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Summary 

Dansyl chloride, at low molar ratio, inactivates ferredoxin-NADP reductase 
(NADPH:ferredoxin oxidoreductase,  EC 1.6.7.1). The complete protect ion af- 
forded either by NADP or NADPH suggests a direct involvement of  the active 
site. 

Experiments with [Me-14C]dansyl chloride showed that about  1.5 residues 
per flavin were dansylated: by differential labelling experiments using NADP, it 
has been proved that enzyme inactivation is due to dansylation of  one residue. 
The group modified has been identified as the e-amino group of  a lysine. The 
pH-inactivation profile indicates that  this essential group has an apparent pKa 
of 8.7. 

The dansylated flavoprotein seems to maintain its native conformation;  it 
shows a fluorescent chromophore with a peak at 335 nm. The modified en- 
zyme has lost the capacity to form a complex with NADP, nevertheless it inter- 
acts normally with ferredoxin. 

It is concluded that the loss of catalytic activity which parallels the dansyla- 
tion of  a lysyl residue occurs because this residue is essential for the binding of 
the pyridine nucleotide substrate. Protection experiments with a series of co- 
enzyme analogs further indicate that  this lysyl residue interacts, most  likely, 
with the 2'-phosphate moiety of  NADP(H). 

Introduct ion 

The spinach chloroplast ferredoxin-NADP reductase (NADPH:ferredoxin 
oxidoreductase,  EC 1.6.7.1) is an FAD-containing enzyme and thus it belongs 
both to the pyridine nucleotide dehydrogenases and to the flavoproteins. 

Very little is known about  the active centre of this enzyme. A sulfhydryl 
group has been shown to be essential for catalytic activity and to be located 
near the active site [1]. Any a t tempt  to get a reconstitutable apoprotein has 
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failed up to now. Our aim was then to identify other functional amino acid 
residues in the holoenzyme by means of chemical modification. 

Lysyl or arginyl residues [2,3] have been suggested as the complementary,  
positively charged recognition sites for the phosphate moiety  of  pyridine nu- 
cleotides. Reagents suitable for the modification of  these residues in protein, 
under mild conditions, are numerous [4]. 

Dansyl chloride has been chosen after testing other reagents as pyridoxal 
phosphate and glyoxal, which were less effective. Dansyl chloride gave rapid in- 
activation of ferredoxin-NADP reductase at low molar ratio and its inactivation 
action was completely prevented by the pyridine nucleotide substrates. 

A preliminary report  of  these findings has been presented [ 5]. 

Materials and Methods 

Pyridine nucleotides, dansyl chloride, dansyl aminoacids, Tris, cy tochrome c, 
dithioerythrit.ol were obtained from Sigma Chemical Co.; [Me-14C]dansyl chlo- 
ride was from Sorin, Saluggia (Vercelli). All other  chemicals were analytical 
grade from Merck. Ferredoxin-NADP reductase was prepared as described [6] 
or with some modifications (Curti and Zanetti, unpublished). Ferredoxin was 
purified according to the method of  Borchert and Wessels [7]. 

Diaphorase activity with ferricyanide as electron acceptor  was used to assay 
the enzyme, unless otherwise stated. The reaction mixture (3 ml) was kept  at 
25°C and consisted of  50 mM Tris • HC1 (pH 8.2), 0.2 mM NADP, 5 mM glu- 
cose 6-phosphate, glucose-6-phosphate dehydrogenase in excess and 1 mM ferri- 
cyanide. The decrease in absorbance at 420 nm was followed. The NADPH-fer- 
redoxin activity was measured as increase in absorbance at 550 nm with cyto- 
chrome c as final acceptor,  in the above reaction mixture where ferricyanide 
was replaced by 100 pM cytochrome c and 5 #M ferredoxin (the rate-limiting 
component) .  Enzyme concentration was determined by absorbance at 458 nm. 
A molar absorbance of  10 790 M -1 • cm -1 [8] was used for native and modified 
protein. 

