° 
5 .  0 • I O  - 7  98  

H g  ++ 5 .0.  IO-S 3 
I . o "  I O  - 5  4 ° 

I.O" lO -4  95  
N i  ++ I .O.  IO - s  36  

I .o .  IO -4  56 
Z n  ++ I .O.  i o  -5 35 

I . O "  lO -4 5 I 

I .O.  IO -3  57  
S o d i u m  a r s e n a t e  i . o .  i o  -3  o 

8. 3 • i o  -3  28 
S o d i u m  i o d o a c e t a t e  i . o .  i o  -8  o 

8.3"  lO-3  47  
C o  + +  I .o"  10 -8 o 

F e  +++ I .O" I O  - 3  o 

* R e a c t i o n  c o n d i t i o n s  a r e  s i m i l a r  t o  t h o s e  i n  T a b l e  I I I .  

The inhibition by  Cu++ has been confirmed by  BENHAMOU, M A G E E ,  A N D  DAWONS 24 
and is shown in some detail in Fig. I I .  Here it is seen that  a plot of AAO activity 
against enzyme concentration at two different Cu ++ concentrations produced modified 
"irreversible" or "pseudoirreversible" inhibition curves related to those predicted 
by  the method of A C K E R M A N N  AND POTTER 25. Essentially, the enzyme is t i t rated 
by  the increasing amounts of cupric ion added. 

Activation of AAO was surprisingly exhibited by  such metal  ions as AI+++ and 
Ca++ with possibly some effects of other ions such as Mg ++ and Ba ++. I t  is possible 
tha t  this activation may  be a non-specific surface or "hydroxide" effect similar to 
what has been observed for succinoxidase 2e. 

The possible sulff~ydryl nature o] AA 0 

On the basis of the previous data and additional information it was suggested that  
despite the presence of copper in the protein, AAO, might be a sulfhydryl-dependent 
enzyme 5. AAO is sensitive to the usual spectrum of metal  ions including Cu ++ and 
Hg++e and to the organic mercurials *, s. The enzyme is act ivated by  cysteine, gluta- 
thione and related agents 5. The inhibition of AAO by  phenylmercuric chloride is 

ReJerences p. 57. 



VOL. 2 4  (1957)  P R O P E R T I E S  OF ASCORBIC ACID OXIDASE 5 3  

subject to reversal by cysteine and glutathione as shown in Fig. 12. FRIEDEN AND 
NAILE 8 reported earlier on the reversal of phenylmercuric chloride inhibition by 
thyroxine at less molarity. We have also observed that various other activating 
agents such as the polyfunctional amino acids and nucleic acid components can 
prevent or suppress inhibition by phenylmercuric chloride as shown in Fig. I2 and 
Table V. Frequently, as indicated in Table V and Fig. 12, prevention or reversal of 
phenylmercuric chloride inhibition was only partially complete. The reversal of 
organic mercurial inhibition of AAO by non-sulfhydryl compounds 9 has a number of 
important implications, which will be discussed later. 

~3°°I / 

.iiii t 
o • 8'0 X 10-7M 

u 1501- NO copper (Cu**) 
{ o / .4.0xIO-'M 

 ,ool/ / 

o 4o 8.o ~.o 16o 
Ascorbic acid oxiclase '~/rnl 

Fig .  I I .  T i t r a t i o n  of  A A O  b y  Cu ++. Cu ++ w a s  
a d d e d  t o  t h e  m a i n  c o m p a r t m e n t  p r i o r  to  
A A O - I ,  fo l lowing  w h i c h  a s c o r b a t e  w a s  t i p p e d  in.  

~ 30C 

:L 
20C 

tOO 

"-~11 
u~ No, HgCl//" 
oItOxlO'" M *HgCI  / 

10 20 30 40 
Minutes 

Fig .  I2 .  R e v e r s a l  of  p h e n y l m e r c u r i c  ch lo r ide  
i n h i b i t i o n  of  A A O - I  b y  c y s t e i n e  a n d  g l u t a -  
t h i o n e  C y s t e i n e  a n d  g l u t a t h i o n e  a t  1,00, 10 .8  M 
w e r e  a d d e d  as  i n d i c a t e d  a t  i 0  m i n .  1.00, 10 -4 M 

HgC1 ( p h e n y l m e r c u r i c  ch lor ide)  w a s  a d d e d  to  t h e  c o m p a r t m e n t  p r i o r  to  t h e  a d d i t i o n  of  A A O .  

