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THE INTERCONVERSION OF THE RETINENES 

AND VITAMINS A I N  VITRO 

by 

GEORGE WALD* 

Biological Laboratories o/Harvard University, Cambridge, Mass. (U.S.A.) 

In the summer of i933 i was woxking as a National Research Council FeLlow in 
Otto Meyerhof's Institute in Heidelberg, measuring the distribution of phosphates in 
the frog retina in light and darkness. I had noticed that the trichloracetic acid used 
to extract the phosphates turned the red colour of the dark adapted retina to bright 
orange, and that thereafter the retina behaved as a PH indicator, orange in acid and 
colourless in alkaline solution. Light adapted retinas were eolourless under all circum- 
stances. 

All about us the Third Reich was coming into flower, and the laboratory remained 
an island of sanity in a world increasingly committed to unreason and repression. Under 
the urging of the Society of Animal Friends, led by a retired general, the government 
of Baden had forbidden the killing of frogs - -  that is, German frogs; there seemed 
to be no objection to importing foreign frogs for laboratory use. 

In August, just after Professor MEYERHOF and his assistants left on their vacations, 
and I had all hut terminated my phosphate experiments, a large shipment of frogs 
arrived from Hungary. The Diener was prepared to throw them into the Neckar, but 
it seemed a pity to waste them, and I decided to use them to try to learn something 
of the orange PH indicator'which results from the destruction of rhodopsin in the retina. 
It was under these circumstances that I found retinenel, and had a first view of its 
interplay with vitamin A I in the rhodopsin cycle. 

It is only within the past few months that the chemistry of these relationships 
has been clarified. At a key point in this investigation it fell in with the pattern of 
MEYERHOF'S classic experiments on the role of cozymase in the lactic fermentation. 
For cozymase is also the substance which reduces the retinenes to the vitamins A; and 
to learn this we entered on a line of experiment developed by MEYERHOF many years 
before. 

I t  is therefore in a double sense that I offer this essay to OTTO MEYERI~OF: first, 
for his personal connection with its beginnings; and again, for the debt to him and to 
his work which I share with all who do biochemistry. 

RETINENE1 AND VITAmN A1 

Vision in dim light is mediated in all vertebrates through the retinal receptors 
known as rods. In land and sea vertebrates, these organs contain the red, light-sensitive 

* The recent investigations described in this paper have been supported in par t  by the Medical 
Sciences Division of the Office o! Naval Research. 
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pigment rhodopsin. This substance takes part  with the carotenoids retinen% and 
vitamin A~ in a cycle of reactions of the following form* : 

Rhodopsin 
(5o0 mp) 

7 \  N 

(3 / ) /  ~ L i g h t  

Orange intermediates 

(2) \ "2 
Vitamin A 1 + protein ~ Retinen% + protein 

(325 m/~ in petroleum ether) (365 m/z in petroleum ether) 
( +  SbC1 s ---+ 615-62o m/z) (-4- SbCl s -+ 664 m/z) 

Rhodopsin bleaches in the light over unstable orange intermediates to a mixture 
of yellow retinen% and colourless protein; the retinenel is then transformed to colourless 
vitamin A1; and both vitamin A1 and ret inen%--or its orange precursors--recombine 
with protein to form new rhodopsin (WALD, 1935-36 a, b). 

One has only to separate the retina from contact with the underlying tissues which 
line the optic cup to abolish the synthesis of rhodopsin from vitamin A 1 (reaction 3). 
According to Ki3HNE this process requires the cooperation of a living pigment epithelium 
(EWALD AND KOHNE, 1878 , p a g e  255; K/JHNE, 1879 ). 

When the system is further reduced by bringing rhodopsin into aqueous solution, 
processes (I) and (2) are usually also eliminated. Nothing then remains but  the succes- 
sion of light and "dark"  reactions which transform rhodopsin into retinenel and protein. 

The present paper is concerned primarily with reaction (2), the conversion of reti- 
nene 1 to vitamin A 1. This is a slow, irreversible process which goes to completion in 
the isolated retina in about an hour at room temperature**. In 1942-43 we succeeded 
in bringing this process into a cell-free brei prepared from cattle retinas; and recently 
BLISS (1948) has shown that  it occurs under certain conditions in freshly prepared 
rhodopsin solutions. These demonstrations that  it can proceed in vitro form a prelude 
to the present experiments. Their other antecedent is the clarification of chemical rela- 
tions between retinene I and vitamin A 1, due primarily to the work of MORTON and his 
colleagues in Liverpool. 

Vitamin A 1 is the primary alcohol C19H,~CH2OH. BALL, GOODWlN, AND MORTON 
(1948) found that  on mild oxidation this is transformed to a product which agrees in 
spectrum and antimony chloride reaction with retinene 1. They have crystallized this 
product and shown it to be an aldehyde, which they believe to be simply vitamin A1 
aldehyde, C19H2~CHO. Their analytic data do not establish this formulation unequi- 
vocally as yet ;  but  all that  is now known of retinenel from the work of MORTON'S 
laboratory and our own is consistent with the view that  it is vitamin Ax aldehyde. We 
shall accept this as its structure in what follows. 

* The wavelength values written below components of this cycle represent maxima in the ab- 
sorption spectra of these substances in solution, or, when so indicated, of the products which these 
substances yield when treated with antimony trichloride. 

** Designating this as an irreversible process is not intended to exclude the possibility that  
it is in fact reversible, but with the equilibrium far over toward vitamin A formation. I t  might for 
example be possible by greatly increasing the concentration of vitamin A 1 in the system to demon- 
strate a small reversion to retinene I. 
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THE OXIDATION OF VITAMIN A] TO RETINENE 1 

In their simplest procedure for oxidizing vi tamin A 1 to retinene 1, BALL et al. (1946) 
added a little manganese dioxide powder to a solution of vi tamin AI in petroleum ether, 
and placed this mixture in a refrigerator. After 3-4 days they found that  retinenel had 
replaced vi tamin A1 in the supernatant solution. 

