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SUMMARY 

I, The apoenzyme of lipoamide dehydrogenase (NADH: lipoamide oxido- 
reductase, EC 1.6.4.3)is thermolabile and urea-sensitive; the stability is also con- 
centration-dependent. Upon prolonged incubation on ice the tertiary structure of 
concentrated apoenzyme (i mg/ml) changes, though the flavin binding site is less 
affected. The apoenzyme partially withstands freezing for several weeks. 

2, Compared with that  of the holoenzyme the protein fluorescence is increased 
in the apoenzyme; the excitation spectrum shows two maxima at 284 nm and 29o nm. 
Resolution of the difference fluorescence emission spectra showed a tyrosine contri- 
bution in the 3o5-nm region and non-polar t ryptophan emission around 330 nm. 

3, The return of the lipoate activity is dependent on the apoenzyme concen- 
tration. Recombination systems with high apoenzyme concentrations (o.8 mg/ml) 
and excess of flavin develop a higher lipoate activity whilst the DCIP activity de- 
creases faster than in the case of at lower apoenzyme concentrations (o.I mg/ml). 
The dimerization is dependent on pH (7.2-7.5) and ionic strength (o.2 M). Urea, p- 
chloromercuribenzoate (PCMB) and L-cysteine disturb the recombination. 

4- Flavin derivatives are able to bind with the apoenzyme. Flavin-8-bromo- 
adenine dinucleotide (FBAD) partially restores the DCIP activity (Kass = 1.5"1o 4 
M-l). FMN is a competitive inhibitor of FAD binding and does not restore any acti- 
vity. FMN derivatives generally show a non-competitive inhibition pattern, with 
respect to restoration of the DCIP activity. 3(N)-adducts of FMN exert very little 
inhibition. 2-Derivatives, such as 2-thio-FMN and 2-NH-phenyl-FMN, are less 
effectively bound, as also is tetra-hydro-FMN. The inhibitors induce, like FAD, 
conformational changes in the protein, resulting in a time-dependent increase of the 
binding forces between apoenzyme and flavin. 

5, Parts other than the isoalloxazine moiety of the flavin molecule, viz. the 

Abbreviations: DCIP, 2,6-dichlorophenolindophenol; FBAD, flavin-8-bromoadenine di- 
nucleotide; nueleotides of flavin analogues were shown with the appropriate prefixes to the parent  
nucleotide; PCMB. p-chloromercuribenzoate. 
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adenine part  and pyrophosphate,  are also involved in the FAD binding: NADH, 
NAD +, ADP, adenine, ATP and pyrophosphate inhibit the flavin binding. All nucleo- 
tides which inhibit the FAD binding affect the dimerization; only NAD + has a 
different behaviour in this respect since it promotes the return of the lipoate activity. 

INTRODUCTION 

The apoenzyme of lipoamide dehydrogenase (NADPH:lipoamide oxido- 
reductase, EC 1.6.4.3) can be prepared under aerobic as well as under anaerobic 
conditions 1,2. I t  has a molecular weight of 52 ooo, half that  of the holoenzyme. In 
previous studies 1-~ the recombination process in particular has been investigated. 
This  process depends upon at least three reactions, i.e. (I) binding of the flavin 
molecule to the protein, which leads to opening of the intramolecular complex be- 
tween the isoalloxazine ring and the adenine moiety of FAD and the formation of a 
2,6-dichlorophenolindophenol (DCIP)-active monomer; (2) the transition to a com- 
plex which is less active towards DCIP and which can be trapped at low temperatures;  
(3) the temperature-dependent dimerization which determines the return of the lipo- 
ate activity. 

I t  has been shown in our laboratory 4 that  the apoenzyme used in our studies 
differs from that  prepared with guanidine-HC1 as described by  BRADY AND BEY- 
CHOK ~. Recently STRITTMATTER 6 showed that  several distinct conformations of cyto- 
chrome b 5 aporeductase exist. Evidence will be presented here that  the apoenzyme 
and the DCIP-active enzyme of lipoamide dehydrogenase also exist in several forms. 
The recombination process is, in fact, a continous change in protein structure re- 
sulting in the dimeric holoenzyme. Binding studies of flavin derivatives and other 
molecules to the apoenzyme of lipoamide dehydrogenase demonstrate that  inter- 
actions of the protein and the flavin are based on multiple binding forces, as has al- 
ready been postulated by several authors ~-9 for the binding mechanism of FAD to 
flavoproteins. 

METHODS 

NAD+, NADPH, NADP +, AMP, 3,5-cyclic AMP, ADP, ATP, GDP, GTP, 
adenine, adenosine, lipoic acid and bovine serum albumin were obtained from Sigma. 
NADH was obtained from Boehringer and S6hne, 2,6-dichlorophenolindophenol 
(DCIP) from British Drug Houses. The FMN-derivatives were synthesized by HEM- 
MERICH 1° (purity 90-99% except for 2-thio-FMN which had an 80% purity in freshly 
prepared solutions and did not contain FMN). The flavin-8-bromoadenine dinucleo- 
tide (FBAD) was synthesized by McCORMIClO 1. p-Chloromercuribenzoate (PCMB) 
and urea solutions were freshly prepared daily, whereas flavin solutions were prepared 
once a week and stored in the dark at o °. 

The preparation of lipoamide dehydrogenase and of its apoenzyme has been 
described 1,12 in previous papers. The determination of the specific activities was 
carried out under the conditions mentioned earlier 1 using a Zeiss PMQII  spectro- 
photometer  and a Photovolt  recorder. Activities are, in general, expressed in terms 
of per cent activity with respect to that  of the pure holoenzyme, e.g. lipoate activity 
2o-25 /~moles .mg-l .min  -1 and DCIP activity o.3-o. 4 #mo le s -mg- l . m in  -1. The 
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DCIP activity of the recombined enzyme decreases rapidly during the assay and this 
could be due to flavin dissociation. Fluorescence spectra were recorded with a Hitachi 
Perkin-Elmer MPF-2A fluorescence spectrophotometer. Spectra were corrected for 
the scatter effects of the solvent. Fluorescence polarization was measured with the 
modified Zeiss apparatus as described by  KALSE AND VEEGER 1 and the Kass values 
calculated according to the method of BAYLEY AND RADDA la. 

