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SUMMARY 

I. The conformations of the apoenzyme, the holoenzyme and a model of enzyme-  
substrate complex of D-amino acid oxidase (D-amino acid: 02 oxidoreductase 
(deaminating), EC 1.4.3.3), were determined by using fl-function obtained from the 
combination of hydrodynamic properties, together with the results of light-scattering 
and of optical-rotatory-dispersion measurements. 

2. The results indicate that  remarkable changes in conformation of the molecule 
(from random ellipsoid to rigid sphere) occur with the change from apoenzyme to 
enzyme-substrate  model. 

3. The above changes are discussed in connection with the mechanism of the 
enzymic catalysis. 

INTRODUCTION 

In previously published papers1, 2 of the present series, it has been reported that  a 
complex of D-amino acid oxidase (D-amino acid: 02 oxidoreductase (deaminating), 
EC 1.4.3.3) and benzoate, a "substrate-substitute", was obtained as a crystal, and 
the hydrodynamic parameters of the complex (an ES model tentatively named as 
an artificial Michaelis complex) were compared with those of the holoenzyme or the 
apoenzyme. Remarkable changes in the hydrodynamic parameters were observed 
among the samples. 

In the present paper, fl-function obtained from the hydrodynamic parameters, 
together with the results of light-scattering and optical-rotatory-dispersion measure- 
ments, make it possible to assume the conformation of the protein molecules, the 
change in which seems to be very important  in connection with the enzymic reaction. 

For this purpose, molecular weight, size, and shape were estimated for each 
protein. 

A preliminary note for a part  of this paper has appeared 3. 

MATERIALS 

The apoenzyme, h01oenzyme and an ES model of D-amino acid oxidase were prepared 
as reported previously1,2, 4. The FAD which had a purity greater than 92%, and 
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conta ined  no o ther  flavins, nucleic acids or metals ,  was p repa red  b y  the me thod  of  
YAGI et al. 5. 

METHODS 

Light-scattering measurement 

The measu remen t s  were carr ied out  b y  a Shimazu  l igh t -sca t te r ing  pho tomete r .  
Two wave lengths  of 436 m# and 546 m# from the  mercu ry  arc were used as the  
incident  beam.  The samples  were dissolved in 14 mM Tr i s -HCl  buffer (pH 8.0) 
which was p repa red  using redis t i l led dust-free water .  I m m e d i a t e l y  before the  measure-  
men t s  were taken ,  the  solut ions were clarified by  cent r i fugat ion  in a Spinco (Type L) 
u l t racent r i fuge  at  n o  ooo × g for 12o min. 

Reduced  intensi t ies  a t  9 °o (R00) of the  ES model,  and  of  the  apoenzyme,  were 
measured  over  var ious  concent ra t ions  at  room tempera tu re .  The  d i s s y m m e t r y  
fac tor  (Z)  of each sample  was ob ta ined  b y  measur ing  the  ra t io  of  the  in tens i ty  at  
45 ° and  t ha t  a t  135 ° . 

Optical-rotatory dispersion 

Measurements  were carr ied out  b y  using a Rudo lph  Type  8o S po la r imete r  
a t  25 ° . The  samples  were dissolved in the  same buffer as was used in the  l ight-  
sca t te r ing  measurements .  The measuremen t  was made  in a cell hav ing  a l ight  p a t h  
of  IO cm. 

R E S U L T S  

Light-scattering measurements 

Plo ts  of Kc/Roo aga ins t  the  concent ra t ion  of the  pro te in  are shown in Fig. I.  
Curve I represents  the  ES model  and  Curve I I ,  the  apoenzyme.  Bo th  plots  give 
s t r a igh t  lines, which are in para l le l  wi th  the  axis of  abscissa. The values  of  the  
in te rcepts  a t  infinite d i lu t ion are o.86. lO -5, and  o.8x.  lO -5, for the  ES model,  and  
for the  apoenzyme,  respect ively.  
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Fig. i. Light-scat ter ing measurement  of D-amino acid oxidase. Q--Q,  Kc[Rgo of the E S  model a t  
5460 ~', O - -  O, Kc[Rgo of the apoenzyme_ at 436o/k', • - - • ,  the d i s symmet ry  factor. (Z)  of the 
E S  model at  5460 • ; A - -  A, the d i s symmet ry  factor of the apoenzyme at  4360 A. Samples were 