On examining this process we found its mechanism to be as follows. Vitamin At 
is strongly adsorbed on manganese dioxide, and is oxidized to retinene 1 in the adsorbed 
condition. Retinene I is much less strongly adsorbed and so is displaced from the manga- 
nese dioxide by  new vitamin A 1 as fast as it is formed. In this way all the "Jitamin A1 
passes over the manganese dioxide surface, and is replaced by  retinene x in the super- 
natant  solution. At the close of the process, the final charge of vi tamin A 1 on the 
adsorbent is oxidized to retinene x, and then, with no vi tamin A 1 remaining to displace 
it, is oxidized further to what I have called the 545 m#-chromogen. This can be recovered 
from the manganese dioxide by  elution with a polar organic solvent such as ethanol. 
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Fig. I. Comparison of natural  and synthet ic  retinene 1. Absorption spectra of catt le ret inene 1 in 
chloroform and of the  blue product  which squid retinene 1 yields with ant imony chloride, compared 
with similar preparations of synthetic retinene v The absorption is plotted as extinction or optical 
density, log Io/I, in which I o is the incident and I the t ransmi t ted  intensi ty (From WALD, I947--48). 

For this reason the proportions of vitamin A 1 and manganese dioxide used in the pro- 
cedure are important.  If  too much manganese dioxide is used, it adsorbs all the vi tamin 
A 1 at  once, and oxidizes all of it to the 545 m/z-chromogen (WALD, 1947--48 ). 

Once the nature of this reaction was appreciated, we recast it in more convenient 
form. The manganese dioxide powder is packed into a short column such as is used in 
chromatography. To oxidize IO mg of vitamin A 1, about 0.6 g of manganese dioxide 
is employed. A solution of crystalline vi tamin A 1 in petIoleum ether is poured in at the 
top of the column, and a solution of nearly pure retinenel is drawn off under light suction 
in the filtrate. 

On washing through the column for a time with more petroleum ether, a high yield 
of retinenel is obtained. This can be freed of traces of contaminating substances b y  
chromatographic adsoIption on a column of calcium carbonate. I t  is adsorbed as a 
diffuse yellow zone, which travels slowly down the column on washing with petroleum 
ether, and is collected as an isolated fraction of.high puri ty  in the filtrate. The properties 
of this product are virtually identical with those of purified natural  retinene 1 (Fig. I) .  

Re/erences  p .  ~28.  
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I have referred to this procedure as a chromatographic oxidation. The founder of 
chromatography,  MICHAEL TSWETT, looked forward to the discovery of an entire class 
of such reactions, in which dry powders act at once as adsorbents and reagents, and I 
have no doubt that  this is a correct view. Such reactions probably possess a degree of 
specificity and orientation not commonly realized in free solution, mimicking on occasion 
the character of enzymic processes. The range and properties of such chromatographic 
procedures deserve careful systematic examination. 

THE COENZYME OF RETINENE REDUCTION* 

A simple procedure has been described for oxidizing vi tamin A 1 to retinene v In 
the retina just the reverse process occurs: retinene 1 is leduced irreversibly to vitamin A1. 

Several years ago, as noted above, we brought this reaction into a cell-free prepara-  
tion from cattle retinas. The retinas were frozen-dried, ground to a fine powder, and 
were extracted exhaustively with petroleum ether, all in darkness. The residue was 
stirred into a brei with neutral phosphate buffer. On exposing this to light, its rhodopsin 
was bleached, and the retinene I so formed was converted almost completely to vita- 
min A 1. 

In a study of the bleaching of rhodopsin in aqueous solution some years ago, we 
found that  freshly prepared solutions undergo a special type of bleaching, which con- 
tinues further than the bleaching of the same solutions after a period of aging (WALD, 
1937--38 ) . BLISS (1948) has lately reported that  the basis of this extra bleaching in 
fresh rhodopsin solutions is the conversion of retinenel to vi tamin A 1. We have con- 
firmed this observation. A fresh rhodopsin solution, however, is not a satisfactory pre- 
paration in which to s tudy the reduction of retinenel, for while this reaction is in 
progress, the enzyme system which accomplishes it is being rapidly inactivated, the 
vi tamin A 1 formed is being destroyed, and the intrusion of intermediates between 
rhodopsin and retinene 1 leaves equivocal the actual substrate in the process. 

In order to analyse such systems further one would ordinarily a t tempt  to fractionate 
them into their components. We had already begun such experiments when the investi- 
gation took a new turn with the discovery that  the enzyme system can be fractionated 
anatomically through the structure of the retinal rods. 

The ver tebrate  rod is composed of two sections, the inner and outer limbs or seg- 
ments. The inner limb contains the nucleus, and is the principal seat of the ordinary 
cellulal functions. The outer limb is a specialized outgrowth, which contains all the 
rhodopsin of the retina, and includes within its small compass the whole photoreceptor 
process. 

When a retina is removed from the eye into Ringer solution with all possible care, 
the solution is found to contain large numbers of rod outer limbs which had broken 
off in the course of the dissection, just at their junctures with the inner segments. By 
scraping, one can break away about half the outer limbs from the surface of the retina, 
and collect them in a dense suspension, free from other retinal tissues, by  filtration or 
differential centrifugation (Fig. 2). 

When this procedure is carried out in dim red light, the outer limbs contain a 
large quant i ty  of rhodopsin. On exposure to white light this bleaches; but  in the isolated 

* A detailed account  of the exper iments  reviewed in this section will be found in the  pape r  of 
WALD AND HUBBARD (1948--49). 
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o u t e r  segment ,  unl ike  the  whole re t ina ,  the  
re t inene  1 which  resul ts  is no t  conver ted  to  
v i t a m i n  A 1. The  i so la ted  outer  l imb lacks  
some  componen t  of the  sys tem which per-  
forms this  conversion.  

I t  does no t  he lp  th is  s i tua t ion  to  sus- 
pend  outer  l imbs in the  presence of in t ac t  
r e t inas .  Bu t  if whole re t inas  are  ground  up  
in Ringer  solut ion or phospha te  buffer, 
t hough  in the  process  a lmos t  all  the  ou te r  
segments  are  de tached  f rom other  s t ruc-  
tures ,  the  suspension which resul ts  does 
conve r t  i ts  re t inene  I efficiently to  v i t amin  
A 1. The  crushing of the  re t ina l  cells relea- 
ses subs tances  which p romo te  th is  process 
in the  outer  l imbs.  