RESULTS 

Acidification of a holoenzyme preparation with a satd. (NHa)2SO 4 solution 
(pH 1.5) precipitates the apoenzyme. As this method is rather rough and is, in 
fact, based upon more or less reversible stages of protein denaturation, it is not sur- 
prising that  the properties of different apoenzyme preparations may vary somewhat. 
For example, if the acid (NH4)2SO a solution is added quickly without complete and 
thorough mixing, the residual activity in the lipoate of the precipitate will be rather 
high (20-25%) ; in other preparations the lipoate activity will be low whilst the DCIP 
activity will be stimulated by a factor of 6oo-8oo%. Combined with the previous 
observation 1, that  the FAD monomer has a high DCIP activity, this suggests that  
monomerization occurs before the FAD dissociation. In general, the residual activi- 
ties of lipoate and DCIP, as compared with the activity of holoenzyme, are 4-8% 
and 15o-2oo%, respectively. However, the less rigorously one treats the preparation, 
the bet ter  the lipoate activity returns. 

Stability of the apoenzyme 
The ability of the apoenzyme to recombine after ageing on ice for prolonged 

times is given in Table I. The main effect of standing concerns the return of the lipoate 
activity, e.g. the dimerization, although the maximum activity with DCIP also 
diminishes. Furthermore, the DCIP activity of an aged apoenzyme decreases less 
after elevating the temperature than in the case of a freshly made preparation. These 

T A B L E  I 

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

Apoenzyme (I mg/ml)  was  s tored on ice in 3 ° mM phospha t e  buffer (pH 7.2). At the  t imes  in- 
d ica ted  samples  of  o . i  mg  were i ncuba t ed  in a vo lume  of o. 3 ml  con ta in ing  4oo/~M FAD and  
3 ° mM sodium phospha t e  buffer (pH 7.2). After  5-min incuba t ion  on ice the  D C I P  a c t i v i t y  was  
de te rmined  af ter  which the  samples  were i ncuba t ed  a t  2o ° and  bo th  the  l ipoa te  and  the  D C I P  
a c t i v i t y  de termined.  In  the  control  the  res t  a c t i v i t y  was de t e rmined  w i t h o u t  p re incuba t ion  
wi th  FAD. 

Incubation 5 rain on ice z h at 2o ° 
lime of  
apoenzyme % D C I P  % D C I P  % Lipoate 
( h ) activity activity activity 

Control  - -  17o 3 
i 124o 34 ° 66 

5 ° 1175 4oo 35 
75 - -  45 ° 23 

ioo  955 935 2o 
175 850 65o 15 
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Fig. I. A. S t ab i l i t y  of l i poamide  dehydrogenase  apoenzyme  under  different  condi t ions.  S t ab i l i t y  
of apoenzyme  incuba t ed  a t  different  concen t ra t ions  a t  5 ° in 5 ° mM sodium p h o s p h a t e  buffer 
(pH 7.2) con ta in ing  o. 3 mM EDTA.  A sample  of the  incuba t ion  m i x t u r e  was added  to  the  a s say  
cuve t te ,  to which  5 ffM FA D  was added  and the  D C I P  reac t ion  was  measured  a t  25 °. O - - O ,  
o.I m g / m l ;  A - - ~ ,  o.o5 mg /ml ;  x - - × ,  o. i  mg /ml  in the  presence of 2 M urea ;  O - - O ,  o . i  m g / m l  
in the  presence of 3 M urea.  B. The s t a b i l i t y  of the  apoenzyme  (0. 4 mg/ml)  a t  different  i ncuba t i on  
t empera tu re s ,  and  assayed  under  the  condi t ions  of A. 

observations indicate that  although the structure of the apoenzyme gradually alters, 
the FAD-binding site is much less affected. Sometimes a small increase (lO-15%) in 
recombination ability with FAD during the first hour upon standing on ice in con- 
centrated (1-2 mg/ml) solution is observed, as judged by fluorescence-polarization 
and DCIP-act ivi ty  measurements. A process of refolding of a fraction of the apoen- 
zyme, comparable with the observations made by STRITTMATTER s, with cytochrome 
b5 reductase, might be responsible for this phenomenon. 

Dialysis of the apoenzyme for 2-3 h against 3o or 15o mM sodium phosphate 
buffers (pH 7.5) always results in apoenzyme preparations which are, upon the ad- 
dition of FAD, 2o-4o% less active with lipoate and DClP. 

In contrast with the holoenzyme the apoenzyme is thermolabile (Fig. IA). 
The inactivation, which is reflected in the loss of restoration of the DCIP activity, is 
temperature-dependent and promoted by  low concentrations of urea. At 5 ° the half- 
t ime of inactivation at zero urea concentration is approx. 3oo min whereas the values 
for apoenzyme incubated with 2 and 3 M urea are about 15 min and 2 min, respecti- 
vely. 

The inactivation is also dependent on the protein concentration. At o. 4 mg/ml 
the apoenzyme is, after an initial decline in restoration capacity, almost completely 
stable at o-5 ° for at least I h (Fig. IB). However, at o.o5 mg/ml the inactivation 
proceeds to an extent of 4O~o after 5o min standing at 5 ° (Fig. I A ) .  

The apoenzyme withstands freezing at --14 ° for several days. Prolonged freez- 
ing promotes irreversible structural changes in the apoprotein, reflected in a propor- 
tional lowering of the restoration of both the DCIP and lipoate activities. Apoenzyme 
which is frozen for I month after recombination with FAD, on ice, in the presence of 
u r e a  ( 1 - 6  M concentration range), has lost all its activity in contrast to the control 
(apoenzyme plus FAD, frozen) which still shows considerable activity (6o-7o%). 

The recombination process was studied mainly in sodium phosphate solutions. 
The pH profile is curved with an opt imum value between pH 7.2 and 7.5; increase of 
ionic strength accelerates the pH-dependent return of the lipoate activity, but the 
maximum activities at low and at high ionic strength differ only slightly. 
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TABLE II 

I N F L U E N C E  O F  U R E A  O N  T H E  B I N D I N G  O F  FAD 

2.6/~M apoenzyme was incubated with a limited amount of FAD (i/~M) at IO ° in 3 ° mM sodium 
phosphate buffer (pH 7.2) containing o. 3 mM EDTA with or without pre-treatment with urea. 
The polarization of the flavin fluorescence was measured as previously described 1 with the excep- 
tion that  the excitation wavelength was 45 ° n m .  

