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S T U D I E S  ON C O E N Z Y M E  I I I  

I. L-CYSTEINESULFINIC D E H Y D R O G E N A S E  AND ITS PROSTHETIC GROUP* 

by 

THOMAS P. SINGER** AND EDNA B. K E A R N E Y * *  

Laboratoire de Chimie biologique, Faeultd des Sciences, Paris (France) 

I t  was shown in the preceding paper that  in extracts of P. vulgaris c-cysteinesulfinic 
acid is metabolized via two competing pathways. One of these commences with a trans- 
amination, while the other is initiated by a dehydrogenation step which requires an 
enzyme, a coenzyme, and a suitable dye for electron transport. Evidence has been 
presented 1,2 that  the latter oxidation involves the sulfur atom and that  cysteic acid 
is the product:  
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In this reaction the dehydrogenation is visualized as an at tack on the hydrated 
sulfinic acid, in a manner analogous to the mechanism of the dehydrogenation of alde- 
hydes. The term " C o I I I "  or coenzyme I I I  is the provisional name proposed by the 
authors 1 for the new pyridine nucleotide which participates in the reaction. 

The present paper is an account of some of the properties of L-cysteinesulfinic 
dehydrogenase and of its coenzyme. 

MATERIALS AND METHODS 

The compounds used in this work were obtained from the following sources: ATP*** (Na salt), 
Pabst  Laboratories; FAD (Ba salt, 60% stated purity), Sigma Chemical Co.; 5-adenylic acid, 
Schwartz Laboratories, Inc.; Crotalus adamanteus venom, Ross Allen (Silver Springs, Florida). For 
generous gifts of various materials we are greatly indebted to Dr. F. DICKENS (pyocyanine and 
phenazine methosulfate), Dr. M. DIXON (Straub flavoprotein), Dr. L. J. HAYNES and Dr. A. KORNBERG 
(synthetic nicotinamide riboside and NMN prepared from DPN by the action of nucleotide pyro- 
phosphatase),  Dr. H. A. KREBS (samples of FAD), and Dr. F. LIPMANN (coenzyme A). The sources 
and preparation of the other materials used in this study,  including the enzyme, have already been 
described 2,s. 

* Supported by a grant  to this Laboratory from the Rockefeller Foundation.  
** Fellows of the John Simon Guggenheim Memorial Foundation,  195i- '52. Present address: 

Ins t i tu te  for Enzyme Research, University of Wisconsin, Madison, \Vise. (U.S.A.). A preliminary 
account of this work has appeared 1 and a s u m m a r y  was presented at  the Second International  
Congress of Biochemistry, in Paris, July, 1952. 

* ** The following abbreviations are used: ATP, adenosine tr iphosphate;  DPN, diphosphopyridine 
nucleotide; TPN, triphosphopyridine nucleotide; NMN, nicotinamide mononucleotide; FMN, flavin 
mononucleotide; FAD, flavin adenine dinucleotide; TRIS, t r is (hydroxymethyl)aminomethane.  
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L-Cysteinesulfinic dehydrogenase activity was followed manometr ical ly  at  the pFI op t imum 
(7.9), essentially under  the conditions outlined in the legend of Fig. i of the preceding paper  2, except  
tha t  0.02 M semicarbazide was present.  When purified C o I N  was used as the coenzyme, i. 5 to 
2.0 mg phenazine methosulfate  were subs t i tu ted  for brilliant cresyl blue and tile p H  was 7.5 to 7.6 
(0.033 M T R I S  or 0.05 M phospha te  buffer), since at higher pH values the dye is unstable.  The 
phenazine solution was kept  in the (lark in the frozen sl:ate and was the last substance added to 
the reaction mixture.  Coenzyme I I I  content  was either est imated spectrophotometr ical ly  (c/. text) 
or manometr ical ly  in the phenazine methosulfate  system. In  the lat ter  assay 6 mg enzyme prepara t ion  
were used and a sa tura t ion  curve was constructed with a s tandard  sample of the coenzyme from 
which the results were read. The lat ter  method necessitates much smaller amounts  of coenzyme 
than  the spectrophotometr ic  test and has the added advantage  tha t  prepara t ions  of any pur i ty  level 
may  be used, whereas the spectrophotometr ie  test  is feasible only with materials which have been 
at least partially purified. 
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RESULTS 

Coenzyme requirement. I t  was noted early in this investigation that  in the absence 
of yeast extract cell-free preparations of P. vulgaris fail to oxidize L-cysteinesulfinic acid. 