The enzyme was incubated with freshly prepared dansyl chloride in Tris • 
HCI buffer, since no differences were observed between this buffer and bicar- 
bonate. Acetone (5% final concentration) did not  affect the activity even in 
prolonged incubations at 4 ° C. The excess radioactive dansyl chloride was re- 
moved either by gel filtration on Sephadex G-25 or by acid precipitation. The 
latter was performed by adding trichloroacetic acid to a 10% final concentra- 
tion and then 1 mg/ml bovine serum albumin. The samples were centrifuged at 
20 000 X g for 15 min and washed twice with 2% trichloroacetic acid. This pro- 
cedure secured full recovery of  protein, radioactivity contamination was re- 
duced to 1--2%. Radioactivity was counted using a Packard-Tricarb. The count- 
ing medium contained up to 0.2 ml aqueous sample, 0.2--0.5 ml Soluene (Pack- 
ard) as solubilizing agent and 15 ml scintillation mixture. 

Analysis of  the dansyl amino acids. The dansylated protein, after acid pre- 
cipitation and washing with 1 M HCI, was dried and hydrolyzed in 6 M HC1 un- 
der vacuum for 15 h at 105 ° C. The dansyl amino acids were separated by thin- 
layer chromatography on polyamide sheets according to the method of  Gray 
[9]. 
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Fluorescence measurements were made in a Perkin-Elmer Spectrofluorimeter 
Model MPF 2A and absorption spectra in a Cary Model 118 spectro photom- 
eter. The difference spectra were obtained by using the Yankelov cuvettes. 

Isoelectrofocusing in polyacrylamide gels was carried out  according to the 
method of  Righetti and Drysdale [10].  

Results 

Reaction o f  ferredoxin-NADP reductase with dansyl chloride 
Ferredoxin-NADP reductase is inactivated rapidly and irreversibly by dansyl 

chloride, even at low molar ratio (2--3 mol excess reagent per mol FAD yield 
gives about  70% inhibition). Both the diaphorase and the NADPH-ferredoxin 
reductase activities are inhibited and with the same time course (Table I); 100% 
inactivation is eventually attained. 

The pH dependence of  the inhibition reaction was examined between pH 6.0 
and 10.4 at constant  ionic strength. Increasing ionic strength inhibits the rate 
of inactivation. Fig. 1 shows the sigmoidal curve obtained by plotting inactiva- 
tion against pH. The experimental points at the higher pH values are less well 
f i t ted to the theoretical curve, probably because of  the enhanced hydrolysis of  
dansyl chloride by hydroxyl  ions [9]. Since dansyl chloride has no dissociable 
groups in this pH range, one can assume that the rate of  the inactivation reac- 
tion is dependent  on the concentration of  the conjugate base form of a func- 
tional group on the enzyme. A value of  8.7 for the pKa of  such a group can be 
calculated from the inflection point  of  the curve. 

Protection against enzyme inactivation 
Table IT shows the effect  of several substrates and analogs on the reaction of 

ferredoxin-NADP reductase with dansyl chloride. 
Both the oxidized and the reduced forms of  the coenzymes are effective as 

protective agents. But  whereas NADP and NADPH afford complete protection,  
NAD and NADH are much less efficient; this reflects possibly the differences in 
their respective affinities for the enzyme. The good protect ion given by 2'-AMP 
seems particularly meaningful. 

Determinations of  Kd for NADP as protective agent as done by Scrutton and 

T A B L E  I 

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

Incubat ion  condi t ions:  4 ° C ,  0 .1  M Tris  ( p H  8 . 8 ) ,  3 .6  9 M  e n z y m e ,  4 0  9 M  dansyl  chloride.  

T i m e  o f  R e s i d u a l  ac t i v i t y  (%) 
incubat ion  
(min )  D i a p h o r a s e  N A D P H - F e x T e d o x i n  

reductase  

14  6 8  6 8  
25 50 50 
47 36 33 

74  20  2 4  
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Fig. I .  pH-inact ivat ion profi le  o f  f e r ~ e d o x i n - N A D P  r e d u c t a s e  b y  dansyl  chloride.  Incubat ion  mixture  at 
2 5 ° C :  9 /~M e n z y m e ,  1 0 0  ~ M  dansyl  chloride ,  I = 0 .1  M f ina l ;  (o )  0 .1  M Tris  • HCI ,  (u )  0 . 0 5  M bicar- 
bonate .  After  5 min  the diaphorase activity was  measured.  The sol id  line is the theoret ica l  curve for pK a = 
8 .7 .  