Treatment Recombination P 
time 
(rain) 

(A) Control 2 0.206 
6 0.232 

(B) 0.5 M urea added after Io-min 
incubation with FAD 

(C) As (B) but with 2 M urea 

(D) Apoenzyme preincubated 
with 2 M urea during 2 min; 
then FAD was added 

16 0.220 
6 o.156 

Several hours o.134 

6 0.080 
30 0.065 

T h e  u rea  s e n s i t i v i t y  o f  t h e  D C I P  a c t i v i t y  o f  t h e  r e c o n s t i t u t e d  e n z y m e  has  

been  m e n t i o n e d  before% T h e  a p o e n z y m e  i t se l f  is also v e r y  u rea - sens i t i ve ,  as de-  

m o n s t r a t e d  in Fig.  IA.  H o w e v e r ,  s o m e  f ea tu r e s  n e e d  m o r e  a t t e n t i o n .  In  Tab le  I I  a n d  

Fig.  2A t h e  in f luence  o f  u r e a  on t h e  F A D  b i n d i n g ,  as m e a s u r e d  b y  f luorescence  

po la r i za t ion ,  has  b e e n  s u r v e y e d .  T h e  a p o e n z y m e  i n c u b a t e d  for  a s h o r t  t i m e  w i t h  urea,  

even  in c o n c e n t r a t i o n s  as low as 2 M, is n o t  able to  b i n d  t h e  F A D  ef fec t ive ly ,  as can  

be  c o n c l u d e d  f r o m  t h e  l owered  p o l a r i z a t i o n  of  f luorescence  o f  t h e  f lavin.  H o w e v e r ,  i f  

t h e  f lavin  is a d d e d  p r io r  to  t h e  u rea  a d d i t i o n ,  t h e  p o l a r i z a t i o n  o f  t h e  r e c o m b i n e d  

e n z y m e  dec reases  s l i gh t ly  a n d  r a t h e r  s lowly.  Th is  m e a n s  t h a t  t h e  b i n d i n g  of  t h e  f lavin 

qu i ck ly  i nduces  a p r o t e i n  c o n f o r m a t i o n a l  c h a n g e  w h i c h  la rge ly  p r o t e c t s  t h e  f lavin  

b i n d i n g  s i te  i t s e l f  a g a i n s t  un fo ld ing .  T h o u g h  t h e  f l a v i n - p r o t e i n  i n t e r a c t i o n  is on ly  
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Fig. 2. A. Influence of urea on the binding of FAD. Apoenzyme (5 #M) and FAD (5/~M) were incu- 
bated at IO ° in 3 ° mM sodium phosphate buffer (pH 7.2) with 0. 3 mM EDTA; the apoenzyme was 
pre-incubated for 5 min with various concentrations of urea. After 3o-min recombination, the Kass 
values were calculated from the fluorescence polarization as previously described< ]3. Influence 
of PCMB on the binding of FAD. O - - © ,  as A with various PCMB concentrations relative to the 
monomer concentrations; A- -A ,  6 #M apoenzyme pre-incubated for 3 ° min with the relative 
amounts of PCMB indicated. Samples were withdrawn and the DCIP activity determined in an 
assay cuvette to which 4/,M FAD was added. 
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slightly affected, the function of the catalytic center is more easily disrupted as the 
activities with DCIP are strongly influenced. At urea concentration of 2 M this 
activity is inhibited to an extent of 70% (cf. ref. 2, Fig. 3), which indicates that  the 
protein does undergo conformational changes. The results of Table I I  and Fig. I 
seem to be contradictory as the half-times are different. However, the techniques used 
are quite different. In the fluorescence polarization experiments the amount of FAD 
is limited. The stabili ty experiments contain an excess of FAD, while during the me- 
asurements the samples are diluted in the assay which drastically lowers the urea 
concentration. 

Addition of PCMB to the apoenzyme decreases the FAD-binding capacity. In 
Fig. 2B the Kass value is given for flavin binding to the apoenzyme which is incubated 
with different amounts of PCMB. The influence of PCMB on the restoration of the 
DCIP activity is also shown. An amount of i mole PCMB per mole of apoenzyme 
incubated for approx. 30 min results in 35% inhibition of the DCIP activity while 
amounts of 2 and 4 moles PCMB per mole protein result in 60% and 90% inhibition, 
respectively. These values agree fairly well with the percentage oflipoate activity which 
returns upon elevating the temperature under these conditions. This behaviour is not 
very different from that  of the holoenzyme. Binding of I and 2 moles phenylmercuric 
acetate per mole of enzyme gives almost the same loss of lipoate activity14; which 
has been ascribed by PALMER AND MASSEY 15 a n d  VEEGER AND MASSEY 16 to  two fast- 
reacting SH groups. 

The addition of 50 #M L-cysteine to a recombination system without PCMB, 
containing 6. 4 #M apoenzyme and IOO/zM FAD at 20 °, completely prevents the return 
of any lipoate activity (cf. ref. 17). On the other hand, addition of dithiothreitol does 
not stimulate the return of the lipoate activity, as has been stated by BRADY AND 
BEYCHOK 5. 

A poenzyme fluorescence 
The apoenzyme shows a strongly enhanced protein fluorescence (28o-nm ex- 

citation) as compared with the holoenzyme. At the emission maximum (330 nm) the 
increase is approx. 2o-fold and the position of this maximum indicates a rather non- 
polar environment for the t ryptophan groups TM. In the holoenzyme the protein fluore- 
scence is quenched, mainly due to the binding of the prosthetic group and the con- 
nected energy transfer to the flavin 4, although the influence of other factors such as 
protein conformational changes cannot be ruled out. The excitation spectrum (Fig. 
3A) of the apoenzyme shows a double maximum, at 282-284 arid 290 nm, whereas 
the holoenzyme shows only one peak at 287 nm. Lipoamide dehydrogenase contains 
7 tyrosyl, 2 t ryptophyl  and 13 phenylalanyl residues per mole of flavin 19. According 
to several authors 2°-23, in protein fluorescence the contributions of the tyrosyl re- 
sidues are, in general, small compared with those of the t ryptophan residues. How- 
ever, studies with the holoenzyme show* that  the tyrosyl fluorescence contribution 
is relatively large with respect to that  of the tryptophans.  Difference fluorescence 
spectroscopy~4, ~5 shows that  in the apoenzyme the contribution of the tyrosyl 
fluorescence compared with that  of t ryptophyl  residues is relatively small. Urea 
(4 M), shifts the emission wavelength to 340-345 nm (cf. ref. 18) which indicates a 
change from apolar to more polar surroundings of the t ryptophyl  residues. Upon 
addition of urea the excitation spectrum is quenched; the 282-284-nm maximum is 
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Fig. 3. A. Fluorescence  of  l ipoamide  dehydrogenase  apoenzyme.  Exc i t a t ion  s p e c t r u m  in 3 ° mM 
sod ium p h o s p h a t e  buffer  (pH 7.2) con ta in ing  0.3 m M  EDTA.  Emiss ion  wave leng th ,  33 ° n m  ; exci ta-  
t ion slit, 4 n m ;  emiss ion slit, 3 n m ;  x x ,  0.o 4 m g / m l  apoenzyme ;  ©---C), 0.33 m g / m l  holoenzyme.  
B. Fluorescence emiss ion  s p e c t r u m  of  a o.1 m g / m l  apoexizyme solut ion;  exc i ta t ion  wave leng th ,  
28o n m ;  exci ta t ion  and  emiss ion slits, 5 nm.  Temp. ,  5 °. The  spec t ra  are n o t  corrected for l amp  
s p e c t r u m  and  pho tomul t ip l i e r  sens i t iv i ty .  

