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SUMMARY 

I. The apoenzyme of lipoamide dehydrogenase (NADH :lipoamide oxidoreduc- 
tase, EC 1.6.4.3) can be prepared by  acid (NH4)2SO 4 treatment.  This apoenzyme is 
able to bind I mole FAD per 48 ooo g protein. For  this process/1H = --  8300 cal.mole -1 
and AS = 4 e.u. The activities obtained are dependent on the temperature  employed. 
At o 5 °, no return of the act ivi ty with lipoate is observed but  the act ivi ty with 2,6- 
dichlorophenol indophenol (DCIP) is increased to a level 2o-fold higher than tha t  of 
the holoenzyme. The results indicate tha t  at least two different conformations are 
involved in this temperature range. At 5 25 ° the act ivi ty  with lipoate returns in a 
bimolecular reaction with respect to protein concentration, at the expense of the 
act ivi ty  with DCIP.  The activation energy is 21 ooo cal.mole -1. 

2. The apoenzyme of the enzyme modified by  Cu 2+ prepared in a similar way is 
also able to bind FAD. However  in this case, the DCIP  act ivi ty returns to its original 
level. Trea tment  of the normal  apoenzyme with Cu 2+ leads to a total  loss of the FAD- 
binding capacity. 

3. Freezing and thawing at low ionic strength leads to an enzyme which shows 
stimulated act ivi ty with DCIP  and diminished act ivi ty with lipoate; bovine serum 
albumin, (NH4)2SO 4 and E D T A  protect  against these changes. Incubat ion at 25 ° 
reverses this modification. Freezing and thawing induces a reversible shift in the flavin 
absorption from 455 m# to 452 m/~ ; the max imum of the fluorescence emission shifts 
2 m#  to the blue side of the spectrum. 

INTRODUCTION 

Flavoproteins show a heterogeneous behavior with respect to the removal of 
the prosthetic group. Some of them are well known for the easy removal of their flavins 

Abbreviation: DCIP, 2,6-dichlorophenol indophenol. 
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under relatively mild conditions, i.e. dialysis against diluted acids, buffers or ammo- 
nium sulphate precipitation at acid pH, and their ability to recombine with their 
original prosthetic group. Examples are D-amino acid oxidase 1, glucose oxidase 2 and 
NADPH cytochrome c reductasO, all of which contain FAD as prosthetic group. 
There are also FMN-containing enzymes belonging to this class, such as the old 
yellow enzymO, NADH cytoehrome c reductase 5 and glycolic acid oxidase 6 

Recombination of the apoenzyme with flavin compounds different from the 
native one has been carried out in several cases, e.g., for old yellow enzyme where 
FAD (ref. 7) or riboflavin 8 can replace the FMN moiety, and results in a complex which 
is nearly as catalytically active. HORECKER found with NADPH cytochrome ~ reductase 
that  replacement of FMN by FAD resulted in a more active complex. 

On the other hand, enzymes such as succinate dehydrogenase 9, xanthine 
oxidase 1° or L-lactate cytochrome c reductase u withstand all a t tempts  to remove the 
prosthetic group without denaturing the apoenzyme. 

To release the FAD from succinate dehydrogenase, GREEN,  M0 AND I(OHOUT 12 
found that  tryptic digestion was required, because all conventional mett-ods of de- 
proteinization failed. Although it seems that  some metalloflavoproteins are not very 
prone to release their prosthetic group and non-metalloflavoproteins are, one may 
not generalize. D-Lactate cytochrome c reductase from yeast, a metalloflavoprotein 
containing zinc la, and nitrate reductase from Neurospora, containing tool b bdenum 14, 
split off their prosthetic groups readily. FAD from the metal-free enzyme L- mlino acid 
oxidase cannot be removed without denaturation of the apoenzyme. 

Until recently, the same opinion existed about lipoamide dehydrogenase 
(NADH:lipoamide oxidoreductase, EC 1.6.4.3) isolated from pig heart. Attempts  to 
remove the FAD from the enzyme failed. WILLIAMS 18 succeeded in separating FAD 
from lipoamide dehydrogenase of Escherichia coli, but had limited success in re-adding 
FAD to reconstitute the original activity. The aims of this s tudy have been to elucidate 
the conditions under which the FAD moiety could be split off without den:Lturing the 
apoenzyme of pig heart lipoamide dehydrogenase and the effect of temperature change 
on the recombination. The binding of FAD derivatives by  the apoenzyme is dealt 
with in another paper ~6. The association-dissociation phenomenon connected with 
this recombination is described in a third paper iv. Preliminary data of this study have 
been given 18-20. 