dissolved in 14 mM Tris-HC1 buffer (pH 8.0) and measured at  25.o °. 
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From the reciprocals of the intercepts,  the molecular weight of the E S  model 
was found to be 116 ooo and  tha t  for the apoenzyme, 12 3 ooo. Both lines have no 
slope, indicat ing tha t  the apparent  second virial coefficients are zero. 

The d issymmetry  factor (Z )  of the solutions of the E S  model had a value of 
1.o2, which was the same as tha t  of the apoenzyme as shown in Fig. I. 

Optical-rotatory dispersion 

According to the Moffitt equation,  (h e -  402) [g]/i02 was plotted against  
;t02/(~ 2 - -  ;to ~) for the apoenzyme as shown in Fig. 2. The plots are on the straight  
line in parallel with the axis of abscissa, a result indicat ing tha t  b 0 is zero, i.e. the 
molecule contains  no helix. The intercept  is - -425 ° . 

In  the case of both  the E S  model and the holoenzyme, the measurement  was 
d is turbed by  the absorpt ion over the region of visible wave length. 
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Fig .  2. M o f f i t t - p l o t  of  r o t a t o r y  d i s p e r s i o n  of  t h e  a p o e n z y m e  of  D - a m i n o  ac id  o x i d a s e .  T h e  a p o -  
e n z y m e  of  D - a m i n o  a c i d  o x i d a s e  w a s  d i s s o l v e d  in  14 m M  T r i s - H C 1  buf fe r  ( pH  8.0) a t  a c o n c e n -  

t r a t i o n  of  1. 4 m g / m l  a n d  m e a s u r e d  a t  25.0 ° ().0 - -  220 m/,) .  

Calculation of the major and minor axes of the protein molecules 

Calculation was carried out by  the method .of SCHERAGA AND MANDELKERN 6. 
Assuming tha t  each enzyme molecule has an ellipsoidal shape, the semi-axis of 
revolut ion is designated as a, the equatorial  radius as b and the axial ratio as p =b/a.  
Then the effective volume is given by  Ve -- 4 ~ab~/3 • 

The quan t i ty /5 ,  a funct ion of p, was calculated by  using hydrodynamic  para- 
meters reported in the previous paper 2. /5 is given by  the following equat ions:  

D [~11/3 M~/3 ~o 
h T  --  y F vl/a (I)  

Ns[~] 1/8 ~o 
M 2]3 ( I  - -  e~)) - -  y F v 1/3 ( 2 )  

where D = diffusion constant ,  M = molecular weight, E~! = intrinsic viscosity, 
y = N1/3/(I6 2oo :~211/3, F = a funct ion of p, v = a shape factor, N = Avogadro 's  
number ,  s = sedimenta t ion  coefficient and ~ = part ial  specific volume. 
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As for the  molecu la r  weights  of  the  apoenzyme ,  the  ho loenzyme  a n d  the  ES 
model ,  t he  va lue  of  I15 ooo 4- 500 was o b t a i n e d  for each p ro t e in  f rom s e d i m e n t a t i o n  
a n d  diffusion d a t a  or f rom diffusion a n d  v iscos i ty  d a t a  2. This  va lue  was s u p p o r t e d  
b y  the  resul t s  of  l i gh t - sca t t e r ing  m e a s u r e m e n t s .  Therefore,  i t  was r e a s o n a b l y  con-  
c luded  t h a t  no  aggrega t ion  was  p re sen t  in  the  solut ions.  