Fig. 4- Inf luence of po t a s s i um halogenides  on the  r ecombina t ion  of  l ipoamide  dehydrogenase  apo-  
enzyme  wi th  FAD.  Apoenzyme  (8 #M final concent ra t ion)  was p re - incuba ted  on ice in 3 ° m M  
p h o s p h a t e  buffer  (pH 7.2) con ta in ing  o. 3 m M  E DT A.  0 - - 0 ,  no addi t ion ;  C ) - - © ,  60 m M  K B r ;  
× - - × .  6o mM KC1; A - - & ,  6o mM  KI .  After  io rain F A D  was added  ( io /*M final concent ra t ion)  
and  samples  w i t h d r a w n  for m e a s u r e m e n t  of  the  D C I P  ac t iv i ty  a t  the  t imes  indicated.  

reduced to  a shoulder  a t  urea  concentra t ions  >~ 4 M. The  ty rosy l  fluorescence contr i -  
bu t ion  is affected by  4 M urea  to the  same ex ten t  as the  t r y p t o p h a n  fluorescence. 

The absorp t ion  spec t rum of  the  apoenzyme shows a m a x i m u m  at  277 nm wi th  
two shoulders  a t  282 and 292 nm. The m a x i m u m  is p robab ly  due to tyros ine  ab-  
sorbance whils t  i t  is l ikely t ha t  the  shoulders belong to the  t r y p t o p h a n  groups,  al- 
though  a con t r ibu t ion  from S S bridges cannot  be excluded26, ~7. 

The apoenzyme fluorescence s tud ied  as a funct ion of  t empera tu re  declines 
be tween  12 and 17 ° fas ter  t han  between o and 12 ° and  above 17 °. However ,  this  pro- 
cess seems to be irreversible as upon lowering the t empe ra tu r e  no re tu rn  to the  original  
emission level occurs. 

Influence of halogen ions on the recombination 
As K B r  is used in the  p repa ra t ion  procedure  of the  apoenzyme,  i ts influence, 

if  any,  on the  recombina t ion  process is of impor tance  since the  apoenzyme is not  
d ia lyzed  before use. Fig. 4 shows the  influence which po tass ium halogenides have on 
the  recombina t ion  process on ice wi th  respect  to the  DCIP  ac t iv i ty .  The order  of 
magn i tude  in which the po tass ium salts are interfer ing wi th  the  level of the  DCIP  
ac t i v i t y  is K B r  < KC1 < KI .  A second poin t  of in teres t  is the  shift  in the  t ime  
necessary for the  DCIP  ac t iv i ty  to reach its m a x i m u m  value, from approx.  5-8 to 
11-15 rain. 

Al though var ia t ions  in recombina t ion  pa t t e rn s  are observed between different 
p repara t ions  (cf. ref. I ,  Fig. 3), the  shifts in t ime required to reach m a x i m u m  DCIP  
ac t i v i t y  are a lways  observed.  Also the  a m o u n t  of  decline in D C I P  ac t i v i t y  of the  
control  a t  15 min varies between different p repara t ions  (el. Fig.7). 
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At a higher flavin concentration (6o/~M) the difference in activity between the 
untreated and the salt-treated recombination systems disappears although there is 
still a distinct difference in the moment  at which the maximum of the DCIP activity 
is reached. The return of the lipoate activity is diminished in the presence of low 
flavin concentrations but the DCIP activity remains high, which indicates that  de- 
naturation is not important.  Furthermore none of the potassium halogenides (60 
mM) interferes with the return of the lipoate activity when a saturating concentration 
(IOO/zM) of flavin is used. 

T A B L E  I I I  

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

S Y S T E M  

T h e  a p o e n z y m e  w a s  p r e v i o u s l y  d i a l y z e d  a t  a c o n c e n t r a t i o n  o f  1.5 m g / m l  a g a i n s t  5 ° m M  s o d i u m  
p h o s p h a t e  b u f f e r  c o n t a i n i n g  0. 3 m M  E D T A .  3 .8 /~M o f  a p o e n z y m e  w a s  r e a c t i n g  a t  IO ° w i t h  t h e  
s a m e  f f a v i n  c o n c e n t r a t i o n .  T h e  h a l o g e n  i ons  w e r e  p r e s e n t  i n  60  m M  c o n c e n t r a t i o n .  

Halogenide Recombi- % D C I P  P P 
nation activity (free flavin ) 
time after 5 rain 
(rain) 

K t 3 r  5 665  o . i  i o  o . o 5 o  
3 o o . i 2 o  

N a B r  5 405  o . i  i o  0 .o45  
3 0  O . 1 2 0  

L i B r  5 405  o. I IO 0 . 0 5 0  
3 ° o . 1 2 o  

K 1  5 175 o . i o o  0 . 0 5 0  
3 ° O.lO5 

N a I  5 155 0 . 0 9 5  0 .055  
3 ° O. IOO 

KC1 5 5 o 0  0 . 0 8 0  0 . 0 3 o  
3 ° 0 . 0 8 5  

N a C I  5 4 8 0  0 . 0 8 0  0 . 0 3 0  
30  0 . 0 9 5  

C o n t r o l  5 78o  0 . o 9 0  0 . 0 3 0  
3 ° 0 . o 9 5  

In Table I I I  the infuence is summarized of several halogenides on the polari- 
zation of a recombination mixture as well as on its DCIP activity. Br -  and I -  are 
well-known fluorescence quenchers of free flavins (cf. ref. 28) and cause an increase 
in the flavin polarization as the life-time of the excited state declines. The polarization 
in the recombination systems is enlarged in the presence of Br -  whilst the DCIP activi- 
ties are less than in the control. On the other hand, I -  causes a markedly reduced 
DCIP activity of the recombination systems but the polarization is slightly higher 
than in the control. Thus due to interaction of the flavin with the halogen ions, es- 
pecially I- ,  the flavin binding is partially prevented; nevertheless the polarization is 
increased and just coincidentally reaches a higher value than the control. The in- 
crease in fuorescence polarization is not due to binding of the flavin to an inactive 
form of the enzyme, since this cannot explain the observation that  in the presence 
of halogen ions the maximum activity can be obtained at saturating concentrations 
of FAD. 
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Effect of protein concentration on the binding with FAD 
In previous papers1, 2 evidence was presented that the return of the lipoate 

activity is due to a dimerization reaction as the apoenzyme has half the molecular 
weight of the holoenzyme, and that furthermore the return of this activity fits a 
second order reaction rate. The dimerization is promoted by increase of temperature, 
probably by an increase of hydrophobic interactions (cf. ref. 29). Fig. 5A demonstrates 
the return of the lipoate activity at 25 ° using different apoenzyme concentrations 
with excess of flavin. The influence of the protein concentration on the dimerization 
is clear; the lipoate activities in this experiment reach constant levels within 30 rain. 
The activities with DCIP are still high at that time especially in the case of the lowest 
protein concentrations (Fig. 5B). I t  is therefore not very likely that the levelling off 
of the lipoate activity is caused by denaturation of unreacted apoenzyme but is 
rather due to an equilibrium between the lipoate-inactive monomer and -active 
dimer. 