When graded amounts of boiled baker 's  
(A) 

i i 

o22 0:, o.~ o'.8 ,.0 ,.) ,.:~ 
rn| YEAST EXTRACT 

f 
o.'~ ol, o:, o.'~ ,~,-- 

ml PURIFIED Co Trr 

Fig. I. Coenzyme sa tura t ion  curve with phenazine 
methosulfate  a. with yeast  extract ;  b. with purified 
C o I I I  as the source of coenzyme. Conditions, 6 mg 
enzyme, 2 mg phenazine methosulfate,  0.05 M phos- 
phate  buffer, p H  7.6, o.03 M L-cysteinesulfinate, and 
0.02 3 I  semicarbazide in a total  volume of 3 ml. 
Temperature ,  35°; duration, 20 min. The yeast  
extract  and the purified coenzyme were prepared as 

described in the text.  

yeast extract are added, increasing 
amounts of O, uptake are obtained, 
until saturation is reached at about 
1.5 ml yeast extract  per 3.0 ml reaction 
volume (Fig. I a). Acid hydrolysis (pH I) 
for IO minutes at IOO ° destroys the 
activity of yeast, as does t reatment  
with strongly alkaline solutions. Thus 
the factor in yeast extract appears to 
be an organic compound. 

A number of vitamins, vi tamin 
derivatives, and related substances were 
tested in the presence and absence of 
ATP, alone and in combination with 
each other, without a discernible ac- 
tivating effect. The substances tested 

included: DPN, TPN, NMN, nicotinamide riboside, FMN, FAD, glutathione, adenylic 
acid (-5-phosphate as well as adenylic acids a and b), coenzyme A, pyridoxal phosphate, 
thiamine, thiamine phosphate, thiamine pyrophosphate, biotin, ascorbic acid, folic 
acid, p-aminobenzoic acid, and FOULKES AND PETERS' "citrate oxidation factor ''~. 
I t  appeared, therefore, that  the substance in question was a new coenzyme. 

Assay o/the coenzyme. For routine estimation of the coenzyme a manometric test 
was devised wherein phenazine methosulfate served to link the dehydrogenase system 
with molecular O~. In the presence of this dye, the same maximal O~ uptake was ob- 
tained with excess yeast  extract and with saturating levels of the most purified prepa- 
ration of the coenzyme (Figs. I a and b). One unit of coenzyme I I I  is defined as the 
quanti ty of material which gives half-maximal activity in the manometric test, under 
the experimental conditions (c/. legend of Fig. i). Several levels of a standard yeast 
preparation were usually assayed with each unknown sample in order to insure that 
the enzyme was fully active. 

Several points  may  be mentioned in connection with this assay system. First,  some enzym~ 

Re/erences p. 299. 

19 



292  T . P .  SINGER, E. B. KEARNEY VOL. 11 (1953) 

prepa ra t ions  appeared  to con ta in  a ve ry  ac t ive  hyd ro ly t i c  enzyme  which i n a c t i v a t e d  the coenzyme 
unless t i le  subs t r a t e  (L-cysteinesulfinate) was also present .  Thus  t i le  enzyme  was usua l ly  added  from 
ti le  s ide -ann  of t i le  vessel  to a m ix tu r e  con ta in ing  subs t ra te ,  coenzyme,  buffer, and  semicarbaz ide .  
Under  these condi t ions  no ind ica t ions  of coenzyme des t ruc t ion  were ob t a ined  in the  course of 2o 
minu te  exper iments ,  a l though  the  ra te  of O~ u p t a k e  was not  ahvavs  l inear :  the  slow decline wi th  
t ime appears  to be connected with inactiv;~tion ,~f the enzyme itself. Sec~,mt. cvsteinest l l f inat t .  
, , x i da t i , } l l  ill t h i s  s v s t e l u  is rcKtl laI - lv  u c c o U } l ) a l l i e d  l)v t[l~' f,,rtl~ati, m ~l a deep III;IN~ellt;l ColiHIl'e(I dv t"  
]l'l~lll ~)hcll~tzille I l le thos l l l f~ l t t !  }llld [ht!  i l lTe l l s i tv  (~f t h i s  colOlll" t t p t ) c l l l s  [() p;ll'~l]]c[ t h e  (~2 C(lll~;lllll})ti(lll- 
Nil  s t l c h  cell)Ill" \v}is [ l ) l ' lued ill t i l e  I}]~lnks (11() I .-c~'stCil ley;l l] l i l l t t te)  o1" %vllell R] l l [ ; l l l l l t te  o x i d a t i t J i 1  w i t s  
n l e a s u r c d  ill t h e  t u e s e n c e  o f  " I 'PN a l l d  t~hc l t az i l l e  u ic l~ i losu l fa l . e  w i L h  t h e  s a u l c  e n z y n l e  prepara t ion ,  
nor did i t  form from a m ix tu r e  of phenaz ine  methosul fa te ,  L-cysteinesulf inate ,  L-cysteate.  and  co- 
enzyme I l l  in the  absence of the  enzyme.  The react ion m a y  conce ivab ly  prove  a d a p t a b l e  to t i le  
color imetr ic  measu reme n t  of L-cysteinesulfinic dehydrogenase  ac t iv i ty .  