Utter [11],  gave values in the range of those published [12],  i.e. 30 #M (50 mM 
Tris pH 8.2) and 80 ~zM (100 mM Tris pH 8.2). The straight line obtained in 
this kind of plot [11] passed through the origin, which implies that the flavo- 
protein-NADP complex can not be inactivated by dansyl chloride. 

Stoichiometry of inactivation of ferredoxin-NADP reductase by dansyl chloride 
[Me-14C]dansyl chloride was used to determine the number of protein resi- 

dues which were dansylated during the inactivation reaction. About 1.5--1.7 
residues per flavin were blocked to reach complete inactivation (Table III). It 

T A B L E  II 

P R O T E C T I O N  O F  F E R R E D O X I N - N A D P  R E D U C T A S E  A G A I N S T  D A N S Y L  C H L O R I D E  I N A C T I V A -  
T I O N  B Y  S U B S T R A T E S ,  ITS A N A L O G S  A N D  C O N S T I T U E N T S  

5 .4  ~M f lavoprote in  was  incubated  in 0 . I  M Tris  ( p H  8 .8 ,  4 °C) ,  w i t h  5 0  ~M dansyl  chloride ,  in  the pres- 
ence  o f  2 m M  protect ive  agent for 6 0  min.  

Protect ive agent Residual  activity (%) 

N o n e  2 6  
N A D P  9 8  
N A D P H  1 0 0  
N A D  3 2  
N A D H  5 4  
Adenos ine  2 5  
5 ' - A M P  32  
2 ' - A M P  51 
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T A B L E  I I I  

I N C O R P O R A T I O N  O F  [ M e - 1 4 C ] D A N S Y L  C H L O R I D E  BY F E R R E D O X I N - N A D P  R E D U C T A S E  

I n c u b a t i o n  c o n d i t i o n s :  0.1 M Tris  (pH 8.8 ,  4 °C) ,  10- fo ld  m o l a r  e x c e s s  dansy l  ch lor ide .  F o r  gel f i l trat ion 
the  e n z y m e  w as  36 #M.  In the  o th e r  e x p e r i m e n t s  e n z y m e  c o n c e n t r a t i o n  varied f r o m  5 t o  10 #M.  The  pro-  

t e in  was  separated  f r o m  e x c e s s  reagent  e i ther  by  S e p h a d e x  G-25 f i l t r a t ion  or  by  t r i c h lo roa c e t i c  acid  pre-  
c i p i t a t i o n  as desc r ibed  in M e t h o d s .  

T r e a t m e n t  Inact ivat ion  ( m o l / m o l  F A D )  
(%) 

D a n s y l  b o u n d  per  to ta l  e n z y m e  D a n s y l  b o u n d  p e r  in- 

a c t i v a t e d  e n z y m e  

G 2 5  f i l t r a t i on  70 1 .30  1 . 8 5 ( 1 . 6 3 )  * 

65 1.09 1 . 6 7 ( 1 . 4 6 )  * 
Acid  p r e c i p i t a t i o n  73 1 .07 1 .47 

84 1 .20 1.43 

74 1 .06 1 .43 

60  0 .84  1 .40  

* A f t e r  ac id  p r e c i p i t a t i o n .  

seems that the higher values obtained after gel filtration were due to a small 
amount  of  dansyl chloride not  covalently bound to  the protein. 

Table IV shows the effect of  some protective agents on the incorporation of  
dansyl chloride in the flavoprotein. Actually some radioactivity was found 
bound to the fully active enzyme which had been completely protected by 
NADP against inactivation (Tables II and IV). The incorporation was somewhat  
lower in the presence of  NADPH, where the flavoprotein is probably in a re- 
duced form. 

The calculated differential values (lines 1, 4 and presumably 5 of  Table IV, 
last column) give the net amount  of  amino acid residues dansylated to yield in- 
activation: one residue per mol  FAD seems responsible for inactivation. 