I f  such a r e t ina l  brei  is cent r i fuged a t  
h igh speed and  the  clear,  colourless superna-  
t a n t  solut ion is poured  off. the  solid residue 
- -  which  re ta ins  al l  the  rhodops in  - -  has  lost  
t he  power  to reduce re t inene v I t  regains th is  
c a p a c i t y  on r e -add ing  to  i t  the  supe rna tan t .  
F m t h e r m o r e ,  if one suspends  isola ted  rod  
ou te r  segments  in such a wa te r  ex t r ac t  of 
c rushed  re t inas ,  t hey  now reduce thei r  
re t inene  1 to  v i t amin  A 1. The  re t ina l  ex t r ac t  
suppl ies  w h a t e v e r  the  isola ted outer  l imb 
lacks  for per forming  this  conversion (Fig. 3). 

Fig. 2. Rod outer segments of the frog, sus- 
pended in Ringer solution. Magnification 
about 5oo diameters. The longitudinal stria- 
tions which can be seen in most of the outer 
limbs are characteristic of fresh preparations, 
and probably are evidence of a fibrillar struc- 
ture. Later, cross-striations appear, and even-  
tual ly  dominate the structure; the first of 
these also are visible in the photograph (From 

WALD AND HUBBARD, Z948--49). 

The  water -so luble  fac tor  concerned wi th  th is  process d id  no t  seem to involve  a pro-  
tein.  I t  was r e l a t ive ly  hea t - s tab le ,  r e ta in ing  mos t  of i ts  a c t i v i t y  a f te r  boi l ing for as 
long as seven minutes .  Also the  ease and  completeness  wi th  which i t  left  the  re t ina l  
t issue in a single ex t r ac t ion  suggested t h a t  i t  was made  up  of smal l  and  re l a t ive ly  
s imple molecules  - -  pe rhaps  a coenzyme,  oi a hyd rogen -dona t ing  subs t ra te .  
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Now one would  expect  an  enzyme p ro te in  to  be rela-  
t ive ly  specific; and  since re t inene l  is found  only in re t inas ,  

Fig. 3. Rod outer limbs suspended in a water extract of retina 
convert retinene 1 to vitamin A1; washed retinal tissue is inactive. 
Isolated rod outer limbs were frozen-dried and preextracted with 
petroleum ether in the dark. Whole retinal tissue was  ground,  
extracted with neutral phosphate buffer, and the outer  l imb 
material was suspended in the extract. Both this suspension and 
the washed retinal t issue were  irradiated,  incubated,  and extracted  
with hexane. Spectra of the a n t i m o n y  chloride tes t s  of these  
ex trac t s  are shown.  T h a t  from the  washed  ret inal  t i ssue  displays 
the band of unchanged  ret inene 1 (curve b); while the outer limb 
preparat ion suspended in retinal  wash ings  has  converted  its 
ret inene 1 entirely to vitamin A 1 (curve a). (From WALD AND 

HUBBARD, I948--49 ). 
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its reductase might well be restricted to this tissue. A coen- 
zyme or substrate, however, would ordinarily be unspecific, 
and one would expect to find it widely distributed among 
the tissues. This thought led us to t ry an extract  of frog 
muscle as a suspension medium for rod outer limbs. 

The preparation we used was the M u s k e l k o c h s a f l  - -  the 

Fig. 4- Boiled musc le  juice ac t i va t e s  isolated rod ou te r  l imbs .  E q u a l  
n u m b e r s  of rod ou te r  s e g m e n t s  were s u s p e n d e d  in p h o s p h a t e  buffer  
a n d  in a boiled juice of f rog muscle .  The  suspens ions  were exposed  
to l ight,  left  a t  r oom t e m p e r a t u r e  for I hour ,  and  the  res idues  ex t r ac t ed  
wi th  p e t r o l e u m  ether .  The  spec t ra  of t he  a n t i m o n y  chlor ide t e s t s  
wi th  these  e x t r a c t s  are shown.  The  ou te r  l imbs  in buffer  had  failed 
to conve r t  the i r  r e t inene ,  to v i t a m i n  A 1 (curve a);  t hose  s u s p e n d e d  
in boiled musc le  juice had  done so comple t e ly  (curve b). The  re la t ive ly  
low c o n t e n t  of v i t a m i n  A 1 shown  in curve  b is due  to i ts  des t ruc t ion  in 

p r epa ra t i ons  of th i s  type .  (F rom ~VALD AND HUBBARD, 1948--49). 

boiled muscle juice - -  of MEYERHOF (1918). Rod outer segments suspended in this 
medium converted their retinene~ quanti tat ively to vitamin A 1 (Fig. 4). 

Boiled muscle juice contains a number of substances which could donate hydrogen 
for the reduction of retinene~. I t  also contains a major  coenzyme of hydrogen transfer, 
cozymase, Coenzyme I, or DPN. 

When rod outer limbs were suspended in a buffer solution to which DPN had been 
added, they failed to transform their retinenel to vitamin A 1. But if t hey - -o r  an inactive 
preparation of washed retinal t issue--were provided with reduced cozymase, D P N - H  2, 
they performed this conversion quanti tat ively (Fig. 5). 

Given a proper substrate, rod outer limbs can themselves reduce cozymase. We 
have found a first such substrate in fructose diphosphate. Rod outer segments suspended 
in a solution to which both DPN and fructose diphosphate were added converted their 
retinene~ completely to vi tamin A~. The outer segments must  therefore contain an 
enzyme system for reducing DPN when a suitable hydrogen donor is made available. 
I t  is highly improbable that  fructose diphosphate itself is the source of hydrogen in 
this reaction. More probably the outer limbs also possess the enzyme aldolase, which 
cleaves fructose diphosphate to yield 3-glyceraldehyde phosphate, the normal substrate 
for the reduction of DPN in the lactic acid fermentation. 

The conversion of retinene 1 to vi tamin A1 is there- 
fore a Coupled reduction in which D P N - H  2 acts as 
coenzyme. The essential process is the transfer of two 

Fig. 5. The  ac t ion  of reduced  cozymase  on washed  re t ina .  
E q u a l  po r t ions  of a p r epa ra t i on  of w a t e r - e x t r a c t e d  frog re t ina  
were s u s p e n d e d  in a so lu t ion  con ta in ing  reduced  D P N ,  and  in 
an  o therwise  ident ical  solut ion lacking  only  t he  D P N - H  v Bo th  
suspens ions  were b leached in the  l ight ,  i ncuba ted ,  a n d  t he  
res idues  e x t r a c t e d  wi th  p e t r o l e u m  ether .  Spec t ra  of t he  an t i -  
m o n y  chloride t e s t s  wi th  these  ex t r ac t s  are shown.  T he  cont ro l  
p r epa ra t i on  yie lded r e t inene  1 a lone (curve a);  while in t he  
washed  r e t ina  to which  reduced  D P N  had  been added  th i s  had  
been conve r t ed  a l m o s t  comple t e ly  to v i t a m i n  A 1 (curve b). 