F r o m  the  d a t a  descr ibed  in  the  p rev ious  pape r  2, t he  va lues  of f l - funct ion  are as 

follows ; 
For the ES model: D = 6.8" lO -7 cm2/sec, [t/i = 1.75" lO-2 dl/g, r/0 = 0.01006 g/ 

per  cm/sec,  k = 1 .38-1o -16 erg/degree,  T = 293 K, M = 115 ooo, 

fl = 2 .12- lO  6 f rom Eqn .  I 
a n d  ~ = 0.655 ml /g ,  s = I I .O .  IO -13 sec, 9 = 0.998 g/ml ,  N - -  6 .02.  lO 23, 

fl = 2 .12.  lO 6 f rom E q n .  2. 
For the holoenzyme: D = 6.0.  lO -7 cm2/sec, [~/1 = 2.6.  lO -2 dl/g, s = 8.0.  lO -13 sec, 

a n d  77 = o.718 ml/g ,  

/3 = 2.14 • lO 6 f rom E q n .  I a n d  

/3 = 2.14 • IO 6 f rom E q n .  2. 
For the apoenzyme: D = 4.5" lO-7 cm2/sec, [~1 = 6.2" lO -3 dl/g, s = 4.5" lO-13 sec, 

a n d  ~ = 0.789 ml/g ,  

/3 = 2.14" lO 6 f rom Eqn .  I a n d  

/3 = 2.15 • lO 6 f rom E q n .  2. 
T h e  va lues  of/3 are l is ted in  Tab le  I. 

T A B L E  I 

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

OF D - A M I N O  A C I D  O X l D A S E  F R O M  

Apoenzyme Holoenzyme ES model 

f l - I O  - 6  2 . 1 5  2 . 1 4  2 . 1 2  

lip = a/b 2. 5 2.2 I 
v 3.297 3.167 2.500 
I /F I.O78 I.O66 I .ooo 

f "  lO 8 8.99 6.73 5.97 
Ve" lO 19 (cm 3) 3.6o 1.57 1.34 
a (~.) 81.6 56.6 31.8 
b (A) 32.5 25.8 31.8 

There  are two possibi l i t ies  for the  shape  of  the  molecules ,  viz., pro la te  el l ipsoid 
a n d  ob la te  ell ipsoid. 

As p o i n t e d  ou t  b y  SCHERAGA AND MANDELKERN, the  va lue  of  /3 var ies  wi th  
p s ign i f ican t ly  on ly  for  a prola te ,  be ing  r e l a t ive ly  insens i t ive  to p for an  ob la te  
ellipsoid. Fo r  example ,  I/p for the  a p o e n z y m e  is c o m p u t e d  to be 2.5, a s s u m i n g  t h a t  
the  shape  is p ro la te  ell ipsoid, a n d  to be I5 -2o ,  if  an  ob la t e  e l l ipsoidal  shape  be 
assumed .  However ,  the  d i s s y m m e t r y  fac tor  for the  apoenzyme ,  o b t a i n e d  b y  l ight-  
s ca t t e r i ng  m e a s u r e m e n t ,  was I.O2, a va lue  which  suggests  a n  a lmos t  spher ical  
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shape.  This  would indica te  t ha t  the  axia l  ra t io  a round  15-2o requisi te  for an ob la te  
el l ipsoid is inconsis tent  wi th  the  exper iment ,  and  the assumpt ion  t ha t  the  shape 
is p ro la te  el l ipsoid becomes qui te  reasonable .  

Therefore,  the  values  of  p and  v for the  pro la te  ell ipsoid were ca lcula ted  for 
each sample  as l is ted in Table  I. 

The  effective volume of  an ind iv idua l  par t ic le ,  Ve, was ca lcula ted  by  the fol- 
lowing equa t ion  : 

[tTsp/C]e -+ o It/] -- (N/Ioo) • (Ve/M)v (3) 

The  values  of  Ve are as follows (Table I) : Ve = 1.34" 1°-19 cma for the  E S  model,  
Ve = 1.57"1o-19 cm a for the  holoenzyme,  and  Ve = 3.6o"1o -19 cm a for the  apo-  
enzyme.  