Assuming an equilibrium between these species and using the level of the lipoate 
activities to calculate the actual fractions of monomer and the fully active dimer, it is 
possible to calculate the association constants at the different protein concentrations. 
The association constants obtained vary with the protein concentration from 3.6" lO 6 to 
2. 5 • lO 5 M 1 which suggests a more complicated system than a pure monomer-dimer 
equilibrium. One of the reasons for this discrepancy might be the changes of the 
apoenzyme properties upon extreme dilution (cf. apoenzyme stability). 

The binding of flavin analogues 
It  has been shown 3 that FAD and some of its derivatives, viz. 3-methyl-FAD 

and 3-carboxymethyl-FAD can be bound to the apoenzyme; only FAD and 3- 
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c-  
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/ ,1 . . . .  "FA~ x~O 
I , '  I - - " " "  (M-~) 

1 / [FBAD~ x l 0 - ~ " ( - N  -1 ] - " -  

Fig. 5. A. The influence of the apoenzyme concentrat ion on the re turn  of the lipoate activity. 
The different protein concentrat ions were incubated with excess of FAD (ioo/zM) at 25 ° in i oo mM 
sodium phosphate  buffer (pH 7.2) containing 0. 3 mM EDTA,  and the activity was measured after  
different incubation times. O - - O ,  0.83 mg/ml;  O - - O ,  0.42 ing/ml; A - - A ,  o.21 mg/ml;  A - - A ,  
o. io mg/ml;  x × ,  0.05 mg/ml. B. The influence of  the apoenzyme concentrat ion on the  de- 
crease of the DCIP  activity. Conditions as in A. & - - i ,  o.i mg/ml;  O - - O ,  0.42 mg/ml. 

Fig. 6. L ineweaver -Burk  plot of the apoenzyme recombinat ion with FBAD (O---O) and FAD 
( O - - O ) .  The apoenzyme (3.6/~M) was incubated on ice, in 3 ° mM sodium phospha te  buffer 
(pH 7.2) containing 0.3 mM EDTA,  for 20 rain, with the concentrat ions of flavin indicated,  
after which the DCIP  activity was determined. 
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methyl-FAD are able to give a lipoate-active enzyme, but all compounds give DCIP- 
active complexes. I t  was thus of interest to study the binding of other substituted 
flavins, in order to obtain information about the different parts of the molecule in- 
volved. 

FBAD, which is substituted in the adenine moiety, restores the DCIP activity 
upon incubation with the apoenzyme. The Kass value for flavin binding of 1.5" lO 4 
M -1 after 20 rain incubation on ice was calculated from the Lineweaver-Burk plot of 
the restored DCIP activities obtained at varying flavin concentrations (Fig. 6). A 
Vmax value of 2400 was found, which is 55~o of the Vmax obtained with FAD. In 
contrast to the FAD-enzyme itself, the FBAD-containing enzyme shows in com- 
parison with the free flavin compound a quenched flavin fluorescence. This cannot be 
due to differences in intramolecular complex formation of the free flavins, since the 
fluorescence spectra of FAD and FBAD have the same pH dependency n. It  is possible 
that  the bromo-group functions as a dynamic quencher of the flavin fluorescence, 
which explains the rather high value of the fluorescence polarization of apoenzyme- 
bound FBAD (P ~ 0.4; ~exe = 396 rim) as calculated from standard calibration 
curves and the estimated Kass; under the same conditions free FBAD shows P 
0.02-0.025, slightly lower than FAD. 

The bromo-compound does not restore any lipoate activity but interferes with 
the FAD-induced return of this activity. Addition at 25 ° of FBAD (60 #M) 2 rain 
before that of FAD (30/~M) to 8/~M of apoenzyme, almost completely prevents the 
restoration of the lipoate activity. This behaviour will be discussed later, together 
with the FMN binding as this compound behaves similarly. It  is of interest to note 
that FBAD restores the activity when added to D-amino acid oxidase apoenzyme 
(J. F. KOSTER AND C. VEEGER, unpublished results). 

FMN can be bound by the lipoamide dehydrogenase apoenzyme, although it 
restores neither DCIP nor lipoate activity. Although the restoration of activities 
fails to occur, the binding of this compound can be demonstrated by equilibrium 
dialysis and by interference with the FAD-apoenzyme recombination process (Figs. 
7 and S). The spectrum of the oxidized enzyme does not show any shoulders on both 
sides of the 445-nm maximum. The amount of FMN bound was calculated to be 0. 9 
mole/52 ooo g of apoenzyme. The enzyme is reduced very slowly by NADH (Fig. 9) 
and causes a slight increase in absorbance above 500 nm. The slow rate of reduction 
has no catalytic significance and might be due to photoreduction. 

When FAD and FMN are added together to the apoenzyme, the DCIP activity 
when measured after 2o-min incubation on ice does not significantly differ from that 
of the control with FAD alone or is even slightly higher. However, pre-incubation 
with FMN shows an inhibition of the restoration of the DCIP activity with respect 
to F&D (Figs. 7 and 8). The deviation from linearity of the Lineweaver-Burk plots 
in the presence of FMN is marked at the lower FAD concentrations. This is not ob- 
served in the presence of NADH, a compound competitively inhibiting the FAD 
binding. Although the last part of the FMN inhibition curve is drawn for competitive 
inhibition it is difficult to distinguish between competitive and non-competitive in- 
hibition from these measurements at different times of incubation. It  is also not pos- 
sible to ascertain whether the Vmax values found after different times of incubation 
with FAD are identical or different. The Vmax values of different apoenzyme prepa- 
rations are not always identical (cf. Figs. 7 and 8) but generally amount to 2500- 
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Fig. 7. Effect of different FMN concentrat ions on the inhibition of the FAD binding to the apo- 
enzyme. Apoenzyme was pre-incubated for 30 rain on ice in 30 mM sodium phospha te  buffer 
(pH 7.2) containing 0, 3 mM EDTA, with FMN (90 ffM) and incubated with the FAD concentra- 
t ions given for 5 rain ( A - - A )  and 15 min (&--A).  The apoenzyme was also pre- incubated wi th  
FMN (9 ffM) followed by incubation with FAD for 15 rain (Q--O) .  Control with FAD after 
5 min ( O - - O )  and 15 rain ( × - - x ) .  