(F rom WALD AND HUBBARD, 1948 49). 
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hydrogen atoms from DPN-H~ to retinenel, reducing its aldehyde group to the primary 
alcohol group of vitamin A1. We may assume that in this process an apoenzyme, retinene 
reductase, still to be revealed, takes part. The reaction may be written: 

C19HmCHO + D P N - H ,  retinene reductase ~- C,gH~CH~OH + DPN 
retinene x vitamin A 1 

In the rod outer limb this system works in conjunction with a second dehydrogenase 
system which reduces DPN, using a derivative of fructose diphosphate as hydrogen 
donor. The total process may be formulated: 

Rhodopsin 7  light 
~ O r a n g e  intermediates 

r e t ~ e  reduetase 
Vitamin A 1 + protein -~ Retinene I + protein 

D P N - H  t ~--~ 

fructose | 
d i p h T h a t e  | 

d e h y d r o g e n a s e |  
system J 

-~ DPN 

THE RETINENE REDUCTASE SYSTEM* 

With the coenzyme, the first component of the retinene reductase system was 
defined. Up to this point the apoenzyme had remained a matter of surmise, buried in 
the structure of the rod outer limb. The substrate had been obtained by bleaching 
rhodopsin, and was both equivocal in character and very limited in quantity. 

The nature of the substrate was resolved with the observation that for this one 
could use pure synthetic retinene 1 prepared as described above by the chromatographic 
oxidation of crystalline vitamin A1 on manganese dioxide. Retinene 1 is fat-soluble, 
and was originally introduced into the system with the aid of digitonin, with which it 
forms a water-soluble complex. Later the digitonin proved to be unnecessary, for reasons 
to be discussed below. 

The apoenzyme was found to be readily extracted with dilute salt solutions from 
homogenates of frog or cattle retinas, forming clear, almost colourless solutions. Though 
the apoenzyme has not yet been isolated as a pure substance, it hss been separated 
from the other components of the system and some of its properties have been deter- 
mined. It is precipitated by half-saturated ammonium sulphate and re-dissolves without 
losing its activity. It is retained by a Visking membrane, and survives dialysis for 18 
hours at 5°C against neutral phosphate buffer. It  is destroyed by heating at IOO ° 
within 30 seconds. Its PH optimum lies at about 6. 5. 

The retinene reductase system can therefore now be assembled from its separate 
components, all in true solution: the coenzyme, DPN-H~, prepared by the method 

* A short account has been published of the experiments which follow (WALD, 1949)- A more 
complete description of these experiments will appear in the Journal o/General Physiology. 
Re/erences p. 2~8. 



222 o. WALD VOL. 4 (1950) 

300 20 40 60 $0 400 20 40 aO 80 
Wavelength -ml~ 

of OHLMEYER (1938) ; the substrate, synthetic retinene~ ; 
and the apoenzyme, contained in a clear, almost colourless 
extract of homogenized frog or cattle retinas. When these 
three components are mixed and incubated for 1-2 hours 
at room temperature, the retinene I is quantitatively 
reduced to vitamin A 1 (Fig. 6, upper half). 

Fig. 6. The action of frog retinene reductase on synthet ic  ret inene 1 
and retinene v Each of the experimental  mixtures included a 
synthet ic  ret inene dissolved in i~o digitonin, o. 7 mg of reduced 
cozymase per  ml, 5.5 mg of nicotinamide per ml, and extracts  of 
homogenized frog retinas in m/3o phosphate  buffer, PH 6.8i. The 
controls differed only in t h a t  the retinal extracts  were replaced 
with either the same extract  which had been boiled for 1~ minute  
(upper figure) or -with the phosphate  buffer alone (lower figure). 
The enzyme and control mixtures  were incubated together for 
2 hours a t  23 ° C. Methanol was added to each to a concentrat ion 
of 6O~o, and they were extracted with hexane. The spectra of the  
hexane extracts  are shown. Those from the controls (solid circles) 
show the spectra of the unaltered retinenes; those from the  enzyme 
mixtures (open circles) show complete conversion to the  corre- 

sponding vi tamins A. 

RETINENE 2 AND VITAMIN A2; SPECIFICITY OF RETINENE REDUCTASE 

In the rods of freshwater fishes, cyclostomes and certain amphibia, rhodopsin is 
replaced by  the purple, light-sensitive porphyropsin. This takes part  in a retinal cycle 
identical in form with the rhodopsin system, but based upon the new carotenoids, 
retinene~ and vitamin A 2 (WAI.D, 1937 ; I945-46) : 

Porphyropsin 
(522 m/~) 

~ e t  ~ t ~ m e d i a t e s  

Vi tamin A s + protein ~ Retinene 2 + protein 

(345-35 ° mp  in petroleum ether) (384 m# in petroleum ether) 
. (+  SbC13 --~ 692-696 m#) ( +  SbC13 --~ 705 m/b) 

The structure of vitamin A z is still uncertain. I t  seems clear, however, that  like A1 
it is a primary alcohol; and that retinen%, as emerges from experiments of MORTON et al. 
and from those discussed below, is in all probability its aldehyde. 

MORTON, SALAH, AND STUBBS (1946) reported that  when solutions of vitamin A 2 
in petroleum ether are let stand in the cold over solid manganese dioxide, the vitamin 
is replaced by a product resembling retinen% in spectrum and antimony chloride reac- 
tion. They found that  this product forms, as does retinenel, a 2-4-dinitrophenyl- 
hydrazone, indicating the presence of a carbonyl group. That  this substance possesses 
a conjugated carbonyl group is shown also by a large displacement of its spectrum in 

Re[erences p. 228. 
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ethanol as compared with hexane (cf. W A L D ,  1947-48 ). That the carbonyl group replaces 
the primary alcohol group of vitamin A s is shown by the fact that  though the vitamin 
is hypophasic, its oxidation product is epiphasic in partition between hexane and 90% 
methanol. This information, together with what follows, leaves little doubt that  this 
product is retinene~, and that it is the aldehyde of vitamin A 2. 