METHODS 

NAD + (98%), FAD, FMN and lipoate were obtained from the Sigma Chemical 
Co. ; NADH from Boehringer and S6hne; DCIP from the British Drug House, reduced 
lipoamide was a gift from Dr. H. Moed of Philips Duphar. 

Lipoamide dehydrogenase from pig heart was prepared by  a modification of 
published methods21m, by the addition of a second heat t reatment  (5 rain at 7 °0 under 
the same conditions ~1) followed by a (NH4)zSO 4 fractionation between 0.55 and 0.70 
saturation. 

The protein concentration of the enzyme was measured at 28o m# with 
A1 cm lmg/ml = I. The concentration of enzyme-bound flavin was calculated from the absorp- 
tion at 455 m/,, assuming that  the molar extinction coefficient of the enzymebound fla- 
vin is the same as that  of the free FAD at 450 m#, i.e. 11.3" IO 3 cmZ/mmole (ref. 23). 
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Removal of the flavin was accomplished by precipitating the enzyme in the 
presence of 1. 5 M KBr with a saturated (NH4)2S Q solution (pH 1.5 at o -2 °) according 
to tile method of STRITTMATTER 24. 6 nag of enzyme were dissolved in 2 ml of I ~I Tris 
acetic acid buffer (pH 8.1) containing 3 M KBr and I mM EDTA. 2 ml of a saturated 
(NH4)2SO 4 solution (pH 1.5) were added over a 2o-see period; after 4 ° sec an additional 
8 ml were added. The precipitated apoenzyme was centrifuged at 18 ooo ~ g for 6 rain. 
The yellow supernatant solution was decanted, after which the inside of the centrifuge 
tube was wiped with absorbant paper. The apoenzyme was dissolved in i inl of I M 
Tris buffer (pH 8.I), directly followed by I ml of o.I M phosphate buffer (pH 7.2) 
containing 3 mM EDTA to prevent denaturation, or by dissolving it in 0.3 M phosphate 
buffer (pH 7.6) + 3 mM EDTA and diluting this solution with o.o3 M phosphate buffer 
to a final phosphate concentration of o.o8-o.I6 M. The solution was clarified by centri- 
gation. 

The activity of the enzyme in the reaction with oxidized lipoate was determined 
according to the procedure of MASSEY AND VEEGER 25. The method of SAVAGE 2~ w a s  

used for the reaction with DCIP. 
Fluorescence measurements were performed with a Zeiss spectrofluorimeter 

ZMF 4C using a 45o-W Xenon lamp as a light source. Standardization of the measure 
merits was achieved by referring to a Zeiss quartz standard, No. 8843. The spectra 
were corrected for slit width of the second monoehromator and for phototube (IP 28) 
response. The excitation wavelength used was 395 m#. 

Fluorescence polarization measurements were performed with a modified Zeiss 
spectrofluorimeter. Behind the exit slit of the monochromator a cuvette holder was 
placed, containing a polarizer and an analyzer. The polarizer and analyzer are in a 
horizontal plane and make an angle of 9 °o with each other. In between them is tile 
square cuvette of I cm. The polarizer and analyzer may rotate in their mounts between 
two stops that fix positions H and V. In the V position, the electric vector of the 
exciting light is perpendicular to the plane formed by the direction of propagation of 
tile exciting light and the direction of observation. In position H the electric vector 
is in the plane. Before entering the detector, the polarized fluorescence light passes 
through an interchangeable filter; a Zeiss FL 56 filter was used. The polarization of 
the fuorescent light emitted at right angles to the direction of excitation is given by : 
p -- (Iv IH)/(Iv + IH). I v  is the intensity of the component vibrating perpen- 
dicular to the plane determined by the direction of excitation and observation. Iu  
is the intensity of tim component vibrating in the plane. 

RESULTS 

The effective removal of the flavin is very strongly dependent on the pH of the 
saturated ammonium sulphate solution. Furthermore the concentration of the enzyme 
is an important factor, the upper limit for effective removal of the FAD being 3 mg/ml. 
The residual activity of the apoenzyme with lipoate as electron acceptor might be 
considered as a criterion for the effectiveness of the removal of flavin. When protein 
concentrations higher than the critical 3 mg/ml are used, the residual activities vary 
from 20% up to 60% of those of the original enzyme. Fig. I shows tile activity of the 
apoenzyme with lipoate expressed as percent of the activity of the holoenzyme, when 
precipitated with (NH4)2SO 4 solutions of various pH values. As can be seen from 
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Fig. i. The influence of pH on the dissociation of FAD from lipoamide dehydrogenase. Port ions  
of 3 mg of enzyme were t reated at  o ° with sa tura ted (NHa)2SO ~ solutions of various pH values, 
as described under METHODS. The apoenzyme was dissolved in I ml o.17 M phosphate  buffer 
contafining i mM EDTA (pH 7.6) and tested for activity with oxidized lipoate as described under  
M E T H O D S ,  

Fig. I, the opt imum pH for removal of the prosthetic group is 1. 4 to 1. 5. Lower pH 
values are not useful, since the loss of apoenzyme by denaturation becomes too high. 