3ooo% of the value for the holoenzyme. I t  is of interest to note that  the amount of 
inhibition by FMN is dependent on the pre-incubation time and increases consider- 
ably. The Kass values for FMN as calculated from these plots show an increase from 
o.I • IO~-O.3 • IO s M -1 after 3o-min pre-incubation time to 2 -  l O  5 M - 1  after several hours 
of pre-incubation. The values obtained for binding of FAD are similar to those mea- 
sured by means of fluorescence polarization (cf. ref. I). The competition between 
both flavins indicates that  the same protein-binding site is involved. Moreover, ad- 
dition of different FMN concentrations give Lineweaver-Burk plots with approxi- 
mately the same Vmax value (Fig. 7) which underlines the competitive character. 
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Fig. 8. Effect of different t imes of pre-incubation with FMN on the inhibition of FAD binding 
to the apoenzyme. The results are expressed in a Lineweaver -Burk  plot. 5/*M of the pre- t reated 
apoenzyme was incubated on ice, in 3 ° mM phosphate  (pH 7.2) containing o.3 mM EDTA,  for 
20 min with the FAD concentrat ions given, before the DCIP  activity was determined. The apo- 
enzyme was pre-treated on ice with FMN (95 ffM) for 2 h ( 0 - - 0 )  ; for 3 ° min ( x - -  x ) ; wi thout  
addition ( O - - O )  and with I . I  mM N A D H  ( I t - - l )  for 2 min. 
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One might argue that the slow increase in Kass is due to a slow reaction of 
FMN with the apoenzyme. However, in that case one would expect a slow dissoci- 
ation of the FMN-apoenzyme complex, but upon incubation with an excess of FAD 
no increase in rate with time is found. 

The increase of the flavin association, a phenomenon most likely due to protein 
conformational changes, is perceptible upon exchange of a non-specific flavin com- 
pound, such as FMN, for FAD. In order to demonstrate that the binding of FMN to 
the apoenzyme leads to a series of time-dependent conformational changes, the ex- 
periments given in Fig. IO were performed. At different times FAD was added to a 
recombining apoenzyme-FMN system and the DCIP activities belonging to the FAD- 
containing enzyme were followed. I t  is clear that both the maximum velocity and the 
time taken to reach the maximum are dependent on the time of pre-incubation with 
FMN. The maximum activity is obtained always between 2 and 5 min after FAD ad- 
dition; after pre-incubation with FMN for 3o min on ice the maximum appears al- 
most immediately (within I min) after the addition of FAD and then declines with 
time, as has been found in three independent experiments. Longer periods of pre- 
incubation with FMN lead to much lower maximum values of the DCIP activity, 
although part of the flavin still exchanges very fast, as can be concluded from this 
rapid restoration of part of the DCIP activity. 

Pre-incubation with FMN at higher temperatures lowers the amount of lipoate 
activity restored after FAD addition. The amount of lipoate activity restored is also 
dependent on the FMN concentration. Remarkable is the slow decline of the lipoate 
activity in the presence of FMN after the maximum lipoate activity is obtained. 

Addition of FMN to the dimerizing apoenzyme-FAD system at 2o ° diminishes 
the restored lipoate activity, even after full activity has been reached. The dimerizing 
system becomes less sensitive to FMN upon prolonged incubation at 25 ° though even 
after i night a 15-2o% decline of activity is observed. Similar effects have been found 
to occur in the presence of FBAD. The holoenzyme itself is not FMN-sensitive. 
Incubation on ice of low holoenzyme concentrations, less than o.I mg/ml, leads, due 
to dissociation of the enzyme, to a 60-7o% inactivation of the lipoate activity 4 but 
addition of FMN does not affect this process. 

The binding of FAD by apoenzyme, as followed by the rate of increase of 
flavin fluorescence 1, occurs in a few msecs. This was shown by preliminary experi- 
ments using the stopped-flow fluorescence technique*. Therefore we propose the fol- 
lowing scheme for the recombination process: 

fas t  
k-1 k-2 

A p o e n z y m e  + F A D  ~ a p o I - F A D ~ a p o I I - F A D  
k 1 par t ia l  k 2 m a x i m u m  

act ive ac t iv i ty  
or inact ive  Ir 

II 
k3 Jl k_~ 
a p o l i i - F A D  
less act ive  

Thus the association constant measured at the point of maximum development 
of apoli-FAD is actually a combination of several rate constants. The Lineweaver- 

" The  s topped-f low e x p e r i m e n t s  were k ind ly  per formed by  Dr. J. F. Koster .  
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Fig. 9. Spec t rum of l ipoamide  dehydrogenase  a p o e n z y m e - F M N  complex .  1.5 ml  a p o e n z y m e  
(37 ffM) was  p re - incuba ted  wi th  FMN (5oo ffM) a t  o ° for 16 h and  dia lysed for 48 h aga ins t  7 ml  
o.o3 M sod ium p h o s p h a t e  buffer  (pH 7.2) con ta in ing  o. 3 mM EDTA.  Difference spec t ra  were 
t a k e n  wi th  a Cary-I  4 spec t ropho tome te r  a t  4 °. O - - Q ,  s p e c t r u m  of the  oxidized enzyme;  ~ - - / X ,  
s p e c t r u m  9o min  af ter  the  anaerobic  addi t ion  of  N A D H  (75/~M). 

Burk plots of Fig. 8 were determined after 2o-min incubation and thus after the 
aponi -FAD complex is formed. I t  is possible that  the binding of FMN to the apoen- 
zyme occurs in a similar, though slower, process as schematically indicated. 