_Pl~ri/}cation o~ the cocnzyme. A number of baker 's  and brewer's yeast s~mples have 
been tested for coenzyme I I I  content. Among yeasts available in France, Springer's 
baker 's  yeast, and among American yeasts, Fleischman's baker 's  yeast have been found 
most satisfactory. 

A variety of procedures have been tested for the concentration and the purification 
of the coenzyme from boiled yeast extracts. The main difficulties encountered in the 
purification are that  the heavy metal salts of the coenzyme (Hg ++, Ag +, Pb ++, Ba ++ 
salts) are water soluble and that  adsorption-elution methods apparently can be applied 
with success only after removal of interfering materials present in yeast. The following 
procedure has been used for routine purification of coenzyme I I I .  

I. For each kilo of fresh baker 's  yeast I liter of water is brought to about 95° and 
the crumbled yeast is added, under vigorous stirring, at such a rate that  the temperature 
does not fall below 85 °*. After addition of all tile yeast the temperature is allowed to 
rise to 98-99 ° and the extract is then immediately cooled to room temperature. The sus- 
pension is centrifuged for I hour at or above 300o g** 

II .  To each liter of the supernatant solution 42 ml of a saturated solution of Ba 
acetate are added and the pH is adjusted with 15% KOH to 8.3. The precipitated 
nucleotides are removed by brief centrifugation and the clear, yellow supernatant,  
containing all the coenzyme, is cooled to approximately o ° and is treated with 6 volumes 
of acetone (--IO°). The precipitate is collected by centrifugation in the cold or by 
filtration through a pad of Hyflo-supercel. Acetone is removed by washing with an- 
hydrous ether, followed by brief aeration. The brown, sticky precipitate is suspended 
in a small volume of 0.5 N H2SO 4 and the pH is adjusted tb 2.0 with 7 N H2SO 4. 
The BaSe4 is centrifuged off and the precipitate is washed twice with acidified water. 
The supernatant solutions are united*** and the pH is readjusted to 2.0, if necessary. 

I I I .  For each liter of yeast extract 12.5 g of charcoal are added to the solution of 
the coenzyme and the suspension is vigorously stirred or shaken for 2o minutes. The 
unadsorbed portion is filtered off through a layer of Hyflo-supercel and discarded, and 
after thorough washing with water the charcoal is mechanically shaken for 2o minutes 
with a 10% (v/v) suspension of isoamyl alcohol in water, using a volume of eluant which 
corresponds to 10% of the volume of yeast extract  used. After filtration, the elution 

* For  smal l  samples  d i rect  he a t i ng  was applied,  whereas  for ba tches  of i to  io  kilo of yeas t  a 
s team-coi l  was used for he a t i ng  and the  same coil served for cooling the  e x t r a c t  a f te r  the  requi red  
t e m p e r a t u r e  was reached.  

** W i t h  French  yeas t s  a clear, golden yel low e x t r a c t  is obta ined,  while  F l e i s chman ' s  yeas t  gives 
an opalescent  grey  s u p e r n a t a n t  solut ion a t  th is  s tage.  

