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The oxido-reductive properties of organic dyes of biological importance 

We have shown in a recent publication z that  the oxidation-reduction mechanism of 
the respiratory enzymes, pyridine nucleotide enzymes or flavoproteins, may be related 
to the energies of the molecular electronic orbitals of the oxidized and reduced forms 
of the associated coenzymes : DPN+ or TPN +, FMN or FAD. In  each case a particu- 
larly low-lying empty  orbital is associated with the oxidized form and a particularly 
high-lying filled orbital is associated with the reduced form. The oxidized form must  
thus have a great tendancy to accept electrons and the reduced form to give them 
up, the oxidation-reduction being accompanied by  the appropriate instantaneous 
redistribution of these orbitals. 

Moreover it has been shown that  the reduced form of the riboflavin-type co- 
enzymes (FMNH~) possesses a very unusual characteristic, which has not been ob- 
served previously in any other existing compound, namely that  its highest filled 
molecular orbital is not only a very high-lying one but in fact an antibonding one, 
of the type of orbital which is generally occupied by  electrons only in the excited 
states of molecules. The result signifies that  the occupation of this orbital in the ground 
state of the molecule represents a fundamentally unstable arrangement and that  
FMNH~ will thus have an exceptionally strong natural  tendancy to expel the 
electrons located at that  orbital. This particular findings accounts thus not only for 
the outstanding electron-donor properties of this substance but also for its autoxid- 
ability. (In the non-autoxidable DPNH,  the highest filled molecular orbital, although 
located very high, is still a bonding one.) 

N NH 

MeB + MeBH 

The ability of some non-biological substances and in particular of methylene blue to 
act as electron carriers in a way similar to that  of the coenzymes incited us to carry 
out similar calculations for this compound. The energies of the highest occupied 
molecular electronic orbital (h.o.m.e.o.) and of the lowest empty  molecular electronic 
orbital (1.e.m.e.o.) in MeB + and MeBH are reproduced in Table I where we have 
tabulated also for comparison the same data for the oxidized and reduced forms of 
the respiratory coenzymes. 

The relatively small absolute value of the coefficient of the energy of the 1.e.m.e.o. 
in MeB+, which is of the same order of magnitude as tha t  of DPN+ or FMN, indicates 
high electroaffmity and accounts thus for the well known electron-acceptor properties 
of this substance. As to MeBH, this compound manifests the same exceptional 
property as FMNH2: its h.o.m.e.o, is antibonding, the sign of its coefficient k being 
negative as is usual only for orbitals occupied in the excited states of molecules. This 
corresponds to an unstable arrangement,  the reduced compound having a natural  
tendancy to give up the electrons located at this orbital. The easy autoxidabili ty of 

Abbreviations : DPN +, DPNH, oxidized and reduced diphosphopyridine nucleotide; TPN ÷, 
triphosphopyridine nucleotide; FAD, ravin-adenine dinucleotide; FMN, FMNH v oxidized and 
reduced ravin mononucleotide; MeB +, MeBH, oxidized and reduced methylene blue; h.o.m.e.o., 
highest occupied molecular electronic orbital; 1.e.m.e.o., lowest empty molecular electronic orbital. 
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TABLE I 

E N E R G I E S  OF M O L E C U L A R  O R B I T A L S  

The energms of the molecular electronic orbitals are of the general form El = a q- Klfl, whose 
a and fl are respectively, the coulomb and the exchange integrals of the molecular-orbital method 
(for details, see ref. 2). The numbers given refer to Kl. In general, positive values of KI correspond 
to bonding orbitals, occupied by electrons in the ground state of the molecules and negative 

values of K~ to antibonding orbitals, occupied only in the excited states. 

MeB+ MeBtt I)PN+ DPNH F M N  I;'3INH~ 

Energy of the 1.e.m.e.o. --0.354 - - i . ooo  --o.356 --o.915 --0.343 ---0.979 

Energy of the h.o.m.e.o. 0.398 --0.232 i .032 0.298 0.496 - -o . Io  5 

MeBH is a direct  result  of this  tendency.  F r o m  the v iewpoin t  of e lect ronic-energy 
levels, methy lene  blue and  riboflavin are thus s t r ik ingly  similar ,  even in their  ex- 
cept ional  proper t ies .  This theore t ica l  result  explains  in pa r t i cu la r  the classical obser- 
va t ion  by  SZt.;NT-GY/JRGYI a tha t  methy lene  blue can act  a l t e rna t ive ly  as hydrogen  
acceptor  and  donor  in respira t ion.  

In  fact,  the an t ibond ing  charac te r  ot the h.o.m.e.o,  of MeBH is even much more 
p ronounced  than  tha t  of F M N H  2. Correspondingly,  the  au tox idab i l i t y  of MeBH is 
grea ter  than  tha t  of FMNH~ and in pract ice  the ra te  of ox ida t ion  of f lavoprote ins  
by  oxygen,  which is slow, m a y  be g rea t ly  increased by  add i t ion  of methy lene  blue. 
The dye serves as a carr ier  between the f lavoprote in  and oxygen.  