The results shown in Fig. 7 suggest that  the Kass value of FAD-binding di- 
minishes slightly with time. We could not definitely prove that  this is a real effect. 
One has to keep in mind that  activity measurements are an indirect way to deter- 
mine binding constants but the agreement with the values obtained from fluorescence 
polarization is rather good (cf. ref. I). Pre-incubation with FMN for a short period 
leads to a process of FAD binding not distinct from the control or slightly higher in 
activity. However, after pre-incubation with FMN for 30 rain the apoenzymelt con- 
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Fig. IO. A. The  inf luence of FMN pre- ineubat ion  wi th  l ipoamide  dehydrogenase  a p o e n z y m e  on 
the  res tora t ion  o f  ac t iv i ty  wi th  D C I P  by  FAD.  Apoenzyme  (12 #M) was incuba ted  on ice wi th  
FMN (2oo ffM) in o.03 M sod ium p h o s p h a t e  buffer  (pH 7.2) wi th  0. 3 mM EDTA.  Samples  were 
w i t h d r a w n  a t  5 (O O), 3 ° ( × -  × ), 90 (z~-- /X) and  18o (O O) min ,  incuba ted  wi th  ioo ffM 
F A D  on ice and  the  D C I P  ac t iv i ty  de t e rmined  wi th  t ime.  B. Inf luence of FMN on t he  res tora t ion  
or; the  ac t iv i ty  wi th  lipoate.  R e c o m b i n a t i o n  of 9/~M a p o e n z y m e  of l ipoamide  dehydrogenase  a t  
2o ° wi th  2offM F A D  in o.o 3 M sod ium p h o s p h a t e  buffer  (pH 7.2) wi th  o.o3 mM E D T A .  [ I - - D ,  
a p o e n z y m e  not  p re - incuba ted  wi th  F M N;  × - - × ,  a p o e n z y m e  p re incuba t ed  for 3 ° m in  wi th  
io f fM FMN;  + - - + ,  wi th  5offM F M N ;  q~--O,  wi th  9 o p M  FMN. 
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formation is mainly present. The optimum DCIP activity is due to the rapid ex- 
change, reached very quickly upon FAD addition. 

The binding properties of other FMN analogues were also studied. None of the 
FMN derivatives restored any catalytic activity, neither did a mixture of AMP and 
FMN. Lineweaver-Burk plots (DCIP activity) for FAD binding with apoenzymes 
pre-incubated with 3(N)-methyl-FMN, 3(N)-carboxymethyl-FMN, 2-NH-hydroxy- 
ethyl-FMN and 2-(NH)-phenyl-FMN show non-competitive inhibition patterns, 
which are dependent on the pre-incubation time with the analogue, as in the case 
with FMN itself. The 3-substituted derivatives are better inhibitors than the 2- 
substituted compounds. Iso-FMN behaves similarly to FMN; the plots are not 
straight but show a break or are curved. 6,7,8,9-Tetrahydro-FMN shows a decreased 
affinity for the apoenzyme with respect to FMN, which suggest that multiple binding 
forces exist between the isoalloxazine moiety and the protein. 

T A B L E  IV 

INFLUENCE OF FMN, FMN DERIVATIVES AND OTHER NUCLEOTIDES ON THE RETURN OF THE 
LIPOATE ACTIVITY 

The f iavin de r iva t ives  were p r e inc uba t e d  on ice in ioo/*M concen t ra t ion  wi th  7.3/zM apoenzyme  
dur ing  3 ° and  60 min  af ter  which IOO #M F A D  was added  while  the  t e m p e r a t u r e  was raised to 
20 °. L ipoa te  ac t iv i t i e s  were de t e rmined  a f te r  I h incubat ion .  Medium:  phospha t e  buffer (pH 7.2) 
con ta in ing  0. 3 mM EDTA.  The nuc leo t ides  were i n c u b a t e d  on ice in ioo/*M concen t ra t ion  w i t h  
6.4/2M apoenzyme ;  af ter  3o-min p re incuba t ion  ioo /zM FAD was added.  The l ipoate  a c t i v i t y  
was  de t e rmined  af ter  3o-min incuba t ion  a t  20 °. 

% Lipoate activity 

3o-min 6o-min 
preincu- prelncu- 
bation bation 

Flavin derivative added 
FAD ioo  ioo  
FMN 62 43 
I so-FMN 68 5 ° 
T e t r a h y d r o - F M N  81 67 
3 (N) -me thy l -FMN 48 32 
2- th io-FMN 92 65 
2 - N H - h y d r o x y e t h y l - F M N  66 38 
2 - N H - p h e n y l - F M N  lO2 7 ° 
3 ( N ) - c a r b o x y m e t h y l - F A D  50 24 

% Lipoate 
activity 

Nucleotide added 
FAD I oo 
ATP 74 
A D P  62 
AMP 98 
3 ' ,5 ' -cyclic AMP 91 
Adenosine  84 
Adenine  7 2 
S A D  + 115 
NADP+ 94 
GTP  83 
G D P  74 
P y r o p h o s p h a t e  63 
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In Table IV the influence of these flavin derivatives on the dimerization re- 
action is summarized. 3(N)-methyl-FMN and 3(N)-carboxymethyl-FAD are even 
better inhibitors than FMN. The influence of the 2-substituted derivatives depends 
on the kind of substitutent. Substitution of sulphur for oxygen on position 2 (2-thio- 
FMN) decreases the inhibitory properties as compared with those of FMN ; since the 
2-thio-derivative was not completely pure, this conclusion has to be made with 
reservations. 

NADH and NAD +, pre-incubated with apoenzyme, show a weak competitive 
inhibition with respect to the FAD binding, as concluded from the lowered DCIP 
activity. Kass for NADH and NAD+ are I .  lO 3 M -1 and 3" lOS M-l, respectively. The 
binding of NADH to the apoenzyme can also be followed by the increase in polari- 
zation of the NADH fluorescence upon working under anaerobic conditions. NADPH 
in the concentration tested (i raM) did not interfere with the FAD binding, as judged 
on the basis of the DCIP activity. 

The influence of ADP on the FAD binding results in a decreased polarization 
of the flavin fluorescence. Other nucleotides tested, such as GTP, GDP and ATP have 
no effect on the DCIP activity up to a concentration of I mM, but the compounds 
affect markedly the return of the lipoate activity, as does ADP. 

The effect of NAD + on the lipoate activity is rather peculiar. It behaves com- 
petitively with respect to the FAD binding but stimulates the rate of the dimeri- 
zation reaction at elevated temperature in concentrations up to 0.5 mM. Pyrophos- 
phate, adenosine and adenine also affect negatively the return of the lipoate activity; 
NADP +, NADPH, AMP and 3',5'-cyclic AMP have very little or no effect. The other 
substrate, lipoate, has a stimulating effect on the dimerization. 

DISCUSSION 

The apoenzyme of lipoamide dehydrogenase has to be dissolved in buffer 
solutions of high ionic strength; removal of the flavin completely alters the solubility 
properties and promotes the hydrophobic character of the protein. Physical proper- 
ties, such as molecular weight and frictional coefficients, are also changing1, 2. The 
helix content increases from about 3o~ in the holoenzyme to about 6o~ in the apoen- 
zyme, as found by VEEGER el al. 4, in contrast with the results of BRADY AND BEY- 
CHOK 5. Since the latter authors refer to a high degree of denaturation during the 
preparation of the enzyme, we suggest that their apoenzyme preparation has reached 
further stages of denaturation than our preparation. Several indications for subse- 
quent alterations in the apoenzyme tertiary structure could explain the variations 
occurring in recombination ability. Supporting evidence for this comes from the 
effects of freezing, ageing and urea on the properties of the apoenzyme. 

