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SUMMARX; 

I. In tile ca ta ly t ic  reaction at  37 ° of 1)- and L-amino-acid oxidases with D-alanine 
and L-leucine, respect ively,  as subs t ra te ,  benzoate  and its der iva t ives  act  as com- 
pe t i t ive  inhibi tors .  The H a m m e t t  plots  show no s t ra ight - l ine  re la t ionship  between the 
Ki  and the a values of the different subs t i tu ten ts .  

2. Wi th  D-amino-acid oxidase (I~-amino acid :02 oxidoreductase  (deaminat ing) ,  
EC 1.4.3.3) at  IO ° in the I/V vs. I / iD-alanine;  plot, the lines ob ta ined  in the presence 
and in the absence of inhibi tor  (benzoate or its der ivat ives ,  with the except ion of the 
n i t ro-subst i tuents) ,  in tercept  at  finite iD-alanine~. This was also the case with l)- 
methionine  as substrate .  At  25 ° with D-methionine subs t ra te  inhibi t ion is found at  
re la t ively  high concentrat ions,  which is not  observed with t)-alanine. This subs t ra te  
inhibi t ion can be abolished by  benzoate  and ATP,  but  not by  m- or p -n i t robenzoa te .  
A T P  acts as non-compet i t ive  inhibitor ,  but  only inhibi ts  the react ion par t ia l ly .  At  
37 ° the inhibi t ion by  A T P  is abolished by  benzoate.  Ti t ra t ion  of D-amino-acid oxidase 
with benzoate  showed that ,  to obta in  5o% satura t ion.  2-3 t imes more benzoa te  is 
necessary in the presence of an excess of ATP  than in its absence. ATP  itself does not 
induce spectral  shifts. 

I t  is concluded tha t  two forms of D-amino-acid oxidase are present,  a low- 
t empera tu re  and a h igh- tempera ture  conformation,  which have about  the same 
ac t iva t ion  energies, but  differ in ac t iv i ty ,  due to different t ransi t ion probabi l i t ies  
(A S* = o. 7 e.u.). , l  H for this confi)rmational  change is 55 ooo ca l .mo le  1; A S 
185 e.u. I t  ('an be shown tha t  benzoate  and its der ivat ives  have more affinity for the 
h igh- tempera ture  conformation,  while A T P  has more affinity for the low- tempera tu re  
form ; m- and p-n i t robenzoa te  have equal affinity for both forms. 

3- With  ~.-amino-acid oxidase (L-amino-acid:O 2 oxidoreduetase  (deaminat ing) ,  
EC 1.4.3.2) it was found tha t  ATP  and pyrophospha te  influence the ca ta ly t i c  ox ida t ion  
reaction. The l inear Arrhenius  plot  obta ined  with L-leucine as subs t ra te  is conver ted  
by  the addi t ion  of  py rophospha te  into a Z-shaped curve. The subs t ra te  inhibi t ion in 
the presence of L-leucine is abolished by  pyrophospha te  at  low tempera ture .  In the  
presence of ~.-valine as subs t ra te  a Z-shaped curve is obta ined,  of  which, as in the  case 
of  L-leucine, the h igh- tempera ture  and low- tempera ture  par ts  are parallel .  In the 
presence of  py rophospha te  the curve shows one break.  As in the  case with D-amino- 
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acid oxidase,  this enz~nne also exists  in two conformat ions  wi th  different ac t iv i t ies  
and entropies  of ac t iva t ion  (A S* = 1.8-2. 3 e.u.), bu t  with the same ac t iva t ion  energies. 
F rom the t rans i t ion  i t  can be calcula ted tha t  A H =:- 46 ooo ca l .mo le  -~ and A S = 
145 e.u. for the  conformat ional  t rans i t ion  from the low- to the h igh- tempera tu re  form. 

4- The general  phenomenon of non-l inear  Arrhenius  plots of enzyme-ca ta lyzed  
react ion is discussed in connection with these observat ions.  

INTRODUCTION 

NEIMS, DELUCA AND HEI.I.ERMAN 1 inves t iga ted  with D-amino-acid oxidase 
(D-amino-acid:O= oxidoreductase  (deaminating),  EC 1.4.3.3) tile re la t ionship between 
the logar i thm of the m a x i m u m  veloci ty  and the a values for m- and p - subs t i t u t ed  
phenyla lanine  and C-phenylglycine.  They  obta ined  an asymmetr ica l ,  biphasic plot  
with a m a x i m u m  at a - + o.04 for C-phenylglycine and at  a = + 0.23 for phenyl-  
alanine. Al though it is known tha t  benzoate  2 and some subs t i tu ted  benzoates  a are 
compet i t ive  inhibi tors  of this  enzyme,  no a t t e m p t  was made to invest igate  a corre- 
lat ion between tile inhibi t ion constants  and the corresponding a values. 

Wi th  L-amino-acid oxidase (L-amino-acid:02 oxidoreductase  (deaminating),  
EC 1.4.3.2), R AI)I)A4 inves t iga ted  the  correlat ion between the veloci ty and the a value 
of r ing-subs t i tu ted  phenylglycines  as subs t ra tes  in one concentrat ion.  As with D-amino- 
acid oxidase,  benzoate  is a compet i t ive  inhibi tor  for L-amino-acid oxidase 5. ZELLER 
AND CLAUS 6 reported,  however,  t ha t  they  could not find a correlat ion between the 
Vmax, Km and /Q de te rmined  for r ing-subs t i tu ted  phenyla lanine  ms substrate ,  the 
var ious  benzoic acids as inhibi tors  and  the a values. 