Measurements of the amount of FAD bound to the apoenzyme and tile amount 
extracted in the supernatant after the low pH treatment  reveal that  move FAD is 
bound to it than is expected from the residual activity. 

This amount comes into agreement with the activity with lipoate after incubating 
the apoenzyme with substrate, just by keeping it on ice for a prolonged period or after 
a shorter period at room temperature. The increase is 2 3-fold (Table I). The activity 
with DCIP is totally unpredictable; it can vary from 80% to 300% of the original 
activity, independent of the remaining activity of the apoenzyme with lipoate. 

The apoenzyme is rather labile and easily denatures on freezing and thawing or 
on being kept at room temperature for a prolonged period. Although the apoenzyme 

T A B L E I  

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

8 mg of apoenzyme were incubated at  the tempera ture  indicated for 90 miD in a total  volume of 
1. 4 ml containing i2o/~moles of phosphate  buffer (pH 7.2), 4oo/ ,moles  of Tris buffer (pH 8. t) 
and 0. 4/~mole of EDTA. 

% Specific 
activity 
oxidized 
lipoate 

Apoenzyme o.3 
Apoenzyme + 4 #moles reduced lipoamide, on ice o. 7 
Apoenzyme + 4/zmo]es lipoate, on ice o. 7 
Apoenzyme, at room tempera ture  o. 7 
Apoenzyme one night  on ice o. 7 
Apoenzyme + o.I /~mole FAD, on ice 7.o 
Apoenzyme + o . i /zmole  FAD at  room tempera ture  64.o 
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Fig. 2. The binding of FAD to lipoamide dehydrogenase apoprotein at 5 °. The cuvettes contained 
in a volume of 2.1 ml o.o 5 M phosphate  buffer plus I mM EDTA (pH 7.6), apoenzyme 4.3ffM 
and the following amounts  of FAD:  12. 9 ]~M FAD;  × × x ,  DCIt '  activity;  + + + ,  polarization; 
4.3 ,uM FAD;  ~ ,  DCIP  activity;  &AA, polarization; 2.2 ffM FAD;  0 0 0 ,  DCIf '  activity;  
@ O 0 ,  polarization. Samples were wi thdrawn at different t imes and the DCIP activitv deter- 
mined. 

contains some residual FAD (less than 5}~), its spectrum only shows the protein 
absorption band at 28o mff. The concentration of the apoenzyme can be measured 

A I cm at 28o mff taking ~.lmdml --- O.80, a value obtained by comparing the absorbance 
with the protein content found by the biuret method ~7. The molarity of the apoenzyme 
can be calculated by assuming a molecular weight of 5o ooo (ref. 17). 
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Fig. 3- The effect of tempera ture  and time on the development  of the activity with oxidized 
lipoate upon the addition of FAD to the apoenzyme of lipoamide dehydrogenase. The cuvettes  
contained in a volume of 2.5 ml: o.o 5 M phosphate  buffer ph*s i mM EDTA (pH 7.6), 8 ffM apo- 
protein and 16ffM FAD. Samples were wi thdrawn from the cuvettes  at  the times indicated and 
the activities of the enzyme determined. 0 0 0 ,  DCIP-act ivi ty;  [] [] [Z], activity with oxidized 
lipoate; ~ A ~ ,  fluorescence polarization (p); × X ×,  vertical component  (Iv) of polarized light 
in a rb i t ra ry  values. The fluorescence and fluorescence polarization values at zero t ime are those 
of the added free FAD. 
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The reverse reaction, i.e. the recombination of FAD with the apoenzyme is 
rather complicated and depends on factors such as pH, temperature and ionic strength. 
Reproducible results are only obtained in o.o8-o.16 M phosphate buffer (pH 7.6). 
Since the apoenzyme is half the molecular weight of the holoenzymO 7, an association 
of the protein must also occur in the course of this process. 