* ** The Ba  p rec ip i t a t ion  m a y  be used as a concen t ra t ion  s tep;  the to ta l  vo lume a t  the  end of s t ep  
I I  m a y  be b rough t  to  abou t  1/4th of t h a t  of the  or ig inal  yeas t  ex t rac t .  
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with Io% isoamyl alcohol is repeated twice, and the united eluates are adjusted to 
pH 7 and concentrated iJl vacz~o to a convenient small volume, using a water bath 
regulated at 35 to 4 o~. 

SCHKM 1:. 1 

I S l b t . ~ ' l ' l l l N  /~l" t q + b ; N Z h ' M b ;  I l l  b 'RtV\I  }+AKI ' ; i { 'S  3"t,;.a, S I  

I ]+ ' t  W+t t t ' l "  t ! N l l ' + l C |  

i Trea ted  with excess Ba(Ac)o at  p I [  8. 4 
I 

I ' I 

Supe rna t e  Prec ip i ta te  (Flavin and  adenine  nucleot ides)  
Discard 

6 vols. ace tone  
a t  - -  [o ° 

I I 

4 4 
Supe rna t e  Prec ip i ta te  
(discard) (dried) 

R e m o v e  Ba  ++ wi th  H2SO,t 
Trea ted  wi th  excess H g H  at  p i t  3.6 

I I 

Precip i ta te  Solut ion 
(Pyr idine  nucleot ides ,  

adenyl ic  acid) 
Discard  

unadso rbed  

R e m o v e  Hg  + 
adsorb  on charcoal  a t  p H  2 

I 

adsorba te  
(amino acids, pept ides ,  

sugars)  
Discard 

I 

eluate  

pass  t h r o u g h  
Dowex 5 o, 
concen t ra te  

I elute wi th  IO ~ 
I isoamyl, ale. 
I 

I 

4 
charcoal-  

adsorbed  pa r t  
(discard) 

ACTIVE COENZYME 

The overall yield in this procedure is 25 to 55%. Up to tile end of step I I  the 
recovery is quantitative and the adsorption on charcoal is about 95 % complete. Thus, 
essentially, the loss is due to incomplete elution. The success of the isolation depends 
primarily on the choice of charcoal. In France acticarbon S (acid-washed) was used; 
in subsequent work in America, Nuchar C 19o N (unground) was found to be satis- 
factory, although considerable variation was encountered in various lots of the latter. 

If  5% pyridine is substituted for isoamyl alcohol in the elution step the yield is 
slightly improved, but considerable amounts of inert material are eluted along with 
the coenzyme. Adsorption on charcoal and elution with Io% isoamyl alcohol or with 
pyridine cannot be applied directly to the yeast extract as a concentration step, since 
certain materials present in yeast extract and removed in the Ba-acetone step appear 
to  interfere with elution of the coenzyme. 
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More extensive purification of the 
coenzyme was achieved by the inclusion 
of a precipitation step with mercuric acetate 
at pH 3.6 (which left the coenzyme in 
solution) prior to adsorption on charcoal 
and by passage of the final product at 
pH 7 through a column of Dowex 5 o, which 
removed residual amino acids and trace 
metals. The outline of this procedure is 
presented in Scheme I. The product thus 
obtained appeared to be free from DPN, 
TPN, and flavin nucleotides but was con- 
taminated with adenylic acid and NMN, 
as revealed by paper chromatography*. 

Work on further purification of the 
coenzyme is in progress and will be the 
subject of future communications. 

Properties o/the coenzyme. Upon mixing 
a solution oI the coenzyme with the de-' 
hydrogenase preparation and L-cysteine- 
sulfinate, a rapid increase in light absorp- 
tion occurs at 34 ° m / ,  (Fig. 2). The spec- 
trum of the enzymically reduced co- 
enzyme in the near-ultraviolet region 
strikingly parallels the known spectrum 
of reduced pyridine nucleotides and is, in 
fact, quantitatively identical with the 
latter (Fig. 3). Under the same conditions 
DPN, TPN, and NMN undergo no spectro- 
photometrically observable change, nor 
does addition of these nucleotides to 
purified coenzyme I I I  alter the total 
change in light absorption at 340 m/x 
given by coenzyme III  alone. If L-cysteic 
acid is added to the reduced coenzyme in 
the presence of the dehydrogenase, the 
light absorption at 34 ° m/~ decreases, 
showing reoxidation of the coenzyme. 