MASSEY, CURTI AND GANTHER 7 repor ted  tha t  D-amino-acid oxidase shows a 
discont inuous Arrhenius  plot,  from which it was concluded tha t  the enzyme exists  in 
two forms, a low- tempera ture  form and a h igh- tempera ture  form, in equi l ibr ium with 
each other,  having different ac t iva t ion  energies. The t empera tu re  at  which the break  
in the plot  occurs, is dependent  on the subs t ra te  used. Wi th  l)-alanine it is at  about  14 ~, 
while with D-methionine it is at  24 °. In  connection with fluorescence and ul t raviolet -  
spectral  studies, it was concluded tha t  r)-alanine has equal affinities for both  forms, 
while I)-methionine has more affinity for the low- tempera ture  ffwm than for the high- 
t empera tu re  form. Wi th  other  enzymes a different explana t ion  has been given ff)r this 
phenomenon,  e.g. an equi l ibr ium between two or more forms differing in their  ca ta ly t ic  
act ivi t ies  s or a t empera tu re - induced  conformat ional  change of the act ive site 9. 

In  this paper  we present  evidence t ha t  benzoate ,  subs t i tu ted  benzoates  and ATP 
have different affinities for both  forms, which differ in ca ta ly t i c  act ivi ty .  Fu r the rmore  
it will be shown tha t  L-anfino-aeid oxidase can undergo t empera tu re -dependen t  
conformat ional  changes, which depend on the subs t ra te  used and are influenced by  
A T P  and by  pyrophosphate .  

Pre l iminary  d a t a  of  this work have been publ ished elsewherO°, n. 

M ETHOI)S  

I)-Amino-acid oxidase (EC 1.4.3.3) was prepared  from hog kidneys according  
to the  method  of MASSEY, PALMER AND BEXXE't~r t2 and was made benzoate-free by  
t r ea tmen t  with excess of D-alaninO 3. L-Amino acid oxidase (EC L4.3.2 ) was i so la ted  
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from snake venom (Crotalus adamanteus) according to the method of WELLNER AND 
M E I S T E R  14. 

The enzymat ic  activit ies were measured with the Gilson Oxygraph Model KM. 
A polarizing voltage o f  0.6 3 V was applied to the electrode. The oscillation frequency 
of tile electrode was 12o cycles/sec and the greatest amplitude was used. Tile amount  
of O 2 consumed was calculated from the slope of the recorded line. The conditions 
described by BURTON 2, excepting catalase were used for ])-amino-acid oxidase;  fiw 
L-amino-acid oxida.se, those described by WELLYER AXD MHSTER a4 were used. 

Agla micrometer  syringes (Burroughs Wel lcome and Co., London) were used 
for the spectrophotometric  titration experiments.  The optical differences were re- 
corded with the o -o . I  absorbance slide wire of the Cary model r 4 recording spectro- 
photometer.  The differences were recorded at 497.5 nm. 

M A T E R I A L S  

D-Alanine and D-methionine were obtained from Fluka, Switzerland ; A'I 'P and 
GTP from Boehringer and S6hne; L-leucine, benzoate and the substituted benzoates  
from British Drug Houses.  L-Leucine was recrystallized ; some of substituted benzoates  
(B.D.H.)  were first treated with charcoal after which they were recrystall ized. 

R E S U I . T S  A N D  D I S C U S S I O N  

The relation between the inhibition constants and the a values of the substituted benzoates 
Benzoate  and tile substituted benzoates  inhibit n-amino-acid oxidase com- 

petit ively.  Table I summarizes  the inhibition constants of benzoate and the ring- 
substituted benzoate  derivatives for D-amino-acid oxidase, measured at 37 ° with  
1)-alanine as substrate. In general the o-substituted benzoates  give a lower inhibition 
than tile m- and p-substituted derivatives,  the m-subst i tuents  giving the highest 
inhibition. Except ions  are the hydroxy-  and amino-substituents,  of which the o- 

T A B L E  I 

THE INHIBITION CONSTANTS (~ttM) OF BENZOATE AND lCENZOATI.: I)ERIVAT1VES IN TIlE CATALYTIC 
OVERALL REACTION OF I)-AMINO-ACID OXIDASE 

T h e  inhi~, i t ion c o n s t a n t s  were  d e t e r m i n e d  by m e a n s  o f  the  L i n e w e a v e r  Burk  plots .  T h e s e  e x -  
p e r i m e n t s  were  p e r f o r m e d  at  37 ° in o . i  M p y r o p h o s p h a t e  b u f f e r  ( p H  8.3) with  D-alanine  as  
s u b s t r a t e .  

Substituent K, (pM) of 

o- P- m- 

H 2o. 4 - -  
N O  2 137 o 38 t r. r 
O C H  3 r i 3 o  i i o  2o8 

O H  76 33 ° 2,54 
F 294 3.2 2.9 
CI 361 1o.6 2.9 
B r  38.5 IO.2 2. 9 
I 648  20. 5 l 2 .6 
N ( C H s )  2 - -  xooo  r o o o  

NH.,  I o3  3 r 3  704  
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subs t i tu ted  derivatives give the highest inhibit ion,  probably due to the formation of 
hydrogen bridges. The lower inhibi t ion with the other o-subst i tuted benzoates could 
be due to steric hindrance,  bu t  o-fluorobenzoate (fluoro is in size comparable  with 
hydrogen) has an inhibi t ion constant  of the same order as the other halogen-substi-  
tu ted  benzoates. The results confirm those of BARLE'rT 15 and the spectrophotometric 
experiments  of MASSEY AND GANTHER 16. 