T A B L E  V 

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

A C I D  O X I D A S E  B Y  A M I N O  A C I D S  A N D  N U C L E O T I D E S  

Phenylmercuric Oxygen consumed 
in 30 min* Compound and molarity chloride molarity 1.1 

N o n e  o 270 
N o n e  i . o .  lO -4 48 
t l i s t i d i n e  i .o- lO -4  i .o. lO -4 I5O 
H i s t i d i n e  i . o .  lO .4  o 315 
T y r o s i n e  I .O. lO -8 o 3o7 
T y r o s i n e  I .o. lO -8 i .o. lO -4 294 
T r y p t o p h a n e  3-3" l ° - 4  o 297 
T r y p t o p h a n e  3.3" 1° -4  i . o .  lO -4 273 
T r y p t o p h a n e  I.O. lO -4 I.O. lo  -4 77 
R N A  I.O. lO -4 o 292 
~ 2 k  • .O" 1 0  - 4  I .O" 1 0 - 4  2 8 4  

R N A  I.O" lO -4 8.0" lO -4 41 
G u a n y l i c  ac id  2.0.  I o  -4 o 197 
G u a n y l i c  ac id  2.0.  I o  -4 I.O. lO -4 222 
A d e n y l i c  a c i d  i . o .  IO -3 o 280 
A d e n y l i c  ac id  i . o .  IO -3 i . o .  lO .4  78 

* R e a c t i o n  c o n d i t i o n s  a r e  as  p r e v i o u s l y  desc r ibed .  T h e  a m i n o  ac id  o r  nuc le ic  ac id  c o m p o n e n t  
w a s  m i x e d  w i t h  p h e n y l m e r c u r i c  ch lo r ide  a t  l eas t  i o  ra in  p r i o r  to  t h e  a d d i t i o n  of  A A O - I .  
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A direct attack on this problem by amino acid analysis has not been possible 
in these laboratories because of insufficient amounts of enzyme protein. 

Possibility o/deinhibition o/AA 0 

Many of the properties of AAO reported here might be satisfactorily explained by 
assuming that  there is an inhibiting metal ion present in AAO preparations, which 
is removed from the locus of the protein. In order to check this possibility, we have 
tried to prepare AAO which would no longer be subject to activation, i.e. it would 
constitute an already activated enzyme. 

A deinhibited AAO could not be prepared even after exhaustive dialysis against 
redistilled water, dialysis against a solution of an activator such as EDTA, cystine, 
or thyroxine, and dialysis against activator followed by redistilled water. The enzyme 
is subject to activation after passage through a cation-absorbing ion-exchange 
column such as described by JOSELOW AND DAWSON 7. The possibility that  copper 
ion is released during the course of the reaction is discussed later. 

DISCUSSION 

Activation of AAO seems to be a general property of copper ion chelators or com- 
plexers. In many instances, there is a correlation of the ability of a compound to 
activate AAO at low concentrations and its power to interact with cupric ion at low 
concentrations. For example, thyroxine, EDTA and many proteins are powerful AAO 
activators and also effective copper-ion binders. A point of difference appears in 
that  some copper-ion binders, e.g. cyanide, diethyldithiocarbamate, and 8-hydroxy- 
quinoline, appear to inhibit AAO at 
high concentrations following activ- ~ ~'~'l,,ibit~, of°f A*~c, 
ation at lower levels. A tentative ex- 
planation for this may be that perhaps 
this type of compound can facilitate 
the removal of copper ion from the 
enzyme at sufficiently high concentra- 
tions. Presumably all other compounds 
only interact with the copper in the 
protein and do not remove it from 
the protein. It  is possible that  the ac- 
t ivator assists in the formation of a 
copper protein-ascorbate-oxygen com- 
plex as suggested by DAWSON ~7 or 
perhaps speeds the reoxidation of the 
assumed cuprous ion intermediate. 