As in the manufacture of retinene z, we have found that  the oxidation of vitamin A~ 
to retinene2 can be carried out conveniently in chromatographic form. The procedure 
is identical with that  used in making retinenej ; but in this case only about half as much 
manganese dioxide is employed - -  0.3 g to oxidize IO mg of vitamin A s. The yield of 
retinene z is in the neighbourhood of 50% ; and it can be brought to a state of high purity 
by chromatographic adsorption on a column of calcium carbonate. 

In our past experience one of the most remarkable properties of the porphyropsin 
system has been its detailed parallelism in chemical behaviour with the rhodopsin 
cycle. In the present instance this parallelism is maintained, for retinenez is reduced to 
vitamin A s by an enzyme system entirely similar to that  which reduces retinenel. 

This system can be assembled from the following components: the coenzyme, 
DPN-Hz; the substrate, synthetic retinene,, prepared by the chromatographic oxidation 
of vitamin A~ on manganese dioxide; and the apoenzyme, contained in a clear, almost 
colourless saline extract of homogenized freshwater fish retinas (yellow perch, sunfish). 
When these three components are mixed and left at room temperature for two hours, 
the retinene 2 is reduced almost entirely to vitamin A~ (Fig. 7, upper half). 

Since the coenzyme of retinene reduction is common to the rhodopsin and por- 
phyropsin cycles, one may inquire into the specificity of the apoenzyme. To test this, 
experiments were performed in which the frog apoenzyme was allowed to act on retinenez 
and the fish apoenzyme on retinenej. It  emerged that  the reduction proceeded as smooth- 
ly and completely with the crossed as with the normal substrates (Figs 6 and 7)- 

There is no reason therefore to designate the apoen- 
zyme differently in the rhodopsin and porphyropsin 
systems. We have to deal with a single apoenzyme, 
retinene reductase, which with the single coenzyme, 
dihydrocozymase, reduces either of the retinenes to the 
corresponding vitamin A. 

This enzyme system introduces a new vitamin into 
the chemistry of rod vision, for the central component 

Fig.  7- Ac t ion  of r e t inene  reduc t~se  f rom a f r e shwa te r  fish on  
s y n t h e t i c  re t ineneg a n d  re t inene  z. T he  expe r i men t a l  m i x t u r e s  
inc luded  so lu t ions  of t he  re t inenes  in i %  digi tonin,  2. 4 m g  
reduced  cozymase  per  ml,  6 -  7 m g  n ico t inamide  a n d  I m g  
a - tocophery l  p h o s p h a t e  per  ml  to s tabi l ize t h e  s y s t e m ;  a n d  
e x t r a c t s  of homogen ized  yellow perch  re t inas  in m/3o  p h o s p h a t e  
buffer,  PH 6.8i .  The  cont ro ls  differed on ly  in t h a t  t he  re t ina l  
e x t r a c t s  were replaced b y  t he  p h o s p h a t e  buffer  alone. All t he  
m i x t u r e s  were left  for 2 hou r s  a t  22 ° C; t h e n  m e t h a n o l  was  
added  to a concen t r a t i on  of 6 o % ,  a n d  t h e y  were e x t r a c t e d  
wi th  hexane .  The  spec t ra  of t h e  h e x a n e  ex t r ac t s  a re  shown .  
Those  f rom t h e  cont ro ls  (solid circles) show t he  una l t e r ed  
re t inenes ;  t hose  f rom the  e n z y m e  m i x t u r e s  (open circles) show 
a lmos t  comple te  convers ion  to  t he  cor respond ing  v i t a m i n s  A. 
I n  each  figure a sho r t  ver t ica l  l ine shows  t he  pos i t ion  of t h e  

abso rp t ion  m a x i m u m  of v i t a m i n  A z or A x in hexane .  
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of cozymase is nicotinamide, the anti-pellagra factor of the vitamin B complex. I t  
presents also the novel phenomenon of widely distinct vitamins not only interacting in 
vitro, but  of one of them p~lticipating directly in the regeneration of the others. I do not 
know a comparable 1elation in the whole of biochemistry. 

STABILITY 

I t  has been known for some time that  animal and certain plant tissues contain a 
nucleotidase which cleaves cozymase and dihydrocozymase, and which is released into 
homogenates and tissue breis by the breaking of the cells. Measurements made on various 
tissues of the rat  have shown this enzyme to be particularly active in brain, to which 
of course retina is closely related (MANN AND QUASTEL, 194I; HANDLER AND KLEIN, 
1942 ). The action of this enzyme makes a number of the preparations which we have 
described unstable. 

I t  was noted above that  solutions of rhodopsin, prepared by extracting fresh retinal 
tissue with water  solutions of digitonin, rapidly lose the power to reduce retinenev 
Within 3-4 hours their ability to perform this process usually falls to very low levels. 
The principal cause of this failure is the loss of cozymase. 

This is shown by  the following experiment. A freshly prepared rhodopsin solution 
was kept at about 23 ° C for 18 hours. At the end of this period it was divided into halves, 
and to one hMf reduced cozymase was added (1.5 mg per ml). Both portions were 
bleached in the light and were incubated for I hour. The control portion converted no 
more than a trace of its retinene~ to vi tamin A1; that  to which D P N - H  2 was added 
had completed this conversion. I t  is clear that  the apoenzyme in such preparations is 
relatively stable; their loss of activity is caused by  the destruction of the coenzyme. 

Cozymase and reduced cozymase are protected from the action of the nucleotidase 
by the presence of free nicotinamide (2-20 mg per ml) (MANN AND QUASTEL, 1941; 
HANDLER AND KLEIN, 1942 ). I t  has recently been reported also that  a-tocopheryl phos- 
phate  (about I mg per ml) similarly protects cozymase ($PAULDING AND GRAHAM, 1947). 

The nucleotidase has been reported to be in general insoluble in water oi dilute 
salt solutions. Our experiments show that  it does go into solution in the 2% digitonin 
with which we extract  rhodopsin. I t  also is active in all our retinal homogenates and 
particulate preparations. Whether it enters the saline extracts which contain our 
apoenzyme we have not yet determined. A number  of our fish enzyme preparations 
have definitely been unstable, but they also tend to be slightly turbid, and may  contain 
small amounts  of very fine p~rticles. 