Further evidence comes from correlation of  the residual activity with the 
labelling of  the enzyme in the absence or presence of  NADP (Fig. 2). The extra- 

T A B L E  I V  

E F F E C T  O F  S U B S T R A T E S  O N  T H E  I N C O R P O R A T I O N  O F  [ M e - 1 4 C ] D A N S Y L  C H L O R I D E  IN  T H E  
F L A V O P R O T E I N  

I n c u b a t i o n  c o n d i t i o n s  as in  Table  I I .  The  r a d i o a c t i v i t y  was  m e a s u r e d  in the  pro te in  af ter  ac id  p rec ip i t a -  
t ion .  

Addition (mol/mol FAD) 

Dansyl bound per Dansyl bound per 

total enzyme inactivated enzyme 

N o n e  1 .08 1 .05  * 
N A D P  0 .31  - -  
N A D P H  0 .11  - -  
N A D  0 .93  0 .91 * 

N A D H  0 .56  0 .98  ** 

• Value  ca lcu la ted  b y  subtract ing  the  i n c o r p o r a t i o n  o b t a i n e d  in the  p r e sence  of  N A D P  
• * Value  ca lcu la ted  by subtract ing  the  i n c o r p o r a t i o n  o b t a i n e d  in the  p r e sence  of  N A D P H .  
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Fig. 2. Cor re la t ion  of  inac t iva t ion  of  f e r r e d o x i n - N A D P  r e duc t a s e  w i th  the  d i f fe ren t ia l  (-+ N A D P )  a m o u n t  
of  dansy l  chlor ide  i n c o r p o r a t e d .  I n c u b a t i o n  condi t ions :  0.1 M Tris (pH 8.8,  4°C) ,  10-fold  m o l a r  excess  
dansy l  ch lor ide ,  + 2 m M  N ADP ,  e n z y m e  7.5 /~M (n) oz 9 DM (0) .  A t  var ious  t imes  of  i n c u b a t i o n ,  samples  
of  the  t w o  m i x t u r e s  were  w i t h d r a w n  a nd  p rec ip i t a t ed  w i th  t r i ch lo roace t i c  ac id  as desc r ibed  in Methods .  

polated value comes near to one residue dansylated per molecule of  enzyme in- 
activated. 

Identification of the amino acid residue involved in the inactivation reaction 
Firstly, it was ascertained that the essential sulfhydryl group [1] was not im- 

plicated in the reaction with dansyl chloride. Besides indirect evidence (see Dis- 
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Fig. 3. A b s o r p t i o n  s p e c t r u m  of the  m o d i f i e d  f e r r e dox in -NADP  reductaso .  - . . . . .  , na t ive  e n z y m e ;  
m o d i f i e d  e n z y m e ;  • • ,  ca lcu la ted  d i f f e rence  s p e c t r u m .  
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cussion), thiol and imidazol derivatives should be unstable in acid [9].  Dithio- 
erythritol actually did not  restore activity to partially inactivated enzyme nor 
release radioactivity from the protein (5 mM, 2 h at 20°C). Also histidine resi- 
dues were ruled out  since, after t reatment  with 2 M hydroxylamine [13],  all 
the radioactivity was found bound to the protein. 

Analysis by thin-layer chromatography on polyamide sheets [9] of  the hy- 
drolyzed flavoprotein, showed a very intense fluorescence spot  identifiable as 
e-dansyl-lysine, together with some dansyl-OH and possibly a small amount  of  
O-dansyl-tyrosine. Differences were obtained if dansylation was performed in 
the presence of  the substrates. The amount  of  e-dansyl-lysine was drastically 
reduced when NADPH was the protective agent; NADP affected it to a lower 
extent  and NAD not  at all. 

The identification of  e-dansyl-lysine was further substantiated by fluores- 
cence analysis of  the digested protein before and after elution from the poly- 
amide sheets. The wavelength maxima for excitation and emission coincided 
with those of  a standard of  e-dansyl-lysine in ethanol, i.e. 350 nm and 500 nm 
respectively. Moreover the calculated difference spectrum (see next  section) 
shows that the flavoprotein which reacted with dansyl chloride gained a new 
absorbance band centered at 335 nm (e-dansyl-lysine in ethanol has a maxi- 
mum at 335--340 nm). 