The binding process was followed by measuring the polarization of the fluo- 
rescence, the intensity of I v  and the activities with DCIP and lipoate. Figs. 2 and 3 
give the results obtained at 5 ° and 20 ° . Upon the addition of FAD, the activity with 
DCIP increases rapidly, usually reading 90% of its maximum activity within I rain. 
The maximum activity is obtained in 2-3 rain. The activity with DCIP is d~pendent 
on the FAD concentration and on the temperature. With saturating concentrations 
of FAD, activities 20 times higher than that of the holoenzyme can be obtained (see 
Fig. i of ref. I6), provided that the recombination is carried out between o and 5 °. At 
higher temperatures lower DCIP activities are found, even when measured immediately 
after mixing. At 5 ° a decline in the DCIP activity is also observed, unacc~,mpanied 
by increased activity with lipoate. 

The polarization of the fluorescence shows that, in general, I rain aft,~r mixing 
70 % of the maximum amount of FAD has reacted with the apoenzyme ; the r mximum 
polarization is found after 5 min. Lipoanfide dehydrogenase shows an increased 
fluorescence compared with that of free FAD (ref. 28). At 2o ° the maxinmn value of 
I v  is found after 5 7 min, this is followed by a small decline, which does n,~t change 
the polarization. This decline can be observed at temperatures higher than : o °. At 5 ° 
it takes nmch longer to obtain the maximum value of Iv ;  it gradually increases without 
changing the polarization. 

Fig. 4 and Table II  show that the binding of FAD to the apoenzyme is .t temper- 
ature-dependent process. I mole of FAD is bound per 48 ooo g of prote n, which 
amounts to a I : i  ratio. The binding is an exothermic process (Fig. 5). Assunfing ideal 
solutions of protein and FAD, A H  -- 83oo cal. mole -~, whereas AS -- -- 4 e.u. 

A significant return of the activity with lipoate occurs at temperatmes higher 
than Io °. At o ° almost no increase of this activity is found. The rate of increase is 

T A B L E  I I  

TEMPERATURE-DEPENDENT VARIATION OF THE ASSOCIATION CONSTANT OF F A D  FOR 1 HE DCI P- 
ACTIVE ENZYME 

The  f r a c t i o n  of  b o u n d  F A D ,  w a s  d e t e r m i n e d  b y  t w o  m e t h o d s .  M e t h o d  A : f r o m  t h e  p ) l a r i z a t i o n  
a t  t h e  t i m e  of  m a x i m u m  D C I P  a c t i v i t y ,  u s i n g  t h e  f o r m u l a  of  BAYLEY AND RADDA 29 an,[  a s s u m i n g  
t h a t  t h e  e m i s s i o n  i n t e n s i t y  a n d  p o l a r i z a t i o n  of  t h e  F A D  b o u n d  to  t h e  D C I P - a c t i ' : e  e n z y m e  
h a v e  t h e  s a m e  v a l u e s  as  t h o s e  of  t h e  h o l o e n z y m e  (p --  o .38o ), w i t h  p 0.03o for t h e  free  F A D .  
M e t h o d  B :  t a k i n g  20 as  t h e  r a t i o  of  t he  a c t i v i t i e s  of  t h e  D C I I '  e n z y m e  a n d  t h e  ho lo  m z y m e .  A 
c o r r e c t i o n  w a s  m a d e  for  t h e  a m o u n t  of  a c t i v i t y  w i t h  l i p o a t e  p r e s e n t .  

D a t a  M e t h o d  K a s s  ( × zo -s )  

0 ° 5 ° I 0  ° 2 0  ° 

Fig.  2 B 3.7 
Fig.  3 A 4.2 2 . i  
Fig.  3 B 3.8 1. 5 
Fig .  4 A 3.2 2.2 
Fig.  I (ref. 16) B 5.3 

l : l i o c h i m .  B i o p h y s .  A c t a ,  159 (I96S) 2 4 4 - 2 5 6  
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Fig. 4- SCATCHARDa0 plo t  of the equ i l ib r ium be tween  apoenzyme  and FAD. The cuve t t e s  con- 
t a i n e d  in 2 ml:  o.o 5 M p h o s p h a t e  buffer plus 1 mM E D T A  (pH 7.6), 6. 4 / ,M apoenzyme  and the  
fell  owing  concen t ra t ions  of FA D  : 2.2 #M ; 4.4/~M ; 6 .6/ ,M ; 8.8 ,uM ; i i .O//~'g[, The po la r i za t ion  of 
flu orescence was  de te rmined  a t  the  t e m p e r a t u r e  ind ica ted  a t  the t ime  of m a x i m u m  D C I P  a c t i v i t y  
an d the  equ i l ib r ium cons t an t  ca lcu la ted  by  me thod  A of Table  I I .  OOO,  IO°; × × × ,  2o°. 