These observations indicate that co- 
enzyme III  is a pyridine nucleotide, not 
identical with DPN, TPN, or NMN, and 
that it participates in the reversible de- 
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Fig. 2. Spectrophotometr ic  measurement  of L- 
cysteinesulfinic dehydrogenase.  The cuvette  con- 
tained, in a total  volume of 3 ml, 7 °/~moles T R I S  
buffer, pH 8. 4 , I.O ml of coenzyme at the last 
stage of purification, 60 /~moles L-cysteine- 
sulfinate, and 0.8 mg protein. The subs t ra te  was 
added at point  A. Readings were taken in a 
Beckman Quartz  spec t rophotometer  (I cm 
cuvette) at 23 °. At point  B 8o/~moles L-cysteate 
were added. The blank contained all additions, 

except substrate .  

012 

E 010 
~J 
! 0o8 

006 

004 

00~ 

. / / " - , , .  

/ 

/ \ 
300 320 340 360 380 

.-- 2 mt~ 
Fig. 3. Absorpt ion spect rum of enzymatically 
reduced coenzyme I I I .  Abscissa, wave-length;  
ordinate, light absorpt ion in a i cm cell. The 
experiment  was identical wi th  tha t  in Fig. 2. 
Readings were taken only after the light ab- 

sorption at 34 ° m/,  became constant .  

hydrogenation of L-cysteinesulfinate in the manner shown in reaction (i). 
In order to gain an insight into the structure of the coenzyme with the limited 

quantities of material available, the following experiments were performed. The acid- 
stability of the coenzyme was tested by heating aliquots of the coenzvme at IOO ° for 

* This prel iminary exper iment  was kindly performed by Dr. L. J. HAYNES in Cambridge, England.  
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Io minutes at various pH values. The results showed that  the coenzyme was more labile 
to acids than could be attr ibuted to the nicotinamide-ribose linkage, thus suggesting 
the presence of a structure with the lability of a pyrophosphate bond. Thus, in o.I N 
HC1 in IO minutes at IOO "~, 7o% of the substance was hydrolyzed, as judged by spectro- 
photometric estimation of the residual activity at 34o m/~. Confirmatory evidence for 
the probable presence of a pyrophosphate linkage in the molecule was obtained by 
t reatment  of the tmrified coenzyme (I ml solution at the end of step I I I )  with 9.4 unitsa 
of highly purified nucleotide pyrophosphatase (554 units per mg protein) in TRIS  buffer, 
pH 8.5, for 3o minutes at 35 °. This t reatment  destroyed the activity of the coenzyme 
sample completely. Incubation, under identical conditions, with 0.o 4 mg of the venom 
of Crotalus adamanteus (a rich source of 5-nucleotidase 6 and of phosphodiesterase), with 
added MgC12 to insure maximal activity of the 5-nucleotidase, failed to affect the co- 
enzyme. 

As previously mentioned, the bacterial extracts used in this s tudy contained an 
enzyme which hydrolyzes the coenzyme, unless cysteinesulfinate is also present during 
the incubation. This fact could be readily ascertained by measurement of the total 
reduction at 34 o m/, before and after incubation of a standard coenzyme preparation 
with the enzyme at 35 °, in the absence of substrate. The hydrolytic enzyme seems to 
act on a phosphate linkage rather than on the nicotinamide-ribose bond, since o.oi M 
nicotinamide failed to protect against its action, while o.oo 5 M 5-adenylic acid protected 
the coenzyme to a significant extent. I t  may be added that  the action of this hydrolytic 
enzyme, upon cell disruption, may explain why t-cysteinesulfinic dehydrogenase occurs 
in the apoenzyme stage in the bacterial extracts. 

Properties o/the dehydrogenase. In the brilliant cresyl blue assay (with boiled yeast 
extract as a source of the coenzyme) t-cysteinesulfinic dehydrogenase acts optimally 
at pH 7.8 (Fig. 4). The activity is the same in phosphate and in TRIS  buffers at the 
same pH. Half saturation of the enzyme is reached at 4.1-IO -a M L-cysteinesulfinate, 
as determined by the method of LINEWEAVER AND BURK (Fig. 5). 
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Fig. 4. Relation of p H  to L-cysteinsulfinic de- 
hydrogenase activity.  Conditions as in MA- 
TERIALS AND METHODS u n d e r  b r i l l i a n t  c r e s y l  
blue assay, except t ha t  12o/*moles subs t ra te  
were present .The p H  values are those measured 
in the reaction mixture  at  room temperature .  
Buffers : phospha te  from p H  6.65 to 7.02 ; T R I S  
frorn p H  7.38 to8.4o; N H  a from pH8.37 to 8.91. 