In any case we have taken the precaution ordinarily to add nicotinamide to our 
enzyme preparations; and to those from freshwater fish retinas, in which the nucleoti- 
dase appears fo be particularly active, we have added also a-tocopheryl phosphate. 

These adjustments  extend still further the participation of vitamins in the retinene 
reductase system. Nicotinamide acts not only as the key component of the cozymase 
molecule, but  in the free condition protects cozymase from destruction. In this action 
it is aided by  vitamin E phosphate. As many  as three vitamins therefore interact with 
one another in this single system. 

TIIE STATE OF THE RETINENES 

With the first use of the synthetic retinenes as substrates there arose the problem 
how, as typically fat-soluble substances, they were to be introduced into the aqueous 
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enzyme system. This was solved initially by bringing the retinenes into water solution 
with the aid of digitonin, with which they form water-soluble complexes. 

The use of digitonin, however, proved to be unnecessary. The retinal extracts which 
contain the apoenzyme take up the retinenes directly. If either of the retinenes is 
concentrated in a few drops of petroleum ether, and is agitated together with a water 
extract of retinas while the last of the petroleum ether is drawn off under suction, the 
retinenes gradually are taken up to yield clear yellow solutions. This is one indication 
that the retinenes couple with water-soluble substances from the retina. Primarily in 
these preparations they attach to protein, for they are precipitated from such solutions 
with the protein fraction. 

It has been known for some time that in the product of bleaching rhodopsin in 
solution, most of the retinenel is found loosely coupled with protein (WALD, I937--38, 
pp. 812--813). In this condition it behaves as a PH indicator, deep yellow in acid and 
almost colourless in alkaline solution; hence LYTHGOE'S proposal that it be called 
"indicator yellow". Synthetic retinene 1 does not change its spectrum at all with p~; 
nor does natural Ietinenel after partial purification by adsorption and elution (WALD, 
I947-48 ). BALL et al. have now shown that the PH indicator property is characteristic 
of retinene 1 in the coupled condition (BALL, COLLINS, MORTON, AND STUBBS, I948 ). 
Retinenel condenses spontaneously, as do aldehydes generally, with a variety of amino 
compounds - -  proteins, amino acids, aromatic amines - -  and in this state acts as a PH 
indicator. Indeed a second evidence that the synthetic retinenes added directly or in 
digitonin solution to our apoenzyme extracts couple with other molecules is that they 
have acquired this property. They have in fact come to resemble closely the natural 
products of bleaching rhodopsin and porphyropsin in solution. 

A third evidence that synthetic retinene I couples with other molecules in our 
enzyme system is that it becomes more and more difficult to extract with fat solvents 
as the mixture is made more alkaline. If to a solution of retinenel in digitonin one adds 
methanol in a final concentration of 60% and shakes vigorously with petroleum ether, 
almost all the retinene enters the petroleum ether regardless of the PH. But if retinene~ 
in digitonin is mixed with a water extract of the retina prior to carrying out this pro- 
cedure, smaller and smaller fractions of the retinene enter the petroleum ether as the 
alkalinity is increased. At PH 4 about 2/3 of the retinene is extracted with petroleum 
ether in one partition; at PH 9 only about I/6 of the retinene is extracted. What this 
probably means is that since retinene~ is coupled by the condensation of its carbonyl 
group with the amino groups of other molecules, alkalinity favours this process by 
increasing the proportion of free amino groups, while acidity hinders it by converting 
amino groups to ammonium ions ~. 

The net result of these considerations is that we must regard the normal state of 
the retinenes in retinas and retinal extracts as a labile equilibrium between free mole- 
cules and those loosely coupled to other substances. There is no unique retinal molecule, 
however, with which the retinenes couple and which therefore should be designated 
"visual yellow" or "indicator yellow". On the contrary, the retinenes regularly condense 
with a variety of molecules, some protein, some forming fat-soluble complexes. So, for 
example, when the retinenes have been extracted from retinas with petroleum ether, 

* On observing t h a t  retinene 1 is not  readily extracted with petroleum ether from alkaline solu- 
tions of bleached rhodopsin, BLISS (I948) concluded t ha t  it had not  been formed. I t  is formed, bu t  
like added retinene 1 it is retained by coupling with other retinal molecules. 
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and are hence protein-free, they still behave as PH indicators, and are therefore still 
in the coupled condition. 

Not only do the retinenes form a variety of retinal complexes, but normally they 
migrate from one such association to another. One such migration is established by the 
present experiments. Rhodopsin and retinene reductase are different proteins. Retinene~ 
originates on rhodopsin protein, but it must transfer to the reductase protein preparatory 
to its reduction. Retinene., is involved in a like situation. Such changes of the molecules 
with which the retinenes are coupled must play an important part in retinal metabolism. 

S U M M A R Y  

The  re t inene  x wh i ch  resu l t s  f rom t he  b leach ing  of rhodops in  now appea r s  to be v i t a m i n  A 1 
a ldehyde .  MORTON et al. h a v e  g iven  t h e  bes t  ev idence  for this ,  a n d  h a v e  shown  t h a t  r e t inene  I can  
be p repa red  b y  t he  mi ld  ox ida t ion  of v i t a m i n  A v A s imple  p rocedure  is descr ibed for p e r f o r m i n g  
th i s  process  c h r o m a t o g r a p h i c a l l y  on a c o l u m n  of m a n g a n e s e  dioxide.  

I n  t h e  re t ina ,  r e t inene  1 is conve r t ed  i r revers ib ly  to v i t a m i n  A 1 b y  an  e n z y m e  s y s t e m  in which  
reduced  cozymase  (reduced C oenzyme  I, D P N - H z )  se rves  as coenzyme.  The  essent ia l  p rocess  is t h e  
t r ans fe r  of  two  h y d r o g e n  a t o m s  f rom D P N - H  2 to re t inene  1, r educ ing  i ts  a l dehyde  g roup  to t he  p r i m a r y  
alcohol  g roup  of v i t a m i n  A 1. 