3 0 0  3BO 4 6 0  5 4 0  

Wavelength (nm) 

Fig.  4. F luo rescence  emis s ion  spectra  o f  the  m o d i f i e d  f e r r e d o x i n - N A D P  reductase .  Condi t ions :  40  mM 
"Iris (pH 8.2,  25°C) ,  1.5 /~M e n z y m e  m o d i f i e d  t o  70%. (A) e x c i t a t i o n  290  n m  (sl i t  4) ,  emiss ion  (sli t  12) ,  
sens i t iv i ty  4. (B) e x c i t a t i o n  340  n m  (sl i t  4) ,  emi s s ion  (sl i t  12) ,  sens i t iv i ty  5 (3 t i m e s  higher  than 4).  (C) 
e x c i t a t i o n  450  n m  (sli t  6) ,  emiss ion  (sl i t  12) ,  sens i t iv i ty  6 (3 t i m e s  h igher  t h a n  5). 
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Properties of partially inactivated enzyme 
The dansylated flavoprotein (70% inactive) seems to maintain its native con- 

formation as judged by protein and flavin fluorescence, which remain un- 
changed. It shows however, a modification in the absorption spectrum which is 
ascribable to a chromophore  with a peak at 335 nm (Fig. 3). An unusually high 
value (approx. 6000 M -1 • cm -1) for the extinction coefficient of  the bound 
dansyl group can be calculated from the incorporated radioactivity (Table III). 
The environment at the binding site (active center of  a flavoprotein) could per- 
haps be responsible for the high absorption. This group confers to the enzyme 
a new fluorescence emission band centered around 506 nm (Fig. 4). From the 
results of  the previous section the chromophore should be e-dansyl-lysine. The 
low value of  the emission wavelength maximum would hint at the apolarity of  
the environment in which the group is sitting. 

Further evidence that  the protein conformation has been modified only 
slightly comes from the pattern obtained by isoelectrofocusing. The native 
flavoprotein presents two main isoenzymes (Zanetti, G., unpublished) as shown 

Fig.  5.  I s o e l e c t r o f o c u s i n g  pat tern  o f  nat ive  and  m o d i f i e d  f e r r e d o x i n - N A D P  r e d u c t a s e .  Native  and d a n s y l -  
a t e d  f l a v o p r o t e i n  (70% inac t ive )  w e r e  i s o e l e c t x o f o e u s e d  in p o l y a c r y l a m i d e  gels ( p H  r a n g e  4---6) f o r  4 h .  
Gel  A:  native e n z y m e  s ta ined for  act iv i ty .  Gel  B: nat ive  e n z y m e  s ta ined for  p r o t e i n .  Gel  C: d a n s y l a t e d  
e n z y m e  s t a i n e d  f o r  p r o t e i n .  
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Fig. 6.  Interact ion of  modi f i ed  f erredox in-NADP reductase w i th  ferredoxin .  The dansy lated  f lavoprote in  
(92% inact ive ,  after precipi tat ion with  ( N H 4 ) 2 S O  4 and dialysis)  was  i soe l ec tzo focused  wi th  ( ) and 
w i t h o u t  ( . . . .  ) f er tedox in  (in excess )  in po lyacry lamide  gels (pH zange 4---6). (A)  ferredoxin;  (B) fezze- 
dox in- f lavoprote in  complex ;  (C) dansy lated  f lavopzote in .  

in Fig. 5 (A and B). The pattern (Fig. 5, C) of the dansylated enzyme (70% in- 
active) demonstrates that both isoenzymes bands are displaced by about 
70--75% with respect to the anode by only 0.15 units of pH. 