Fig. I shows the logarithm of the inhibi t ion constants  of the benzoate-derivatives 
fl)r D-amino-acid oxidase obtained at 37 °, plotted against the a value. The line drawn 

T 
p-di m-di I 

methy~mi~o m~thyU_~i3~, ot ,,< o F 
, ,  - .4F 

"No.:,a ,,m-I / 
-5.C -Br 

- 5 . , 1  - 

p-F m.F ~ 

- 5 . 8  

-0' .~ ' - O , a  ' O'.4 ' OIS 

Fig. I. Hammett plot of the action of ring-substituted benzoate derivatives with D-amino-acid 
oxidase. The logarithms of the inhibition constants at 37 ° are plotted against their a-values. The 
K~'s were determined from Lineweaver-Burk plots; D-alanine was used as substrate. The line 
drawn wa~s calculated by the method of the least squares; in this calculation m-dimethylamino- 
benzoate and m-methoxybenzoate were not taken into account for reasons of steric hindrance. 

is calculated by the method of the least squares. The a value is experimental ly obtained 
for the individual  subs t i tuents  ~ ; the a value of hydrogen is arbi trar i ly chosen as zero, 
and a positive value of a means a stronger electron-at t ract ing character than hydrogen. 
Tile plot is biphasic with a min imum at a -~ + 0.5. The slope of the line of the subst i t -  
uents  with a a value lower than 0.5 has a o value of --2.o, with a correlation coefficient 
r = --0.6. 

From the plot it can be concluded tha t  the inhibi t ion of the catalytic reaction 
increases with increasing electron-at t ract ing character (increasing a value) of the 
subst i tuents .  The other part  of the plot is formed by the rn- and p-ni trobenzoates.  
The slope of this part  has a o value of about  + 4.9. The subst i tuents  with a a value 
smaller than 0.5 have a - -1  and + R  effect, while the ni tro-derivat ives have a - - I  and 
- - R  effect. NEI.~IS, DELucA AXD HELLERMAN x, working with r ing-subst i tu ted sub- 
strates,  found that  increasing a values lead to an increasing max imum velocity up to 
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a a value depending on the substrate used. At a higher a value, a decline in act iv i ty  is 
observed. 

A similar plot made for L-amino-acid oxidase differs in some respects from that 
of D-amino-acid oxidase, but the behavior of n,- and p-nitrobenzoate is similar to both 
enzymes .  Other substituted benzoates with negative a values have approximately  
the same inhibition constants with L-amino-acid oxidase. The m-halogen-substituted 
derivatives,  on the other hand, show a sharp increase in inhibition. This behavior at 
37 ° differs only quantitat ively  f iom that at 25 ° ; binding of these derivatives induce a 
shift of the flavin absorption band to shorter wavelengths  is. The results show that 
there is a correlation between cr value and the inhibition constant in agreement with 
the results of  RADDA 4 and in contrast to the results of ZELLI~R and c o - w o r k e r s S ,  ~. 

The effect of benzoate, s.ubstituted benzoates and A T P  on D-amino-acid oxidase 
The I/V vs. i / [D-alanine plot at IO ° of Fig. 2 shows that the line obtained in the 

presence of benzoate (similar phenolnena are fimnd with substituted benzoates)  
intersects the line obtained in the absence of inhibitor at finite concentration of D- 
alanine. At temperatures of 15 ° and higher benzoate and derivatives are compet i t ive  
inhibitors (cf. ref. 19); on the other hand, m- and p-nitrobenzoate exhibit  strictly 
compet i t ive  behavior over the temperature range 5-4  o°. The same phenomenon is 
evident at Io ° with 1)-methionine as substrate (Fig. 3). In this case the effect disappears 
as the temperature is raised above 24 ° and the inhibition becomes competi t ive .  The 
most  striking phenomenon in these experiments  is the observation that, at high com'en- 
tration of both D-alanine and D-methionine, the inhibitory effect of benzoate is replaced 
by an activating effect. In this respect benzoate and its deriwit ives  behave like all()- 
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Fig.  a. E f f e c t  o f  b e n z o a t e  on D - a m i n o - a c i d  o x i d a s c  w i t h  x)-alanine as s u b s t r a t e .  C o n d i t i o n s  des-  
cr ibed  u n d e r  METHODS. T e m p . ,  lo °. O - - O ,  n o  b e n z o a t e ;  /~ ~ ,  2benzoatel - 5ffM; ~ E ,  
[ b e n z o a t e ]  --  , o  pM .  

Fig. 3. Effec t  o f  b e n z o a t e  on  D - a m i n o - a c i d  oxida.se  w i t h  t ) - m e t h i o n i n e  as s u b s t r a t e .  C o n d i t i o n s  
d e s c r i b e d  u n d e r  MRTtIOI)S. T e m p . ,  lo °. O - - O ,  conlrol;  /E /~, [benzoate] -- 7.5,uM; × - - x ,  
[ b e n z o a t e ]  --  z5  pM. 
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steric inhibitors (cf. refs. 2o, 2I), with the difference that the activating effect is not 
visible at low substrate concentrations. The model of MONOD, WYMAN AND CHAN- 
GEUX 2~, which approaches this phenomenon mathematically,  predicts that a concerted 
transition mechanism will show substrate inhibition in case the substrate has a higher 
affinity to a catalytically inactive than to a catalytically active state. 

If the discontinuity of tile Arrhenius plot 7 is due to the presence of an inactive 
form at lower temperature, it can be expected that substrate inhibition will be observed 
in case tile substrate has a higher affinity for the inactive form. When the low temper- 
ature form is less active rather than inactive, as assumed in the allosteric theory, only 
under certain conditions can substrate inhibition be observed. By assuming that the 
enzyme concentration is much smaller than the substrate concentration, one can 
derive that, for the steady-state approximation, the general equation for the initial 
rate of the reaction becomes: 

n{(l 4- a)"vrt~.ES]l(~Si  + K ~  a) + L(I  = ca).V'rm~iS]l(~S! " K~T)} 
v (l) 

( l  -"  a)  n 4- L(I + ca)n 

n is the number of substrate binding sites ; L is the equi l ibr ium constant between the 
R-form and T-form free of ligand, defined as IT] = L iR ] ; a is the ratio of the free 
substrate concentration and the dissociation constant for the binding to the R-form ; 
c is the ratio of the dissociatio n constants for the R- and the T-form, i .e.  c = I f r t D / K T t ~  ; 