Re/erences p. 299. 

i 
a 0 ! 

3C 

c2 
× 

> 2 0  

~n 

0i 02  0.3 0.4 
5 

Fig. S. Effect of substrate concentration on 
L-cysteinesu]finic dehydrogenase activity. Ab- 
scissa, average molar concentration of L- 
cysteinesulfinic acid in the course of the experi- 
ment x zo; ordinate, substrate concentration/ 
velocity (in mm 3 0  2 uptake per 3o rain). Bril- 
liant cresyl blue assay;  1. 5 ml yeast  extract  as 
the source of coenzyme III, and 7 °/~moles 
TRIS  buffer, p H  8, per  vessel, in a total  volume 

of 3.5 ml. 
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Tile enzyme appears to be rather labile, particularly if the extracts are prepared 
by grinding with ahnnina. I t  may be stored, however, for several weeks at - - 2 ( / '  in 
tile lyophilized state, and solutions may be kept for a day at o ° without loss of ac t iv i ty ' .  
Fractionation with acetone or alcohol at low temperatures invariably resulted in marked 
inactivation. 

Electron trans/er ~tom cocnzyme I I I  to 0 2. As noted in Fig. I, in the presence of 
phenazine methosulfate, the same maximal activity is obtained at saturating levels of 
yeast extract and of the most purified fraction of eoenzyme I I I .  In the brilliant cresyl 
blue assay, with unfractionated yeast extract as a source of the coenzyme, the same 
activity is obtained as in the phenazine methosulfate assay system. With the tmrified 
coenzyme only a fraction of the maximal O~ uptake is obtained. When methylene blue 
or pyocyanine are substituted for brilliant eresyl blue as an electron carrier from 
coenzyme I I I  to O 2, the rate of O., uptake is again only about 3o% of that  obtained 
in the phenazine methosulfate assay. These observations are readily interpreted in the 
light of the facts that  dyes like methylene blue, brilliant cresyl blue, and pyocyanine 
do not react readily with dihydropyridine nucleotides, whereas there is good reason 
to believe that  phenazine methosulfate doesL I t  is well known that  flavoproteins are 
required for the catalysis of the reaction between methylene blue or brilliant cresyl blue 
and reduced DPN and TPN. Very likely, the same requirement may exist for the re- 
oxidation of reduced coenzyme I I I .  Thus it appears that  a diaphorase (or cytochrome 
reductase) concerned with the reoxidation of reduced Co I I I  is present in the bacterial 
extract and, like cysteinesulfinic dehydrogenase, it is obtained largely in the apoenzyme 
state. Crude yeast extract, then, supplies two cofactors for the brilliant cresyl blue assay 
system (coenzyme I I I  and a prosthetic group for the diaphorase, which will be referred 
to as "codiaphorase") but only one substance (coenzyme I I I )  for the phenazine metho- 
sulfate assay. The codiaphorase is largely removed in the course of the purification of 
coenzyme I I I ;  a substantial part  of it is lost in the f r s t  Ba precipitation. 

The diaphorase concerned with the reoxidation of coenzyme 1II is at least part ly 
autooxidizable. Thus, in the presence of excess yeast extract, about half of the maximal 
O 2 uptake measurable in the presence of brilliant cresyl blue is manifested in the absence 
of the dye. 

A satisfactory measure of the codiaphorase may be achieved with an excess of 
purified coenzyme I I I  in the manometric brilliant cresyl blue method, whereby addition 
of unfractionated yeast extract boosts the small level of O 2 uptake obtained with the 
coenzyme alone to that  measured with Fhenazine methosulfate as carrier. By means 
of this procedure it was established that  neither riboflavin, FMN, FAD, nor a com- 
bination of other known cofactors could substitute for the codiaphorase at any concen- 
tration tested. A small but significant codiaphorase activity was observed upon in- 
cubation of FMN + ATP (but not of riboflavin + ATP) with the enzyme preparation, 
indicating possible synthesis of the codiaphorase. 

These experiments suggest that  there is in yeast extract a second new coenzyme. I t  is 
interesting to speculate that  it may be a flavin nucleotide analogous to the proposed struc- 
ture of coenzyme I IU.  Experiments designed to test this hypothesis are now in progress. 