Fig.  13. Rever sa l  of pheny lmercur i c  chlo- 
r ide inh ib i t ion  o~ AAO-I  by  vaxious com- 
pounds .  The # HgC1 concen t ra t ion  w a s  

I.OO" zo -4 m and  the  revers ing  compounds  
a t  a final concen t ra t ion  of i .oo- lO -3 M were 

added  a t  i o  min.  

9 
0 

.~ 3 0 0  

"o 

o 

u 

2OO 

10C - ~ / ~ ~ ~ "  P ~  
0HoC I 

Blank , , ; 1 ; t t 
o s ~o ~g ~o 2'5 3o sg go 

Time in m inu tes  
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The only exceptions to the requirement of copper ion chelation for AAO acti- 
vation so far encountered are the activations reported for A1 +++ and Ca ++. I t  is 
possible that  A1 +++ and Ca ++ activation is of a different type involving the non- 
specific protection of AAO similar to that  observed for the succinoxidase system ~6. 
In fact, there is an interesting number of similarities between AAO and the succin- 
oxidase system including their activation by AI+++, Ca++, thyroxine and inhibition 
by cupric ion and organic mercurials. There are of course some important differences, 
especially the difference in prosthetic group and catalytic action. 

The data summarized in this paper and previous reports suggests some new 
possibilities to account for the many chemical responses of AAO. The scheme depicted 
in Fig. 14 postulates the release of copper ion during AAO activity as suggested by 
JosELow AND DAWSON 7, who showed that radioactive cupric ion exchanged with the 
copper of AAO during activity. I t  is not inconceivable that  these copper ions might 
be especially effective in catalyzing adjacent sulfhydryl groups in AAO producing 
inactivated forms of AAO. (Reactions 2 and 3). This would account for the progressive 
inactivation of AAO during activity as well as the powerful inhibition of AAO by 
cupric ion. The protection of AAO might proceed through reaction (4), since the 
binding of the copper ion will reduce or prevent reactions (2) and (3)- Activation of 
AAO by copper-binding agents might accrue by reducing the extent of migration 
of copper ion from the enzyme site. 

An alternative scheme which accounts for many of these phenomena is outlined 
in Fig. 15. The formation of a free radical intermediate of ascorbate is depicted in re- 
actions (5) and (6). The intermediate could also come from the Cu-catalyzed oxidation 
of ascorbate as suggested by WEISSBERGER AND LuVALLE 1~ or from the action of 
hydrogen peroxide, although this view is not supported by BENnAMOU, MAGEE AND 
DAWSON ~4. Inactivation of AAO might proceed by the reduction of this intermediate 
at the expense of enzyme sulfhydryl groups to form an inactivated enzyme in reac- 
tion (7). The possibility of the "active" ascorbate interacting with enzyme sulfhydryl 
groups should not be overlooked. Protection of AAO might occur as in (8) where the 
copper ion complexer protects adjacent sulfhydryl groups by its interaction with 
the enzyme. Again, activation of AAO might proceed through the formation of 
highly active enzyme-copper chelator-ascorbate complexes. I t  must be emphasized 
that  these two hypotheses are not mutually exclusive, but might occur simultaneously, 
though on different AAO molecules. 

I••S H 02 + ~ S H  
SN + Copper (1) L'~-~u~SH astor bate 

= ion Cu 
(acti v (inactive) cornpiexer: ve) I I I thyroxine 

Cu ++ Cu ++ EDTA, CN- 
proteins 

complex 

octlve) ~tnactive) 
(2) (3) (4) 

Fig. 14. A tentative scheme for the explanation of the properties of AAO. 

Relevences p. 57. 



56 E. FRIEI~EN, I. W. ~ACOIOLO VOL. 24 (1957) 

The many interesting interactions between phenylmercuric chloride and various 
biologically important substances deserves comment. Probably the most convincing 
evidence for the sulfhydryl dependence of an enzyme, particularly those in the crude 
state, is an enzyme's sensitivity to organic mercurial inhibition and the reversal of 
this inhibition with sulfhydryl compounds. However, the ability of other biological- 
ly important compounds to reverse phenylmercuric chloride inhibition suggests 
some reservations to this test for sulfhydryl dependency. Interactions between 
organic mercurials and various compounds have been shown by FRIEDEN AND 
I~AILE s, 9. It has been recognized from the start, when HELLERMAN ~8 first emphasized 
the use of the organic mercurials, that  groups other than sulfhydryl within proteins 
might interact. But the subtlety of some of these reactions should be more fully 
appreciated. 