VTmax and VRmax a r e  the maximum velocities for the T-state and R-state, respectively, 
per catalytic site; KTm and K R m  are the Michaelis constants for the T-state and the 
R-state, respectively. It must be pointed out that VTmax, VRraax, KTm and KRm vary with 
the concentration of the second substratO". Furthermore it is assumed that this second 
substrate does not influence the equilibrium between R and T. This equation which is 
derived from the fraction of protein in the R- and T-states is valid, provided the 
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IZig . 4. Effects  of  effectors on the  substrate  inhibit ion of  D-amino-ac id  ox idase  wi th  D-meth ion ine  
as  substrate .  Condit ions  described under  METHODS. I/V VS. l / /D-methionine2  plot wi th  different  
addi t ions  at  25 ° . O---Q,  control ;  [ ] - V - ,  [ b e n z o a t e , - - 7 5 , u M ;  0 - - 0 ,  [ p - n i t r o b c n z o a t e ~ -  
0. 3 mM; × - - x ,  [ATP] = 2 0 m M .  
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equilibrium between these fi)rms is established at the time of the first rate measurement.  
This equation is, in our opinion, preferable to the relation of tile ligand saturation 
function with the velocity (cf. ref. 22), since this binding function does not take into 
consideration other possible intermediates in the conversion of substrate to product.  
The rate is determined by the normal kinetic parameters. Since the Km for most 
enzymes is not related to the dissociation constant  of  the enzyme-subst ra te  complex, 
it is better not to use the latter in these equations unless a special mechanism is involved 
(cf. refs. 23, 24). 

It  can be seen from Eqn. r that  in the case when the equilibrium constant  L is 
slnall (but the substrate has more affinity for the less active T-form) at high concen- 
tration subst ra te  inhibition will be observed. Fig. 4 shows that  this is the case at 
high concentration of D-methionine. At higher or lower temperatures, this in hibitio n 
disappears. \Vith 1)-alanine no substrate inhibition is observed at any temperature ,  
indicating that  this substrate has about equal affinities for both forms (cf. ref. 7). The 
observation (Figs. 2 and 3) that  the activating effect of benzoate with D-methionine 
is more pronounced than with t~-alanine is in agreement with the above-mentioned 
conclusion, provided benzoate has a higher affinity for the R-conformation. Further-  
more these figures show that  the plots in the presence of  inhibitor remain straight at 
lower concentrations of benzoate. At higher levels of benzoate,  deviation from linearity 
is observed at high concentrations of D-methionine. Extrapolat ion of the initial slope 
to infinite substrate concentration gives the salne interception on the i/v axis as 
obtained with the line at low level of benzoate. These results indicate that  benzoate 
has a higher affinity for the high-temperature form than for the low-temperature state. 

The presence of a non-reacting ligand binding to both states with different 
affinities modifies Eqn. I into: 

__ t l { ( I  "t (1) ' l ( I  -1 / ~ ) , , V R m a . , < r . < , ' ] ! ( { . < ; ;  ~ -  K , . t l )  - : -  L ( I  -'- C ( g ) n ( I  - t -  d f l ) n i  ' T  . . . . .  ; '%'I/ '(;S! - /%'m'r)} {2) 

? . . . .  {I - - , f < ) ' ; " ( l ~ T i '  .---. '71--t C " ) n ( I  t d [ ~ )  n - -  - - -  

In case the ligand is a competitive inhibitor Eqn. 2 changes to : 

n { ( x ÷ ~ { fl)nZ, R m a x ~ N ! [ ( [ S  1 + K , , , R  ! K , , ,  R/J) . L (  r n'- ca-~- d ~ ) n v ' r , n a x ~ N ] / ( i  N!  "- Ix',, 'r . K,,~Td[3) } 

. . . . . . . . . . . .  ( , ~ - , ~ : . f l ) . + C ( ,  ~ ~<~-d f l ) .  - -  . . . . . . .  ( 3 )  

In these equations fl is the ratio of the free-ligand concentration and the dissociation 
constant  of the R-form ; d is the ratio of the dissociation constants of the binding of the 
ligand to the R- and "r-form. 

The main factors which determine the effects to be observed are L, c and d. 
Thus it can be expected that  the substrate inhibition observed without  benzoate 
(Fig. 4) is abolished upon benzoate addition. At the temperature used in these experi- 
ments, L is small and c > I, which exerts its influence only at very high D-methionine 
concentrations. By adding benzoate d < I, this effect is delayed and substrate inhi- 
bition is apparent ly  abolished. The results obtained are those for true competit ive 
inhibition. 

Nitrobenzoates (m- and p-) act as true competitive inhibitors over the temper- 
ature range 5-4 o° with D-alanine as substrate. With t)-methionine as substrate,  
however, al though extrapolation on the initial slope indicates a true competit ive 
inhibition (Fig. 4), at high concentrations of substrate deviation from the linearity 
and substrate inhibition occurs. It  must  be pointed out, however, that  this only occurs 
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at about  25 °. At higher or lower temperatures the inhibition is competitive. In con- 
nection with the ideas developed, it is clear that  these inhibitors have about equal 
affinities for both forms (d ~ z). 

With D-alanine as substrate ATP is a non-competi t ive inhibitor. The concen- 
tration of ATP which inhibits the activi ty is strongly temperature dependent,  for 
instance at 5 ° hardly any inhibition is observed in the presence of 2oo #M ATP and a 
small inhibition (less than 8%) with 2o mM ATP;  at 37 ° 3oo/zM ATP gives an inhibition 
of 26% (Figs. 5 A, B). Furthermore it must be remarked that  GTP in about the same 
concentration gives similar results. Fig. 4 shows that,  in the presence of a large concen- 
tration of ATP, no substrate inhibition is obtained with high [D-methionine~. ATP 
inhibits the enzyme only partially, since a Ioo-fold increase in concentration does not 
affect the inhibition very much (Fig. 6). Furthermore at that  high ATP concentrat ion,  
in contrast  to the low, substrate inhibition is observed. Although only at very high 
concentration of D-methionine is a deviation from the linearity observed, it must be 
remarked that  three different experiments show this effect. 