Fig.  5. Var ia t ion  wi th  t e m p e r a t u r e  of the b ind ing  of FAD to apoenzyme and the increase of 
a c t i v i t y  wi th  oxidized lipoate.  OOO,  va n  ' t  H e f t  p lo t  of the  d a t a  g iven  in Table  I I ;  × × X, 
Arrhenius  p lo t  of the  second order  ra te  cons tan t s  ca lcu la ted  from the  e x p e r i m e n t  g iven in Fig. 6. 
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Fig. 6. Kinet ics  of the r e tu rn  of the  a c t i v i t y  wi th  oxidized l ipoate  af ter  the  add i t ion  of FAD to 
the apoenzyme  of l ipoamide  dehydrogenase  to  1. 4 ml of o.o9 M phospha t e  buffer (pH 7.0), 
con ta in ing  o. 3 mM E D T A  and 14/~M apoenzyme,  incuba ted  a t  the t e m p e r a t u r e  indica ted .  
ioo I,M FAD were added.  Samples  were w i t h d r a w n  a t  the  t imes  ind ica ted  and the  a c t i v i t y  wi th  
oxidized l ipoate  measured  as descr ibed under  MS, THODS. F r o m  the  e x p e r i m e n t a l  po in ts  the second 
order reac t ion  cons t an t  was ca lcula ted ,  af ter  correc t ing  for the  a m o u n t  of a c t i v i t y  wi th  oxidized 
l ipoate  p resen t  a t  zero t ime.  The solid lines are c o m p u t e d  from the  average  va lues  of the  reac t ion  
cons tan ts .  E x p e r i m e n t a l  va lues :  0 0 0 ,  25°; I I I ,  2o°; × x × ,  15°; + + + ,  Io°;  OOO,  5 °. 
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dependent on the protein concentrat ion ; at 25 ° at concentrat ions higher than  I mg/ml, 
more than 9o% of the original act ivi ty is restored within 3o min. There appears to be 
a direct correlation between the amount  of act ivi ty with DCIP  at o-5 ° and the 
amount  of act ivi ty  with lipoate restored at 25 °. 

I t  has been proposed ~s tha t  the rate at which the lipoate act ivi ty returns in this 
process is linear with time. Fig. 6 shows the results of a closer examinat i (n  of this 
process. The agreement between the computed and experimental data  shows that  the 
reaction is second order with respect to the protein concentrat ion (in the presence of 
a saturat ing amount  of FAD) at all temperatures  investigated. No constant  value for 
the first order rate constant  could be calculated. The act ivat ion energy for th~s process 
is 21 ooo cal- mole a (Fig. 5). A larger amount  of apoenzyme was recombined with FAD 
at 2o °. After recombination the newly formed enzyme was purified. The pro;)erties of 
the enzyme after purification are identical with those of the original enzyme with 
respect to its spectrmn, its stabili ty to heating up to 7 °0 and the activities wi~ h lipoate 
and DCIP.  The results are sunnnarized in Table I I I .  

T A B L E  I I I  

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

Apoenzyme was p repa red  f rom 3 ° mg of na t ive  enzyme.  The solu t ion  from which it  was p repa red  
con ta ined  1. 5 mg of na t i ve  enzyme  per  ml. The apoenzyme  was i ncuba t ed  wi th  a s a t u r a t i n g  
a m o u n t  of FAD a t  2o ° for 12o min. The incuba t ion  m e d i u m  con ta ined  in a t o t a l  v o l u m .  • of 3 ° ml :  
0 mmoles  of phospha t e  (pH 7.4), i o / , m o l e s  of E D T A  and 2/~moles of FAD.  After  i ncuba t ion  the 
recombined  enzyme  was p rec ip i t a t ed  wi th  (NHi)2SO 4, d ia lyzed  i n igh t  aga ins t  5 1 of o.o 3 M 
phospha t e  buffer (pH 7.4) + o.3 mM EDTA,  centr i fuged,  passed th rough  a ca lc ium phospha te  
gel column21, 22, and  f r ac t iona ted  wi th  ((NH4)2SO 4. 