The quest ion m a y  be ra ised whether  o ther  re la ted  compounds  m a y  be expected  
to possess the same type  of proper t ies  and  in pa r t i cu la r  the unusual  p r o p e r t y  of an 
an t i bond ing  highest  filled o rb i t a l  in thei r  reduced form. The problem is under  invest i-  
gat ion.  The unusua l  p r o p e r t y  quoted  appears  to be dependent  on the presence of 
he teroa toms,  possessing lone pa i r  of electrons,  at  sui table  posi t ions of an a romat ic  
skeleton.  These he te roa toms  mus t  nevertheless  possess a re la t ive ly  low electro- 
nega t iv i ty .  

Thus, s imi lar  calculat ions  have been carr ied out  for the  oxygena ted  analogue of 
me thy lene  blue, in which the su lphur  a tom is rep laced  by  oxygen :  

H 
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I I I  

I t  was found t ha t  in (I), the  energy coefficient of the  h.o.m.e.o, equals o.764 and 
t h a t  of the  1.e.m.e.o. - - o . o 8 2 ;  in (II) the energy coefficient of the  h.o.m.e.o, equals  
o.o96 and  tha t  of the  1.e.m.e.o, - - i , 1 2 8 .  (I) should thus  be an excellent  electron 
acceptor  and  (II) a ve ry  good donor.  Nevertheless ,  (II) lacks the except ional  p r o p e r t y  
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of an antibonding h.o.m.e.o. I t  may  be useful to quote in connection with this result 
that,  unlike methylene blue, this compound probably does not autoxidize: thus capri 
blue (III), whose structure is very similar to the one that  we have calculated does 
not reoxidize spontaneously, or does so only very slowly ~. 
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Extraction et propri~t~s de la nitrate-rbductase 
d' Aerobacter aerogenes 

Dans le cadre des recherches que nous avons entreprises 1, 2 sur la r~duction bact~rienne 
de l 'azote min6ral ~ partir  de Phydrog~ne, nous avons 6tudi6 la r6duction du nitrate par 
Aerobacter aerogenes (Souche L I I I - i ) ,  ~ l'aide de suspensions et d 'extraits de cet 
organisme cultiv6 sur milieu liquide peptone-glucose, en l 'absence de nitrate et en 
ana6robiose (cultures massives et profondes, non-agit6es). Sous atmosphere d'H~, les 
suspensions non-prolif6rantes provenant de ces cultures r6duisent le nitrate en nitrite 
sans phase de latenee, ~, condition d'op6rer en pr6sence d'une quantit6 catalytique de 
benzyl-violog~ne qui joue le r61e de transporteur artificiel d'61ectrons, mais elles sont 
par contre d6pourvues de toute activit6 en l 'absence de cet indicateur d 'oxydo- 
r6duction. Ce comportement, qui avait  d6jk 6t~ signal6 par LASCELI~ES ET STILe 3 pour 
une autre souche du m~me organisme, montre que les cellules ainsi cultiv6es poss6dent 
une hydrog6nase et une nitrate-r~duetase, mais sont d6pourvues de transporteur 
naturel capable de coupler physiologiquement les deux enzymes consid6r6s. 

Les extraits ont 6t6 pr6par6s suivant la technique d6crite par NICHOLAS ET 
NASON 4 et le nitrite form6 a 6t6 dos6 colorim6triquement, apr~s pr6cipitation des 
prot6ines par l'ac6tone. Pour mesurer les consommations d'H~, on a employ6 la 
m6thode respirom6trique de Warburg, dans les conditions suivantes: tempdrature, 
37°; pH 7.0 (tampon phosphates), syst6mes de 3 ml, contenant Ioo/~g de benzyl- 
violog~ne et 50/~moles de KNO3. La r6duction et l 'oxydation des pyridine-nucl6otides 
ont 6t6 estim6es spectrophotonl6triquement k 340 m~, ~ la temp6rature du laboratoire. 

I. En pr6sence d'un grand exc~s de KNOa (5o/,moles), la consommation d ' H l  
par les extraits est lin6aire en fonction du temps (Fig. I, courbe 3). Lorsque, par 
contre, la concentration initiale du substrat  est faible (3/,moles), l 'activit6 passe 
successivement par deux phases lin6aires (courbe 2), dont la premiere correspond ~ la 
conversion quanti tat ive du nitrate en nitrite: 

H~ + NO~- = H~O + NO a- 

L e  second segment est parall~le ~ la droite obtenue si on remplace dans les 
syst~mes le nitrate par 3/ ,moles de nitrite (courbe i) et correspond ~ la r6duction de 
NO, -  en ammoniaque par le processus non-enzymatique que nous avons d6crit dans 