Unfolding occurs in the presence of urea, as concluded from the shift of the 
protein fluorescence emission maximum towards longer wavelengths. The position of 
the tyrosine fluorescence (3o4-nm emission maximum) is not influenced by urea; 
the difference spectra (28o-292-nm excitation) indicate that the relative contri- 
bution of tyr0sine fluorescence is hardly altered by 4 M urea. The tryptophan fluore- 
scence is quenched by urea (cf. refs. 20, 21) whilst the difference between the spectra 
excited at 292 and 297 nm becomes less. 

The quenching of the protein fluorescence which occurs upon addition of the 
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flavin to the apoenzyme occurs in a similar way to the increase in flavin fluorescence 
intensity and polarization, i.e. an initially rapid phase is followed by a slow and small 
further increase. The t ime dependence of the DCIP activity upon addition of flavin 
to apoenzyme (cf. ref. I, Fig. 2) can be explained by either differences in Vmax 
values of distinct species or a decrease in the value of the Kass of FAD after a protein 
conformational change induced by the bound FAD itself. On the basis of our results 
we favour the lat ter  possibility. 

Undoubtedly, the bound flavin molecule plays the most important  role in the 
stabilization of the tert iary protein structure. The slow time-dependent increase in 
the affinity of the apoenzyme for bound FMN and FMN analogues is an example of 
the KOSHLAND 3° induced fit theory. Upon binding the small flavin molecule introduces 
a series of protein conformational changes which lead to an increase in the binding 
forces of the nucleotide, ult imately leading to the original holoenzyme structure. 
These structural changes already concern the monomer, as the urea-stability ex- 
periments indicate. The flavin fluorescence polarization of a recombined apoenzyme- 
FAD system to which urea is added is higher than the value of the same mixture to 
which urea was added before addition of the flavin. Moreover, the influence of flavin 
concentration on the effects of the potassium halogenides indicates the importance 
of the flavin for protein conformational changes. A reasonable explanation for the 
deviation from linearity at low FAD concentrations, as observed in Fig. 8, is the 
existence of different apoenzyme-FMN species with different affinities for the flavin. 
Only at higher concentrations is FAD able to displace FMN in the complex with the 
highest affinity. Furthermore it must be kept in mind that  the results show that  the 
DCIP activity measured after 2o-min incubation with FAD is a resultant of several 
processes. (of. ref. i). The decrease in FMN sensitivity of the lipoate activity with time 
suggests that  even after reaching maximum activity the protein conformation under- 
goes small changes without much influence on the catalytic center. However, a 
fraction of the recombination mixture apparently maintains a more labile structure 
since the holoenzyme as isolated is not FMN-sensitive at all. 

Restoration of the DCIP activity is bound to FAD and some of its derivatives, 
e.g. 3(N)-methyl-FAD, 3(N)-carboxymethyl-FAD and FBAD; substitution of a large 
group on position 2 does not restore act ivi ty (2-morpholino-FAD). Introduction of 
side-chains in the FMN nucleus gives derivatives which affect the FAD-binding non- 
competitively. 3(N)-Derivatives are fairly good inhibitors (cf. 3(N)-FAD derivatives); 
3-methyl-FMN is even slightly bet ter  than FMN itself. Changes on position 2 of the 
nucleus affect the inhibitory properties to some extent. Iso-FMN and FMN have 
similar inhibitory action but the introduction of hydrogen in the nucleus (tetrahydro- 
FMN) decreases the inhibition. Unpublished observations show that  the reduced 
flavin has a lower affinity for the apoenzyme as it partially dissociates from the 
holoenzyme if held in the cold under anaerobic conditions in the presence of NADH, 
with (cf. ref. 31) or without urea, followed by gel filtration or electrophoresis. 

Flavin binding to several non-metallo apoenzymes appears to occur in different 
ways. In D-amino acid oxidase, which has its FAD loosely bound, neither 3(N)- nor 
2-substituted derivatives restore any activity32, 33, whereas FBAD partially restores 
the activity. The binding of FMN is non-competitive with respect to FAD. Both the 
FMN and the AMP moiety are of importance for the FAD binding to the apoenzyme 34. 
In the L-amino acid oxidase the flavin is firmly bound while upon substrate reduction 
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this enzyme is more stable 35, in contrast to lipoamide dehydrogenase 31 and gluta- 
thione reductase 36,37. In the latter two enzymes the flavin binding shows similarities 
in the influence of FMN on the FAD binding. The holoenzyme of glutathione reduc- 
tase is not FMN-sensitive but the reconstituted enzyme produced from apoenzyme 
and FAD is sensitive after reaching the maximum activity 3s. 

The importance of the polarity of the flavin surroundings for the catalytic 
properties was emphasized earlier16; a shift to 45 ° n m  always results in a stimulated 
DCIP activity in lipoamide dehydrogenase. No exact information is yet available 
about the groups of the protein involved in the binding process. The quenching of the 
t ryptophan fluorescence and the energy transfer between protein and flavin (cf. ref. 
4) provides no indication for a direct t ryptophan-flavin interaction as energy transfer 
can occur over large distances 39. However, it is known that  flavin-indole complexes 
are easily formed ~° by charge-transfer complex formation41,42; on the other hand 
complexes have only been found with the oxidized, neutral form of the isoalloxazine 
ring 43. The primary interaction in flavin-indole complexes is envisaged between the 
rings themselves; the strength of the interaction should be relatively independent of 
changes in side chains but is dependent on modifications in the electronic structure of 
the ring system. These results are interesting, as they have similarities with our own 
observations; the 3-imino-position can be altered but ring modifications diminish the 
affinity of the protein for the flavin compound. 

Recently DE KOK et al. 44 have suggested a sulphydryl group in the neighbour- 
houd of the flavin to be responsible for the dynamic quenching of the flavin fluore- 
scence. 

The refolding processes vary among different apoenzyme preparations. On the 
assumption that  apoenzyme formation is a reversible denaturation process, one can 
expect to find some lesions in the protein structure which are only slowly and partial- 
ly, or even not, restored. Another questionable point in this respect is the homogeneity 
of the apoenzyme population. 

While this paper was in progress, SWOBODA 45 has found that  interactions occur 
between glucose oxidase apcenzyme and adenine nucleotides, but not between the 
isoalloxazine moiety and the apoenzyme. 
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