The  e n z y m e  s y s t e m  which  pe r fo rms  th i s  r educ t ion  can  be a s semb led  in so lu t ion  f rom the  fol- 
lowing c o m p o n e n t s :  t he  coenzyme,  D P N - H ~ ;  as snbs t r a t e ,  s y n t h e t i c  r e t i nene l ;  and  t he  a p o e n z y m e  
e x t r a c t e d  w i th  d i lu te  sa l t  so lu t ions  f rom homogen ized  frog or ca t t l e  re t inas .  The  a p o e n z y m e  is 
non-d ia lysable ,  is p rec ip i t a t ed  by  h a l f - s a t u r a t e d  a m m o n i u m  su lpha te ,  and  is des t royed  by  h e a t i n g  
a t  IOO ° C w i th in  3 ° seconds.  I t s  PH o p t i m u m  lies a t  a b o u t  6.5. 

I n  t he  rods  of f r e shwa te r  fishes, a paral le l  e n z y m e  s y s t e m  reduces  r e t inene  2 to v i t a m i n  A 2. 
Th i s  can  be a s semb led  f rom t h e  following componen t s ,  all in t rue  so lu t ion:  t he  coenzyme,  D P N - H ~ ;  
as subs t r a t e ,  s y n t h e t i c  r e t inene  2, p repa red  by  t h e  c h r o m a t o g r a p h i c  ox ida t ion  of v i t a m i n  A 2 on 
m a n g a n e s e  d ioxide ;  and  t he  a p o e n z y m e  e x t r a c t e d  wi th  d i lu te  sa l t  so lu t ions  f rom f r e shwa te r  fish 
r e t inas  (sunfish,  yellow perch) .  

T h e  a p o e n z y m e  f rom frog re t inas  reduces  re t inene  2 as effect ively as r e t inene  1. S imi lar ly  t he  
fish a p o e n z y m e  ac t s  equa l ly  well upon  b o t h  re t inenes .  One  need cons ider  on ly  one apoenzyme ,  r e t inene  
reductase ,  wh ich  t oge the r  wi th  one coenzyme,  D P N - H  2, reduces  e i ther  of t h e  re t inenes  to t he  cor- 
r e spond ing  v i t a m i n  A. 

The  re t inene  r educ t a se  s y s t e m  br ings  a second v i t a m i n  in to  t he  c h e m i s t r y  of rod vision.  I t  
p r e sen t s  t he  novel  p h e n o m e n o n  of one v i t a m i n  r egene ra t i ng  ano the r ,  for t h e  cen t ra l  c o m p o n e n t  of 
D P N ' - H  2 is n ico t inamide ,  the  an t i -pe l l agra  fac tor  of t he  v i t a m i n  B complex .  

R h o d o p s i n  so lu t ions  a n d  re t ina l  h o m o g e n a t e s  r ap id ly  lose the i r  power  to reduce  t he  re t inenes ,  
t h r o u g h  des t ruc t ion  of the i r  D P N  by  a nucleot idase .  R h o d o p s i n  so lu t ions  wh ich  h a v e  lost  the i r  
ac t iv i ty  in th i s  w a y  are  r e - ac t i va t ed  by  t he  add i t ion  of new D P N - H  v The  coenzyme  can  also be 
p ro tec ted  by  t he  presence  of free n i co t inamide  and  of a - tocophery l  phospha t e .  

On  add i t ion  to t h e  e n z y m e  sys t em,  t he  s y n t h e t i c  r e t inenes  r ap id ly  couple wi th  o the r  molecules,  
and  p r ima r i l y  wi th  prote in .  T he  n o r m a l  s t a t e  of t he  re t inenes  in r e t inas  and  re t ina l  ex t r ac t s  is a labile 
equ i l ib r ium be tween  t he  free and  t he  coupled condi t ion .  The  re t inenes  couple  wi th  a va r i e ty  of re t ina l  
molecules,  and  mig ra t e  freely f rom one to  t he  other .  

RI~SUMt~ 

Le r6t in~ne I, qu i  r6sul te  du  b l a n c h i s s e m e n t  de la rhodops ine ,  a p p a r a i t  m a i n t e n a n t  c o m m e  6 t a n t  
l ' a ld6hyde  de la v i t a m i n e  A 1. MORTON et collab, en on t  donn6  la mei l leure  p r euve  en m o n t r a n t  que  
le r6t in~ne 1 p e u t  6tre pr6par6 pa r  une  o x y d a t i o n  m6nag6e  de la v i t a m i n e  A 1. U n  proe6d6 s imple  
es t  d6crit ,  qu i  p e r m e t  d 'e f fec tuer  ce t te  op6ra t ion  pa r  c h r o m a t o g r a p h i e  sur  une  colonne de b ioxyde  
de  m a n g a n e s e .  

Darts la r~tine, le rStin~ne 1 es t  conver t i  i r r6vers ib lement  en  v i t a m i n e  A 1 pa r  u n  sys t~me  enzy-  
m a t i q u e  d a n s  lequel  la cozymase  I r~dui te  (DPN-H2)  ser t  de coenzyme.  Le  processus  cons is te  essen-  
t i e l l emen t  en  u n  t r a n s f e r t  de deux  a t o m e s  d ' hyd rog~ne  du  D P N - H  2 su r  le rStin~ne 1, r~du i san t  sa 
fonc t ion  a ld6hyd ique  en fonc t ion  alcoolique p r ima i re  de la v i t a m i n e  A t. 

Le  sys t~me  e n z y m a t i q u e  qui  effectue ce t te  r6duc t ion  p e u t  ~tre cons t i tu$  en so lu t ion  ~ pa r t i r  

References p. 228. 



VOL. 4 (1950) RETINENES AND VITAMINS A 227 

des composantes suivantes: la coenzyme, DPN-H,, . comme substratum du r&inbner synthetique; 
et l’apoenzyme, extraite de r&tines homogdneisees de grenouilles ou de bmufs au moyen de solutions 
salines dilubes. L’apoenzyme n’est pas dialysable; elle est precipitee par le sulfate d’ammonium B demi- 
saturation et d6truite par chauffage B 100' pendant 30 secondes. Son pi optimum est d’environ 6.5. 

Dans les batonnets de la &tine de poissons d’eau deuce, il existe un systeme enzymatique 
parallele, qui reduit le r&inenel en vitamine A,. Ce systeme peut etre constitue a partir des compo- 
santes suivantes, toutes en vraie solution : la coenzyme, DPN-H,; comme substratum, du retinenq 
synthetique, prepare par oxydation chromatographique de la vitamine A, au bioxyde de manganese; 
et l’apoenzyme, extraite au moyen de solutions salines diluees a partir de retines homogeneides de 
poissons d’eau deuce (poisson-soleil, perche jaune). 