These results indicate that  ATP has a higher affinity for the low-temperature 
conformation than for the high-temperature form. This non-competit ive inhibition is 
due to a shift of the equilibrium between the two states. This equilibrium lies at 37 ° 
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Fig.  5. E f fec t  of  t e m p e r a t u r e  on t h e  i n h i b i t i o n  of  o - a m i n o - a c i d  o x i d a s e  by  A T P  w i t h  l ) - a l an ine  as  
s u b s t r a t e .  C o n d i t i o n s  d e s c r i b e d  u n d e r  MEXHODS. A. Temp . ,  37 °, O - - O ,  c o n t r o l ;  A - - / ~ ,  [A'I 'Pj  = 
z o o # M .  B. T e m p . ,  5 ° , O - - O ,  c o n t r o l ;  A - - / X ,  [ATP]  -- z o m M .  

Fig.  6. Ef fec t  o f  A T P  on  D - a m i n o - a c i d  oxida.se w i t h  D - m e t h i o n i n e  as  s u b s t r a t e  a t  37 °. C o n d i t i o n s  
d e s c r i b e d  u n d e r  M~:THODS. ©---(?, ,  c o n t r o l ;  A - - - ~ ,  [ATP]  - 2 o o / t M ;  × x ,  [ATPI  -- 2o mM.  

toward the R-form, at 5 ° toward the T-form. I t  is the cooperation between D-methio- 
nine and ATP, both having higher affinity to the T-form, which at 37 °, where the 
allosteric constant is small, causes substrate inhibition only at very high concen- 
trations of both compounds. 

Figs. 7 and 8 provide further evidence for the idea that  benzoate and ATP have 
their highest affinity to different forms of the enzyme. Fig. 7 shows that  the non- 
competit ive inhibition of ATP at 37 ° is abolished by the addition of benzoate. The 
fact that  the curve in the presence of  benzoate is convex towards the abscissa is in 
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Fig. 7. Effect of :VI'I ~ and benzoate on D-amino-acid oxidase with D-methionine as substrate at 
37 ¢. Conditions described under .~IETHODS. ,(~'--Q), control; A-- /~,  :.'VI'I >" - 2oo/tM - lo/(.'~l 
benzoate; X - -  x, ::vrl'i -- ~oo I~m. 

Fig. 8. Effect of A'['P on the formation of the spectral enzyme-benzoate complex of D-amino- 
acid oxidase. Differences in ,4497. 5 ,,m obtained hy titration with benzo&te are plotted. The values 
are corrected for dilution. O--O without ATP; /]1 f.\, in the presence of 2o m.'4 A'l ' l t  Temp., 
4.9 °. [Enzyme-flavinl = 32 ,uM in o.t M pyrophosphate buffer (pll 8.3). 

agreement with the ideas outlined here. At low concentrat ions of D-methionine tile 
ac t iva t ing  effect of benzoate is larger than at higher concentrations,  since it can more 
easily overcome the synergistic action between ATP and the substrate.  

The binding of benzoate induces a red shift in the flavin absorption with a 
m a x i m u m  at 497.5 nm (refs. I6, 25-27). ATP itself does not induce a spectral shift. 
When the enzyme is t i t rated with benzoate a 2-3-fold higher concentrat ion of benzoate 
is needed for 5o0/0 saturat ion in the presence of ATP (Fig. 8). The non-compet i t ive  
inhibi t ion of ATP at 37 ° and the small inhibit ion at 5 ° indicates that  the counteract ion 
by ATP of the benzoate binding is not due to binding of the nucleotide to the act ive 
site. The t i t ra t ion curves do not show signs for cooperative interactions. On the other  
hand, the curve in the presence of ATP is very asymmetr ical ;  that  in the absence of 
ATP is not completely symmetrical.  Moyol), '~VYMAN AND CHANGEL'X 21 have pointed 
out that  the S-shape of the t i t rat ion curves is dependent  on the value of the allosteric 
constant  L and the ratio of the dissociation constants  c. The fact that,  in the presence of 
20 mM ATP, no S-shaped curve is observed is due to the binding of benzoate to both 
forms, provided that  benzoate also gives the same spectral complex with the. low- 
tempera ture  form. 

Fur ther  evidence for the presence of two conformations with different velocities 
and affinities comes from the following experiments.  The Arrhenius plot (Fig. 9) of 
the max inmm velocity with D-methionine shows a break point at 24 ° (cf. ref. 7). In 
the presence of benzoate however, the break becomes less sharp, when the extra- 
polation of the linear part  of the Lineweaver-Burk plot is taken as max imum velocity 
(cf. Figs. 3-5). In the presence of ATP, a fairly good straight-line relationship is 
obtained, but  with lower activities at temperatures higher than 5 ° . The plot in the 
presence of ATP (AE = 99oo cal-mole 4) is almost parallel with the upper part  of 
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Fig. 9. A. Effect of effectors on the Arrhenius plot of D-amino-acid oxidase. The log vma× (l~rnoles 
O 2. min -I. mg -4) with ])-methionine as substrate, obtained by extrapolating the linear part of 
the Lineweaver-Burk  plot, is plotted against  tIT. ~ - - / k ,  control;  I~--Q,  in the presence of 
25pM benzoate; C) - - ( ) ,  in the p r e s e n c c o f 2 0 r n M  ATP. B. Van 't Hof fp lo t  of the temperature-  
dependent  equilibrium between the low- and high- temperature  forms of ,)-amino-acid oxidase. 
The equilibrium cons tant  i wa.s calculated as described in the text.  