However, the various interactions in the AAO system, as a particular case, 
may still be explainable in terms of the possible sulfhydryl nature of this enzyme. 
In Fig. 16 a mechanism explaining the prevention and reversal of phenylmercuric 
chloride inhibition of AAO by many compounds, which are also copper-ion complexers 
is shown. The prevention of organic mercurial inhibition in reactions (9) and (IO) 
might arise from the actual protection of the AAO by the copper-ion binder because 
of the proximity of the copper ion and sulfhydryl groups on the enzyme. In reaction 
(IO) the copper complexer might remove the phenylmercuric ions by compound 
formation. The reversal of phenylmercuric ion inhibitions as pictured in (II) might 

A(OH) 2 ~ HO-A-O- + H + 

NO-A-O-+ ~ ~ NO-A-O- + 
active 

inactivation: 

2 + ~ _ . ~  SN 

protection: 

+ 

~ c t i v e  

~ S H  ~ S H  
SH SH (8) 

(5) 

(6) 

Fig. 15. Alternative scheme for the explanation of the properties of AAO. 

Prevention of CHg + inhibition: ~ N o  reaction with ¢FIg ÷ (9) 

@ + ,.g+ - *.g~ oo~ 

Reversol 

~ S H  

of cHg* inhibition: t Q  
+ CHg* ~ ~ [~ScHg-L-- - - -~ ~ $ H  + ~Hg + (11) 

Fig. 16. Possible reactions of ~ HgC1 in the AAO system. 
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be a displacement reaction in which the reversing group displaces either the enzyme 
or the phenylmercuric ion. This argument does not preclude other groups in proteins 
from undergoing similar reactions. 

SUMMARY 

The propert ies  of several different prepara t ions  of highly pure  ascorbic acid oxidase (AAO) have 
been studied using both  the Warbu rg  and spectrophotometr ic  methods.  Activat ing agents were 
found to affect bo th  the initial rate and maintenance of AAO activity. The enzymic catalysis 
is increased when oxygen replaces air as the gas phase. AAO activity, in the presence of activator,  
was found to be stable even when the enzyme was stored at  o ° C in a diluted state, bu t  was un- 
stable at  - -15  ° C or 3 °0 C. Es t imated  K m for ascorbate was 5" IO-3 M and 3.9" lO-5 M as deter- 
mined by  the Warbu rg  and spect rophotometr ic  technique respectively. 

Activators  of AAO proved to be of two general types. The largest group comprises substances 
which activate AAO but  never  inhibit  a t  any  concentrat ion.  Most of these substances are powerful 
copper chelators and include representat ive proteins, amino acids, thyroxine  analogs, and nucleic 
acid components .  Activation was also observed wi th  A1 +++ and Ca ++. Activation at  low concentra- 
t ions bu t  inhibit ion at  high levels was  obtained with cyanide, diethyldithiocarbamate,  and 
8-hydroxyquinoline.  Irreversible inhibition was  observed with Cu ++ and several other  metal  ions. 
A deinhibited enzyme, however,  could no t  be prepared. 

The possible sulfhydryl  na ture  of AAO was suggested by  the above data  and the observat ion 
of the reversal of the phenylmercuric  chloride inhibition of AAO by sulfhydryl  compounds.  The 
in terpreta t ion of the data  is complicated by  the abili ty of non-sulfhydryl  compounds  also to 
reverse and prevent  the phenylmercuric  chloride inhibition of AAO. The implications of these 
observat ions  is considered. 

Several schemes are presented to account  for the propert ies and interactions of AAO in- 
volving the release of inhibi tory Cu ++ from the enzyme and the product ion of a highly reactive 
intermediate  in ascorbic acid oxidation. 
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