Total % Specific % Specific 
protein activity activity 
(mg) oxidized DCIP 

lipoate 

N a t i v e  enzyme  3 ° IOO IOO 
A p o e n z y m e  28 3 80 
A p o e n z y m e  ÷ FAD after  I2O nlin 

incuba t ion ,  p rec ip i t a t ed  and 
dissolved "7 82 42o 

After  d ia lys is  26 87 4oo 
After column 25 93 3 Io 
F rac t ion  45 75% s a t u r a t e d  

(NH4)2SO4 24 97 240 

The influence of Cu 2+ on the recombination of F A D  with the apoenzyme 
Lipoamide dehydrogenase is modified by  ions of heavy  metals, especially cupric 

ions, as has been shown by  VEEGER AND MASSEY 31. I t  was found tha t  t reatm,mt of the 
enzyme with traces of  Cu 2+ results in an almost inactive enzyme with respect to its 
physiological acceptor and a 20-fold increased act ivi ty with the artificial acceptor 
DCIP.  This effect is catalytic and only reversible upon cysteine t rea tment  3~. 

The apoenzyme of the Cu2+-modified enzyme can be prepared according to the 
same method as tha t  used for the native enzyme. When it is incubated with FAD 
at 22 °, the physiological act ivi ty does not  return;  only about  70% of the. act ivi ty 
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T A B L E  VI 

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

I ml of enzyme solution (200 #M enzyme-FAD)  was kept  frozen for 24 h and immediately after 
thawing,  dialyzed against  15 ml of o.o3 M phosphate  buffer (pH 7.3) at  the tempera tures  in- 
dicated. After 4 ° h dialysis, the concentrat ion of FAD in the dialyzate was determined spectro- 
fluorometrically. 

Enzyme F A D  FA D  in Temp. t~ass 
dialyza/e ( X lO -5) 

200/~M 0.95 tim o ° 7" I 
200/~M 1.2 #M 25 ° 5.0* 

* Due to the slow re turn  of activity with lipoate, this value is too high. 

0.03 M buffer (pH 7.4) to remove EDTA and (NH4)2SQ, diluted, frozen at - 1 5  ° and 
kept frozen for 14 h or longer, it undergoes a change resulting in high activity with 
DCIP and low activity with lipoate. Contrary to the effect of Cu 2+ (cf. ref. 31), which 
results in the same change of the activities, this effect is reversible. After thawing and 
raising the temperature to 25 °, the activity with DCIP decreases, while that with 
lipoate increases. The activity with lipoate is not fully restored but reaches a level of 
about 8o %, as shown in Table V. These effects are independent of the way o ~ freezing, 
i.e. rapid freezing in liquid N 2 leads to the same alterations as observed after slow 
freezing at --16 °. On the other hand, these alterations are more pronourmed after 
longer periods of freezing. 

When the dialyzed enzyme is frozen for 16 h at -- I5 °, thawed and then dialyzed 
immediately against buffer, contrary to the case with the holoenzyme FAD, the FAD 
of the frozen enzyme easily dissociates. By dialysis against a known amount of buffer, 
the FAD in the dialyzate was determined by fluorescence measurement:~ and the 
association constant was calculated. The results are given in Table VI. 

The frozen enzyme differs in other respects from the native enzyme. "['he maxi- 
mum absorption shifted to a shorter wavelength, 452 m/z, analogous to that  of the 
CuZ+-modified enzyme. Upon heating there is a hypsochromic shift to tl:e original 
maximum of 455 m#. Similar shifts occur in the fluorescence spectrum, as shown in 
Fig. 7. 
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Fig. 7. Fluorescence emission spectra of native enzyme, Cu2+-treated enzyme and frozen enzyme 
at  to °. Enzyme flavin concentrat ions were 5 t *M in 0.03 M phosphate  buffer (pH 7.2) and 0. 3 mM 
EDTA. Exci ta t ion wavelength,  396 m/*; exciting light, I8-m/* band. The spectra  are corrected 
for the dispersion of the emission slit and the photomult ipl ier  sensitivity. A, holoenzyme; B, 
Cu~+-treated enzyme;  C, frozen enzyme. 
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DISCUSSION 

The evidence presented indicates that under controlled conditions the resolution 
of FAD from lipoamide dehydrogenase can take place without denaturation. Utmost 
care has to be taken in preparing the apoenzyme, to prevent its denaturing. In the 
course of our investigation it has been found that, when prepared with some residual 
activity with lipoate, the apoenzyme is more stable and the recombination more 
complete. This is in accordance with the findings of KO~KE, REH~ AND CARROL a' with 
bacterial lipoamide dehydrogenase. These workers employed a very mild (pH 3.5) 
(NH~).,SO 4 treatment, which resulted in a loss on only 7 ° °/o of the lipoate activity; on 
incubation with FAD, 95 %o of the activity could be restored. It is possible that upon 
drastic treatment with acid (NH4)2SO 4 the apoenzyme undergoes an additional 
conformational change and that this altered enzyme cannot recolnbine with FAD. 
The presence of an amount of FAD keeps the apoenzyme in the right conformation, 
probably by reversible association dissociation of this prosthetic group. Tile presence 
of this residual FAD does not reflect itself in the activity with lipoate; lnost of the 
apoenzyme preparations, however, do show a ~ 3-fold stimulated activity with 
DCIP. Upon incubation this artificial activity is converted into physiological activity 
by increasing the temperature or by adding substrate at low temperature. It seems that 
substrate and DCIP enzyme are able to form a complex which at low temperature 
accelerates tile conversion into the lipoate-active enzyme, or prevents the denaturation 
of either the apoenzyme or the DCIP-active enzyme. 