the Arrhenius  plot wi thout  any  effector present  ( A E  = 93oo cal .mole-1) .  The fact 
tha t  the plots are not comple te ly  parallel  is pa r t ly  due to the fact tha t  we were 
working at  ra ther  low ATP concentra t ions  to avoid  subs t ra te  inhibi t ion (cf. Fig. 6). 
This gives a small  increase in m a x i m u m  veloci ty due to the presence of some R-form, 
which results  in a small  increase of the ac t iva t ion  energy. A close examina t ion  of the  
exper imen ta l  points  reveals  tha t  the tendency  of a break is still present.  Affinity for 
bo th  conformat ions  in the case of benzoate  binding leads to the Arrhenius  plot  not  
being comple te ly  s t ra ight .  The presence of the T-form with lower ac t iv i ty  leads to a 
smal ler  value of the m a x i m u m  velocity.  Therefore it is concluded tha t  the two forms 
have the same ac t iva t ion  energy but  differ in max imum rate,  indicat ing tha t  identical  
t rans i t ion  s ta tes  haw. ~ different probabil i t ies .  F rom the difference in rates  it can be 
ca lcula ted  tha t  the difference in en t ropy  of ac t iva t ion  between the R- and T-forms 
A S *  =- 0. 7 e.u. 

I f for a certain condit ion 7'ma x is the exper imenta l ly  ob ta ined  m a x i m u m  velocity,  
Z'Tmax the m a x i m u m  veloci ty  of the T-form, VRmax the m a x i m u m  veloci ty  of  the  
R-form, f i t  the molar  fraction of the  R-form, and I - -  fR the molar  fract ion of the 
T-fi~rm, then for the equi l ibr ium between the two forms the following relat ions are 
valid : 

V m & x  I , 'T  ra~ .x  
" ./It z'R . . . .  -t- ( ' frt) vT . . . . .  fa  

V l ' [ m a  x - -  V ' r t l l a X  

and 

[Tq ' -- / n  
L m - -  : =  . . . .  

[R .fa 

Since the activation energies are the same, the fR value can be calculated for the 
temperature traject where the transition occurs and connected with this the al]osteric 
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constant L. From the Van 't Hoff plot of the temperature-dependent variation of L 
(Fig. 9B), it can be calculated that zl H == 55 ooo cal. mole -~ and d S = I85 e.u.. 

It is rather difficult to explain the kinetic results with the temperature-dependent 
association ~s observed with this enzyme. In that case the high-temperature form is 
the polymer of the low-temperature form. The results indicate that benzoate has a 
higher affinity for the R-form, but it has been reported that in the presence of benzoate 
the enzyme is less able to polymerize (cf. ref. 28). It is thus more likely that the results 
obtained are more due to conformational changes of the protein rather than to 
polymerization. 

Temperature-dependent conformational changes of L-amino-acid oxidase and the effect of 
pyrophosphate and A T P  

Comparison of the kinetic properties of L-amino-acid oxidase with those of 
o-amino-acid oxidase (cf. ref. 29) indicates the possibility that the large substrate 
inhibition observed with ].-leucine as substrate and the fact that hardly any substrate 
inhibition is found with L-valine (cf. ref. 30) might be due to an equilibrium between 
two forms of the enzyme. Similarly these two forms must have different maximum 
rates and different affinities for the substrate. From the large inhibition with IMeucine, 
it could thus be concluded that this substrate must have a higher affinity for the less 
active low-temperature form; therefore L-valine must have about equal affinity for 
both forms. 

The application of the results obtained with D-amino-acid oxidase to the 
Arrhenius plots of L-amino-acid oxidase provides evidence that the latter enzyme 
also exists in two temperature-dependent conformations with different activities. 

In Fig. IO where the Arrhenius plot with L-leucine as substrate is presented, 
a straight line is obtained. In the presence of 6. 7 mM pyrophosphate (Fig. IIA) the 
Arrhenius plot changes considerably; the plot becomes Z-shaped by showing two 

A .11B 

3. 0 . . . . . . . . . .  ~ ~ ~ -IogL L,~- - - -3 :4~-3 :5  

0!1/r,lO3 X. 
'c -1, 

" ~  I F= . . . . .  ¢ 6,  2.0 "~  
~ o ,, 

• q~ ~ g t  
_- 2.0 "- ~ " ,  

'c: ~ "  • :x 1.6' Q I ,, 
! . : .  

x.  

3.1 ' 3~3 .... 3% . . . .  3.17 ~ 12[ 
I/[ x 10 3 3 2 I/[ x10 33.4 3.6 

Fig. Io. The Arrhenius plot of L-amino-acid oxidase with u-leucine ~ substrate in 0.0 5 .Xl Tris- 
KC] buffer (pH 7.4). Conditions described under METHODS. ~"max obtained as described in Fig. 9 A. 

Fig. * *. A. Effect of pyrophosphate on the Arrhenius plot of L-amino-acid oxids.se with L-leucine 
as substrate. Conditions the same a~ Fig. *o but in the presence of 6. 7 mM pyrophosphate (pH 7.4). 
Vmax wa -~, obtained as described in Fig. 9A. 13. Van 't Hoff plot of the temperature-dependent 
equilibrium between the two forms of L-amino-acid oxidase in the presence of 6. 7 mM pyrophos- 
phate. The equilibrium constant L was calculated &s described in the text. 
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breaks at  26 ° and io °. The high-temperature  part  is parallel to the low-temperature 
part,  the three points at the lowest temperatures  being averages of two independent  
determinat ions .  From this plot it can be concluded that  L-amino-acid oxidase exists 
in two tempera ture-dependent  forms. The appearance of two breaks indicates tha t  
pyrophosphate  shifts tile equil ibrium between tile two forms towards the high- 
tempera ture  form. Furthermore,  it is clear that  L-leucine must  have a high affinity 
to the less active form, the conclusion strengthened by the fact that  substrate  
inhibi t ion occurs over the whole temperature  range (5-45°). On the other hand, at 
low tempera ture  in the presence of pyrophosphate there is practically no substrate  
inhibit ion.  The act ivat ion energy calculated from the plot of Fig. IO is about  the 
same as the act ivat ion energy calculated form the transi t ion range of Fig. I I A  in 
the presence of pyrophosphate (Table II) .  