The behaviour of the modified flavoprotein with its physiological substrates 
was investigated. The interaction with ferredoxin was studied by isoelectro- 
focusing. The native enzyme forms with its protein substrate a complex with an 

6 f *4 

• 2L .\ . . _ • _  \ 

4 0 0  5 0 0  
Wavelength (nm) 

Fig. 7. Interact ion  of  native and m o d i f i e d  f erredox in -NADP reduetase  wi th  N A D P .  Curve 1 ( ),  dif- 
ference spectrum of  native e n z y m e  (21 .5  /~M in the hatf-cell) and N A D P  (1 .87  mM).  Curve 2 ( . . . .  ), 
difference spectrum of  dansy lated  e n z y m e  (21 .5  /~M, 65% inactive)  and N A D P  (1 .87  mM).  - . . . . .  , base- 
l ine.  
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isoelectric point intermediate between the two proteins and this new band is 
easily recognizable, at least at short running times (Zanetti, G., unpublished). 
In Fig. 6 t~o  electrophoretograms are combined to show that about 75% of the 
dansylated protein forms the complex with ferredoxin; the same percentage is 
obtained with native enzyme in these conditions. These results suggest that the 
interaction of the modified flavoprotein (92% inactive) with its protein sub- 
strate is not at all impaired. 

More pertinent was to ascertain the ability of the dansylated enzyme to in- 
teract with the other substrate, i.e. NADP, because of its protective action 
against inactivation by dansyl chloride. Ferredoxin-NADP reductase is known 
to show a difference spectrum upon complex formation with NADP [12]. In 
Fig. 7, the spectra obtained with native and partially inactivated enzyme are 
compared. All the spectral changes produced in the latter case are accounted 
for by the amount of active enzyme present in the sample (35%). The dansyl- 
ated flavoprotein has therefore lost the capacity to bind normally the pyridine 
nucleotide substrate. 

Discussion 

In these last years much interest has been devoted to study the participation 
of specific protein residues to the active center of pyridine nucleotide dehydro- 
genases, as catalytic species or points of attack for substrates. In this paper 
strong evidence for a direct involvement ef  a lysyl residue at the binding site of 
pyridine nucleotides in ferredoxin-NADP reductase is presented. 

The complete protection afforded either by the oxidized or the reduced co- 
enzyme is strongly indicative that the inactivation by dansyl chloride is active 
site-directed. The conformational changes induced by NADP or NADPH are 
different (small modifications in the NADP~nzyme complex, dramatic ones 
when reduction by NADPH occurs [12,14]. Furthermore these coenzymes do 
not suppress all the radioactivity incorporation, some residues are blocked in 
their presence without loss of activity. Previously we showed that an essential 
sulfhydryl group is found near  the pyridine nucleotide coenzyme binding site 
[1]: in that case NADP prevented whereas NADPH accelerated the inactiva- 
tion; moreover NADP inhibited the action of polar mercurials whereas it fa- 
voured that of non-polar species (dansyl chloride is actually a non-polar mole- 
cule). Thus a modification remote from or even near to the active site should 
be regarded as highly improbable. 

Since dansyl chloride can interact with several amino acid side-chains [4] it 
was necessary to identify beyond doubt the residue responsible for inactiva- 
tion. The essential sulfhydryl group was ruled out on the following grounds: 
the differences in protection pattern mentioned above; the lack of reactivation 
and radioactivity release by excess sulfhydryls or acid conditions; the preserva- 
tion of the native protein conformation. It was excluded either histidine or 
tyrosine residues, besides the fact that the only amino acid dansylated re- 
covered in meaningful amount by thin-layer chromatography was e-dansyl- 
lysine, because the apparent pKa of 8.7 should be either too high or too low 
compared to the usual values of these residues in protein, and hydroxylamine 
did not remove the radioactivity from the enzyme. 
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It seems important to recall that Keirns and Wang [15], studying the pH de- 
pendence of the Km for NADPH of ferredoxin-NADP reductase, found an ion- 
ization with a pK a = 8.9, which they assigned to the protein moiety. Since it 
has been reiterated that there is a single binding site for all the pyridine nucleo- 
tides [12,16,17] the results obtained with analogs and constituents of NADP 
(Table II) can be rationalized. Only the adenylic acids, not adenine or adeno- 
sine, give protection against dansyl chloride inactivation. 2'-AMP can afford a 
higher protection than 5'-AMP and even NAD, and to the same degree as 
NADH. These results, besides showing the obvious dependence on the dissocia- 
tion constants of these molecules for the flavoprotein, suggest that, most prob- 
ably, the site of action of dansyl chloride is a lysine residue which interacts 
with the 2'-phosphate moiety of NADP(H). 
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