Similar phenomena have been found by S'rI~ITTMaTTER24; changes in protein 
conformation are necessary for recoinbination of cytochrome b~ reductase with its 
prosthetic group. On preparing the apoenzyme of lipoamide dehydrogenase from 
E. coli, WILLIAMS 15 found irreversible changes in the protein which preclude binding 
of the FAD. Tile enzyme from E. coli might differ in this respect from the enzyme from 
pig heart. On the other hand, it is possible that other conditions, such as a different 
ionic strength or a different temperature, give better results. 

From the data presented here, it is clear that the formation of the holoenzyme 
from apoenzyme and FAD is not a one-step process. The data show that binding of 
FAD does not lead to drastic conformational changes in the protein. Binding mainly 
leads to a change in enthalpy rather than in entropy. At least two intermediates can 
be detected: a DCIP-active conformation (i) being a monomer, with an activity at 
least as high as that of the Cu"+-treated enzyme a~, but with the difli~rence that the 
latter is a dimer (@ ref. XT). This conformation is only stable to a limited extent. The 
studies at 5 ~ clearly show that the maximum activity is followed by a decline in 
activity, while at that stage the polarization of the fluorescence still increases, indi- 
cating that FAD is bound due to a consecutive reaction which displaces the equilibrium 
between apoenzyme and FAD. This second form (II) might be a non- or partially active 
conformation in equilibrium with the first form, for which it has not been established 
whether it dimerizes to the dimer (@ ref. I7) active with oxidized lipoate. 

An observation which is rather puzzling is the increase of i v  without change in 
polarization when working at o-5 °. This increase of Iv  reflects the unfi>lding of FAD 
after binding has taken place (@ ref. 33). Whether this unfolding leads to the formation 
of conformation (I), in other words is formed from an inactive FAD-apoenzyme con> 
plex, or reflects the formation of colnplex(II) is not clear. The latter explanation would 
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make an equilibrium between conformation (II) and free FAD a necessary condition. 
Some arguments in favor of the latter can be found in the work of CASOLA, BRUMBY 
AND MASSEY 34, who showed that  the DCIP-active Cu2+-treated enzyme easily loses 
FAD. This might indicate that  DCIP-active conformations, which, according to the 
absorption spectra of the oxidized enzyme, have their FAD bound in a m,~re polar 
environment (cf. ref. 18), easily lose FAD. 

Although no direct evidence is yet available which would permit a rnor~ definite 
statement,  it seems probable that, after freezing, an independent DCIP-active confor- 
mation is responsible for the increased DCIP activity and the decline of the activity 
with oxidized lipoate. The increase in DCIP activity is much smaller than the decline 
in activity with lipoate. On the other hand, it has been shown with the Cu2+-modified 
enzyme 31 that  this relation is dependent on the conditions employed, particularly the 
ionic strength. The decline in activity with oxidized lipoate upon Cu 2+ t leatment  
relative to the increase in DCIP activity is much larger at low than at high ionic 
strength. Ultracentrifuge experiments have provided no evidence that  a monomer is 
present after freezing. Concerning the nature of this conversion one can only s :)eculate. 
This process is not dependent on the method of freezing but on the time of,'.xposure 
to freezing. This suggests that, at least with this enzyme and perhaps with other 
enzymes showing similar properties, interaction of the protein with the ice latl ice leads 
to conformational changes. The presence of ions like (NH4)2S04, EDTA and also 
bovine serum albumin protect against such alterations. 

ACKNOWLEDGEMENTS 

We wish to thank Professor SLATER for his hospitality during the early stages 
of this work and Dr, H. MOED for his gift of reduced lipoamide. We gratefully ac- 
knowledge the technical assistance of Mrs. G. KOK and Mr. J. VAN DORT, G. VAN DEDEM 
and K. HITMAN. Part  of these investigations was subsidized by the Netherlands Foun- 
dation for Chemical Research (S.O.N.) with financial aid from the Netherlands Organi- 
zation for the Advancement of Pure Research (Z.W.0.). 