This  indicates that  the linear plot in the absence of pyrophosphate represents 
the t rans i t ion  traject.  These results are a warning against the conclusion that  a linear 
Arrhenius  plot is the reflection of one enzyme conformation. 

With  D-amino-acid oxidase the Arrhenius plot was dependent  on the substrate  
used; the same is the case with L-amino-acid oxidase. With L-valine as substrate,  in 

"fAHI.E II 

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

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

INFLUENCE OF ATP (2o raM) AND PYROPHOSFHATE (6. 7 raM) 

Substrate ;t ddition .J E Temp. range 
(cal. mole -1) (°C) 

L-l.eucine No I3 3 °0 5 45 

l.- Leucine Pyrophosphate 2 76o > 26 
13 800 lo 26 
2 760 <1o 

i.-Valine No 2 300 > 4 ° 
1 o 6oo 20 -4 ° 
2 30o << 20 

n-Valine l'yrophosphate 2 300 >33 
I I 5 0 0  < 3 3  

L-Valine ATI ) 2 300 >4 ° 
I o 9 0 0  2 o - - 4 o  

2 300 < 20 

contrast  with L-leucine, a discontinuous plot with two breaks (at 4 °0 and 20 °) is 
obtained (Fig. I2A). In the presence of 6. 7 mM pyrophosphate just  one break occurs 
at 33 ° , the second one at low temperature  has disappeared. Again the shift of the 
break towards a lower temperature  is an indication that  pyrophosphate shifts tile 
equi l ibr ium towards the high- temperature  form (cf. L-leucine with 6. 7 mM pyro- 
phosphate). 

With  D-amino-acid oxidase ATP has a higher affinity to the low-temperature 
form ; in the case of L-amino-acid oxidase ATP shifts the equil ibrium slightly to the 
high-temperature  form with little influence on the temperature  of the break (Fig. I3A). 
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T a b l e  I1 s u m m a r i z e s  t he  va lues  of  t h e  a c t i v a t i o n  ene rg ies  for t h e  d i f f e ren t  t e m p e r a t u r e  

r a n g e s  w i t h  L- leucine a n d  L-val ine  as s u b s t r a t e s  in t h e  p r e s e n c e  a n d  a b s e n c e  of  pyro -  

p h o s p h a t e  a n d  A T P .  T h e  e n z y m e  used  in t h e  e x p e r i m e n t s  of  Figs.  I 2 A  a n d  I 3 A  are  

f rom d i f fe ren t  p r e p a r a t i o n s ;  e v e r y  e x p e r i m e n t a l  p o i n t  is t h e  a v e r a g e  of  two  inde -  
p e n d e n t  d e t e r m i n a t i o n s .  

In  t h e  s a m e  w a y  as has  been  d o n e  w i t h  D - a m i n o - a c i d  ox idase ,  t h e  e n t h a l p y  

a n d  e n t r o p y  c h a n g e s  of  t he  c o n f o r m a t i o n a l  t r a n s i t i o n  can  be  c a l c u l a t e d  f rom Figs.  
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Fig. 12. A. The Arrhenius plot of L-amino-acid oxidase with L-valine as substrate in the absence 
and presence of pyrophosphate. Conditions as in Fig. io. 1~--O, no pyrophosphate;  ,[;. 'O, 
with 0. 7 mM pyrophosphate (plI 7-4). /-'max was obtained as described in Fig. 9A. B. \ ' an  't Hoff 
plot of the temperature-dependent equilibrium between the two forms of L-amino-acid oxidase. 
The equilibrium constant  I. was calculated as described in the text. 

Fig. 13. A. Effect of .VI'I' on the Arrhenius plot of L-amino-acid oxidase with L-valine as sub- 
strate. Conditions as in Fig. io. Q"-O,  no ATP; x -  ×, with 20 mM ATI'. v,n~x was obtained as 
described in Fig. 0A. B. Van 't Hoff plots of the temperature-dependent  equilibrium between 
the two forms of L-amino-acid oxidase in the presence and absence of ATI'. The equilibrmm 
constant  was calculated as described in the text. 0 -  -O, no ATP; ×-  ×, [ATI'. -- ao raM. 

IIB, I 2 B  a n d  r3B .  F o r  L-leucine in t he  p r e sence  of  6. 7 m M  p y r o p h o s p h a t e  t h e  v a l u e  

is 46 ooo ca l .  mole-~ ; L-val ine  a h m e  47 ooo cal"  mole-  t a n d  L-val ine  w i t h  2o m N  A r P  

46 ooo c a l . m o l e l ; A S  va r i e s  f rom I 4 o - a 5 o  e.u..  F r o m  t h e s e  va lues  i t  s eems  t h a t  t h e  

A H  is r a t h e r  i n d e t ) e n d e n t  of  t he  s u b s t r a t e  a n d  a d d i t i o n s  m a d e ,  i n d i c a t i n g  t h a t  t h e  

d i f fe rences  b e t w e e n  t he  two  p r o t e i n  c o n f o r m a t i o n s  are  t he  m a i n  f a c t o r  i n v o l v e d .  

A n o t h e r  conc lus ion  is t h a t  c o n f o r m a t i o n a l  c h a n g e s  w h i c h  occu r  u p o n  s u b s t r a t e  

b i n d i n g  i n d u c e  a b o u t  t he  s a m e  c h a n g e s  in t h e r m o d y n a m i c  p a r a m e t e r s  of  b o t h  t h e  

low- a n d  h i g h - t e m p e r a t u r e  fo rms .  