The  effective volume is also compu ted  b y  using the equat ion,  

f --- (162 ~2)t/3 (Ve)ll3 i7o/F (4) 

Since the  values  o f f  and  I / F  l is ted in Table  I are ob ta ined  b y  the e q u a t i o u s , f  - -  k T / D ,  

and  F = (pz/3/X/I - -  p2).  In [(I + V/1 - -  p2)/p!, we can calculate  the  values  of V, 
again,  t ha t  is:  Ve ~ 1.34"1o 19 cm* for the  E S  model,  Ve = 1.58"1o -19 cm a for the  
holoenzyme,  and  Ve ----- 3.55" lO-19 cm3 for the  apoenzyme.  Therefore,  the  values of 
a and  b for the  samples  can be der ived  from the equat ions  Ve = 4 ~ ab2/3 and 
p = b/a, as l is ted in Table  I. 

The  resul t ing  ver t ica l  sections of  the  pro te in  molecules are shown in Fig. 3. 
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Fig. 3- The vertical sections of the protein particles of the apoenzyme, the holoenzyme and the 
E S  model of D-amino acid oxidase. A, apoenzyme, H, holoenzyme, M, ES model. 

DISCUSSION 

W i t h  the  conclusion of  this  series of  papers  1,2,4,7, the  following considera t ions  should 
be emphas ized :  (a) F A D  binds wi th  the  apoenzyme  th rough  the AMP and FMN 
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parts and positive interaction between two binding-sites of the protein occurs; (b) 
as a result of the binding of the protein to FAD, the red shift of the spectrum of 
FAD occurs, and the specific shoulder, at 49 ° m#, is caused by further combination 
of benzoate, a substrate-substitute, with the FMN part of FAD; (c) the complex 
of apoenzyme, FAD and benzoate is isolated as a crystal, and is composed of 
equimolar amount of apoenzyme, FAD, and a substrate-substitute which is driven 
off by a real substrate. These findings led us to consider this complex as an E S  
model. 

Since large differences in physico-chemical properties were observed between 
the apoenzyme, the holoenzyme and the ES model, and since these differences all 
point to a change in configuration of the protein, more detailed study was carried 
out on this problem. 

In the previous paper 2, the a-helix content of the apoenzyme was assumed to 
be zero. This assumption has been confirmed by the present results derived from 
optical-rotatory dispersion of the apoenzyme. 

Since a molecular weight of 115 ooo found for the apoenzyme, the holoenzyme 
and the ES model was also confirmed by light-scattering measurements, it was 
concluded that no aggregation of the protein occurs by either liberation or combi- 
nation of the coenzyme and a substrate-substitute. 

From the light-scattering measurements, together with the calculated axial 
ratios of the samples, their molecular shapes were deduced. The molecular shape 
of the apoenzyme or the holoenzyme is prolate ellipsoid, whereas that of the ES  
model is almost spherical. 

Considering also the a-helix content of the sample reported in the present paper 
as well as in the previous one 2, our results can be summarized as follows; denoting 
the apoenzyme by A, FAD by F and benzoate by B, 

A + F ~ - E  E + B ~ - E B  

r a n d o m  ellipsoid ~ rigid sphere  

Recently, we succeeded in isolating a true Michaelis complex of the oxidase s, in 
which the substrate is activated by the enzyme and the FAD is turned into semi- 
quinoid form, denoted by E'S'.  

The sedimentation coefficient of the complex was found to be lO. 4 S (see ref. 9), 
which is more similar to that of the ES model, II.O S, than that of the holoenzyme, 
8.0 S. 

Thus, the conformation of the ES model described in this paper points presumably 
to that of true ES as follows : 

E + S ~ E S ~ E ' S ' ~ - E  + P 

E + B~.~-EB 

From these results, the binding of the coenzyme and substrate to the apoenzyme is 
considered to cause the mutual interaction between the apoenzyme, the FAD and 
the substrate. The interactions mentioned above, especially the change of the 
protein conformation, would presumably play an essential role in the enzymic 
catalysis. 
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