R E F E R E N C E S  

I E. NEGELEIN AND H. BROMEL, Biochem. Z., 300 (1939) 225. 
2 K. KUSAI, Biochim. Biophys. Acta, 4 ° (196o) 555- 
3 B. L. HORECKER, J. Biol. Chem., 183 (195o) 593- 
4 H. THEORELL, Biochem. Z., 278 (1935) 263. 
5 B. N[ACKLER, Biochim. Biophys. Acta, 5 ° (1961) 141. 
6 I. ZELITCH AND S. OCHOA, J. Biol. Chem., 2Ol (1953) 707 . 
7 0 .  WARBURG AND ~V. CHRISTIAN, Biochem. Z., 298 (1938) 368. 
8 R. KUHN AND H. RUDY, Ber. Chem. Ges., 69 (1936) 2557. 
9 WANG TSIN YENG, CHON CHEN LU AND WANG YING LAI, Sei. Sinica Peking, 7 1958) 65- 

io D. A. RICHERT AND W. ~V. ~VESTERFELD, J. Biol. Chem., 209 (1954) 179. 
i i  A. P. NYGAARD, in P. D. BOYER, H. LARDY AND Z. MYRB~_CK, The Enzymes, V,)]. 7, 2nd 

ed., Academic Press, New York, p. 56o. 
i2 D. E. GREEN, S. MU AND P. KOHOUT, J. Biol. Chem., 217 (1955) 551- 
13 C. GREGOLIN AND T. SINGER, Biochim. Biophys. Acta, 67 (1963) 2Ol. 
14 A. NASON AND H. J. EVANS, J. Biol. Chem., 2o2 (1953) 655. 
15 C. H. WILLIAMS, J. Biol. Chem., 24o (1965) 4793- 
1(7 j .  VISSER, D. t3. MCCORMICK AND C. VEEGER, Biochim. Biophys. Acta, ~59 (I968) 257. 
17 J. VISSER AND C. VEEGER, Biochim. Biophys. Acta, 159 (1968) 265. 

Biochim. Biophys. Acta, 159 (1968) 244 256 



256 j . F .  KALSE, C. VEEGER 

18 C. VEEGER, D, V. DERVARTANIAN, J. F. KALSE, :~. DE KOK AND J . F .  I(OSTER, in E . C .  
SEATER, Flavins and Flavoproteins, B.B.A. Library, Vol. 8, Elsevier, Amsterdam, 1966, p. 242. 

19 J. F. I{ALSE AND •. \rEEGER, Proe. 4th Federation Eztropean Biochem. Soc., Meeting Oslo, 1967, 
p. 69. 

20 C. VI~;EGER, J. F. [(-ALSE, J. t ?. ['~OSTER .AND J. VISSER, @:rap. Proc. 7th Intern. Congr. t3io- 
chem., Tokyo, i967,  Vo]. i, p. ~St. 

2t V. MASSEY, (). I-t. GIBSON AND C. VFEGER, Biochem. J., 77 (196o) 34 r. 
22 C. VEEGER, Thesis, University of Amsterdam, I 'oortpers,  Amsterdanl,  ,9(~o. 
23 L. G. WHITBY, Biochem. J., 54 (I953) 44 ° • 
24 1'. STRITTMATTER, J .  Biol. Chem., 230 (1961) 2329. 
25 V. MASSEY AND C. VEEGER, Biochim. l~iophys. Acta, 48 (I9()t) 33. 
20 N. SAVAGE, Biochem. J., 67 (I967) i46, 
27 A. G. GORNAL, C. J. BARDAWlLL AND M. N. DAVID, J. Bioehem., 177 (J949) 75t. 
28 V. MASSEY, in ]). D. BOYER, H. LARDY AND l'(. MYRB;~CK, The Enzymes, Vol. 7, 2nd ed., 

Academic Press, New York, p. 275. 
29 P. M. BAYLEY AND G. I(. RADDA, Biochem. J,, 98 (I966) to5. 
3o G. SCATCHARD, Ann. N .Y . .4cad .  Sci., 5 ~ (I949) 6(~o. 
31 C. VEEC, ER AND V. MASSEy, Biochim. Biophys. Acta, 64 (I902) 83. 
32 M. KOIKE, L. j .  REED AN1) R. CARROL, Biochem. Biophys. Res. CommutE., 7 (i962) r(i. 
33 (;. WEBER, Biochem. J., 47 (195 o) I i4.  
34 I~. ('ASOLA, l ). E. BRUMBY AND V. MASSEY, J. [3iOZ. Chem., 24r (~90(~) "t977. 

13iochim. Biophys. Acta, 159 (t968) 244 256 