F r o m  t h e  d i f f e rences  in r a t e s  t h e  d i f fe rence  in e n t r o p y  of  a c t i v a t i o n  for  b o t h  

fo rms  u n d e r  each  c o n d i t i o n  is c a l c u l a t e d ;  A S *  - -  2.3 e.u.  for  L- leucine w i t h  6. 7 n a n  
p y r o p h o s p h a t e  ; A S *  = r .8  e.u.  for  I , -val ine  a n d  for  L-va l ine  w i t h  2o m M  A T P  A S *  = 

2.I  e.u. 

T h e  g r e a t  d i f fe rence  b e t w e e n  t h e  t w o  a m i n o  acid  ox idase s  is t h e  s u b s t r a t e  

i n h i b i t i o n ,  o c c u r r i n g  w i t h  L -amino-ac id  ox idase .  In  t he  l i t e r a t u r e  d i f f e ren t  e x p l a -  

n a t i o n s  a re  g i v e n  for  t h i s  i n h i b i t i o n  zm3". I t  was  a s s u m e d  b y  WELLXER aND MEmTV:R 3° 

t h a t  t h e  h a l f  r e d u c e d  e n z y m e  is r e o x i d i z e d  f a s t e r  t h a n  t h e  t o t a l  r e d u c e d  e n z y m e .  T h i s  

e x p l a n a t i o n  was  ru led  ou t  b y  t h e  e x p e r i m e n t s  o f  MASSEY AND Ct:RT129. T h e y  p r o v e d  

B i o c h i m .  B i o p h y s . . 4  cta, 167 (19,~,8) 48-63 
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that the reoxidation of the total reduced enzyme cannot be the rate-limiting step in 
the catalytic overall reaction and showed that the reaction mechanism was quite 
similar to that of D-amino-acid oxidase (cf. ref. ~9)- To explain the inhibition they 
assumed the formation of a complex between the fully reduced enzyme and the 
substrate. This complex should be unreactive or at least react slowly with oxygen. 
Our explanation of the substrate inhibition is similar to the explanation of the 
substrate inhibition occurring with D-amino-acid oxidase with D-methionine as 
substrate. The results shown above indicate that the behavior of the two oxidases is 
basically the same in spite of the apparent differences. 

The phenomenon of non-linear Arrhenius plots is well known in enzymology. 
MASSEY, CURTI AND GANTHER v have recently given a list of enzymes showing these 
effects. Many explanations have been given, the majority rejected on theoretical 
grounds (cf. refs. 8, 9). Recent explanations deal with the existence of different 
protein conformations, either each with similar activity, but differing in energy of 
activationT, 3~, or with different activities8, 9. 

Our results strongly support the latter idea. They show that a non-linear 
Arrhenius plot is to be expected in case the enzyme can undergo a reversible temper- 
ature-dependent transition between two conformations with the same activation 
energies (e.g., the same active complex) but differing in the probabilities of the 
transitions. Such a mechanism can only be explained in terms of conformational 
changes around the active site of the enzyme (cf. ref. 9). The results show clearly 
that cooperative effects ~ are observable in such a case, which leads to the question 
whether similar phenomena occur in other so-called allosteric enzymes. This is 
especially important in relation to very complex enzymes like glutamate dehydro- 
genase. Although explanations have been given for the marked substrate inhibition 
by the assumption of nmltiple binding sites for NADH (ref. 32), the results presented 
here show that other explanations are possible (cf. ref. 33). Furthermore, it must be 
considered that in two-substrate reactions, in the absence or presence of modifiers, 
all reagents can have different affinities for two or more conformations. This leads 
to a role of one substrate as an allosteric effector on the kinetic parameters of the 
second substrate. Variation of the concentrations of both substrates can lead to 
apparent contradictions. All these phenomena will be dependent on the kinetic 
mechanism, e.g. the case of either a modified enzyme mechanism, an ordered or a 
random mechanism. 

These and other studies a* show the importance of varying the temperature in 
testing involvement of different confl)rmations. Furthermore, the results show that 
it is possible to observe two breaks, which according to these hypotheses are to be 
expected. Even the observation of a linear Arrhenius plot does not allow the con- 
clusion that one conformation is involved. "['tie results also provide an explanation 
for the exchange in the Arrhenius plot upon the addition of effectors to the enzyme- 
catalyzed reactionS, 9. 

From the data obtained it is clear that the slope in the Arrhenius plot does not 
always represent the activation energy of the reaction. For determining the activation 
energy, the largest possible temperature range should be taken, because by using a 
limited temperature range there is a possibility, even upon finding a straight-line 
relationship, that one is dealing with a transition between two conformations. In the 
transition range the slope represents, in addition to the activation energy, the change 
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in activation entropy of the reaction due to the conversion of tile low-temperature 
conformation into the high-temperature one, both having different activities. In fact 
it is possible to distinguish two cases: 

(I) The high-temperature form has a higher activity than the low-temperature 
conformation; in this case the part  of the Arrhenius plot connected with the tran- 
sition will have a larger slope than the parts of the plot representing either the pure 
high-temperature or the pure low-temperature conformation. Examples are tile data 
presented here. 

(2) The high-temperature form has a lower activity than tile low-temperature 
conformation; in this case the part of the Arrhenius plot connected with the tran- 
sition will have a smaller slope than the parts of the plot representing either the 
pure low-temperature or pure high-temperature conformation. An example might 
be the results obtained with fumarase (cf. ref. 31). 

Whether these ideas are applicable to those obtained with other enzymes is an 
open question. However, many of the interpretations in enzyme catalysis based on 
activation energies have become doubtful in the light of these results and this in- 
terpretation. 

Although a more physical explanation has been given for cooperative binding 
phenomena ~5 in terms of the relation between sequential changes and ligand binding, 
our interpretations are more related to the concerted transition model of MONOD, 
WYMAN AND CHANGEUX 21. However, it must be emphasized that an involvement of 
the induced-fit mechanism can not be ruled out by these experiments. 
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