L’apoenzyme de la retine de grenouille reduit le r&in&neB aussi bien que le retinener. De mbme, 
l’apoenzyme de poissons d’eau deuce agit Bgalement bien sur les deux r&in&nes. 11 n’est done besoin 
de considerer qu’une seule apoenzyme, la reductase du r&.inene, qui, en presence d’une coenzyme, 
le DPN-H,, reduit l’un ou l’autre des deux retinenes en la vitamine A correspondante. 

Le systeme de la reductase du retinene introduit une seconde vitamine dans la chimie de la 
vision par batonnets. 11 presente le phenomene nouveau d’une vitamine qui en regenere une autre, 
attendu que la composante essentielle du DPN-H, est la nicotamide, le facteur antipellagreux du 
complexe vitamique B. 

Des solutions de rhodopsine et d’extraits homog&reids de retines perdent rapidement leur 
pouvoir de reduire les r&in&es, de par la destruction-de leur DPN par une nucleotidase. Des solu- 
tions de rhodopsine ayant ainsi perdu leur pouvoir reducteur sont reactivees par l’addition d’une 
quantite frafche de DPN-H,. La coenzyme peut egalement &re protegee par la presence de nicota- 
mide libre et de phosphate d’a-tocopheryle. 

En plus du systeme enzymatique Btudie, les retinenes synthetiques form& des produits 
d’addition avec d’autres molecules, et specialement avec les proteines. Letat normal des r&inenes 
dans les retines et leurs extraits est un equilibre labile entre la forme libre et la forme associee. Les 
retinenes s’associent avec une variete de molecules retinales et migrent librement de l’une B I’autre. 

ZUSAMMENFASSUNG 

Das Retinen,, welches bei der Bleichung des Rhodopsins entsteht, entpuppt sich jetzt als Vita- 
min A.-Aldehvd. MORTON und Mitarb. haben dafiir den besten Beweis aeliefert. dadurch dass sie 
gezeigt^ habenhass Retinen, durch milde Oxydation von Vitamin A, gebildet werden kann. Es wird 
eine einfache Prozedur beschrieben, urn diesen Vorgang chromatographisch mittels einer Mangan- 
dioxyd-Slule zu bewerkstelligen. 

In der Netzhaut wird Retinen, irreversibel in Vitamin A, verwandelt durch ein Enzymsystem 
in welchem reduzierte Cozymase I (DPN-H,) als Coenzym dient. Die Hauptreaktion besteht dabei 
in der Ubertragung von zwei Wasserstoffatomen vom DPN-H, auf das Retinen,, dessen Aldehyd- 
gruppe zur primaren Alkoholgruppe des Vitamins A, reduziert wird. 

Das Enzymsystem welches diese Reduktion vollfiihrt, kann in Lijsung aus folgenden Kompo- 
nenten zusammengestellt werden: das Coenzym, DPN-H,; als Substrat. synthetisches Retinenr; 
und das Apoenzym, welches durch verdiinnte Salzl6sungen aus homogenisierten Frosch- oder Rinder- 
Netzhauten ausgezogen wird. Das Apoenzym ist nicht dialysierbar; es wird durch halbgesattigte 
Ammoniumsulfat-Losung geflllt und durch Erhitzen auf too” innerhalb 30 Sek. zerstort. Sein pB 
Optimum liegt bei ca 6.5. 

In den Stlbchen von Siisswasserfischen besteht ein paralleles Enzymsystem, welches Retinen, 
zu Vitamin A, reduziert. Es kann aus folgenden, alle in wahrer Llisung befindlichen Komponenten 
zusammengestellt werden : das Coenzym, DPN-H, ; als Sub&rat, synthetisches Retinen,, durch 
chromatographische Oxydation von Vitamin A, an Mangandioxyd dargestellt ; und das Apoenzym, 
welches durch verdiinnte Salzl6sungen aus den Netzhauten von Siisswasserfischen (Sonnenfisch, 
gelber Barsch) ausgezogen wird. 

Das Apoenzym aus Froschnetzhauten reduziert Retinen, so wirksam wie Retinen,. Desgleichen 
wirkt das Fisch-Apoenzym gleich gut an beiden Retinenen. Man hat also nur ein einziges Apoenzym 
zu betrachten, die Retinen-Reduktase, welche zusammen mit einem Coenzym, dem DPN-H,, beide 
Retinene zu den entsprechenden A-Vitaminen reduziert. 

Das System der Retinen-Reduktase fiihrt ein zweites Vitamin in die Chemie des Stibchen- 
Sehens ein. Es zeigt das neuartige Phlnomen eines Vitamins welches ein anderes regeneriert, denn 
die wichtigste Komponente vom DPN-H, ist das Nikotinamid, der Antipellagra-Faktor des Vitamin 
B-Komplexes. 

L&ungen von Rhodopsin und homogenisierten Netzhautextrakten verlieren rasch ihr Ver- 
mbgen, Retinene zu reduzieren; ihr DPN wird namlich von einer Nukleotidase zerstort. Auf solche 
Art inaktivierte Rhodopsin-Losungen kSnnen durch Zugabe von DPN-H, reaktiviert werden. Das 
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C o e n z y m  k a n n  a u c h  du rch  die G e g e n w a r t  yon  f re iem N i k o t i n a m i d  oder  yon  a - T o k o p h e r y l p h o s p h a t  
gesch i i t z t  werden.  

Ausse r  m i t  d e m  E n z y m s y s t e m , v e r b i n d e n  sich die s y n t h e t i s c h e n  Re t i nene  a u c h  r a sch  m i t  ande ren  
Molekfi larten,  besonders  m i t  Pro te inen .  Der  N o r m a l z u s t a n d  der  Re t inene  in der  N e t z h a u t  u n d  in 
N e t z h a u t e x t r a k t e n  ist  ein labiles Gle ichgewicht  zwischen freier u n d  g e b u n d e n e r  Subs t anz .  Die 
Re t i nene  w a n d e r n  leicht  yon  einer  zur  ande ren  der  ve r sch i edenen  in der  N e t z h a u t  bef indl ichen 
Molekoln m i t  denen  sie lose V e r b i n d u n g e n  e ingehen.  
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