Certain other observations relating to the general question of the oxidation of di- 

* One  p r e p a r a t i o n ,  g r o w n  in l i q u i d  c u l t u r e  w i t h  fo rced  a e r a t i o n ,  g a v e  a h i g h  y i e l d  of e n z y m e ,  
b u t  t h e  l y o p h i l i z e d  e x t r a c t  d e t e r i o r a t e d  v e r y  r a p i d l y ,  e v e n  a t  - -  so °, a n d  t h i s  t e c h n i q u e  of g r o w t h  
w a s  t h e r e a f t e r  a b a n d o n e d .  
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hydrocoenzyme III  nmv be briefly mentioned. Among dyes thought to oxidize dihydro- 
pyridine nucleotides without the mediation of flavins, besides phelmzine methosulfate, 
ferricyanide 8 and 2,6-dichlorophenol-indophenol' have been tested. Both of these oxidants 
reacted rapidly with the reduced coenzyme in spectrophotometric tests*. The spectre- 
photometric measurement of the reduction of 2,6-dichlorophenol-indophenol is a con- 
venient measure of the activity of L-cysteinesulfinic dehydrogenase, but ferricyanide 
cannot be used for this purpose, since it at;pears to be very inhibitory to the enzyme. 

Heart flavoprotein, purified by the method of S:rR.~L'I~ ~'°, failed to catalyze the re- 
oxidation of dihydroccenzyme III  by methylene blue. 

DISCUSSION 

The facts presented in the present and tl~e preceding" paper lead to the inevitable 
conclusion that the L-cysteinesulfinic dehydrogenase of P. vulgaris requires a cofactor 
for activity and that this substance is present in yeast but is not identical with a large 
number of substances tested. If one accepts the conclusion, based mainly on the spectre- 
photometric observations reported above, of the pyridine nucleotide nature of this 
cofactor, the inactivity of a variety of highly purified DPN, TPN, and NMN samples 
in both the manometric and spectrophotometric tests, points clearly to a new coenzyme 
in the pyridine series. The argument is strengthened by the recent observations of the 
authors that soluble ~.-cysteinesutfinic dehydrogenases prepared from numerous tissues 
of several species of higher animals also require added coenzyme III  for activity, and 
that DPN and TPN substitute very poorly, or not all, for coenzyme III  in the animal 
dehydrogenases n. 

One may wonder why this substance has escaped detection through the numerous 
years of investigations of pyridine nucleotide enzymes. In this regard, it may be well 
to recall that it has not been critically shown that DPN and TPN account for the total 
pyridine nucleotide content of biological materials. As a matter  ot fact, it is mentioned 
in the present paper that the purified coenzyme preparation, isolated from baker's yeast, 
contains a substance which is paper-chromatographically indistinguishable from NMN, 
although the presence of the latter compound in yeast, while predictable 1~, has never 
been reported. Also, the concentration of coenzyme III  in yeast appears to be appreciably 
lower than that of DPN, and it may be low enough to escape detection in an analysis 
of total pyridine nucleotides. 

Regarding the structure of coenzyme III,  the following facts are pertinent. The 
spectrum of the enzymically reduced coenzyme and the specificity of the electron 
accepters which react with the reduced form (phenazine methosulfate, ferricyanide, 
2,6-dichlorophenol-indophenol, but not methylene blue, brilliant cresyl blue, or pyo- 
cyanine) strongly suggest a pyridinium compound. Other evidence relating to the 
structure is necessarily indirect, in view of the fact that pure samples of the compound 
have not yet been prepared. The solubility of all the heavy metal salts of the coenzyme 
contraindicates any dinucleotide structure containing an adenylic acid moiety. The 
action of nucleotide pyrophosphatase suggests the presence of a pyrophosphate linkage. 
While the nucleotide pyrophosphatase used in this work may have contained traces of 
phosphatases, the marked lability of the compound to acids reinforces the tentative 

* F e r r i c y a n i d e  r e d u c t i o n  w a s  f o l l o w e d  a t  420  m H a n d  2 , 6 - d i c h l o r o p h e n o l - i n d o p h e n o l  r e d u c t i o n  
a t  6 I o  m/z.  
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conclusions regarding the presence of a pyrophosphate linkage. Finally, it should be 
pointed out that the procedure developed for the isolation of tile coenzyme is an adap- 
tation of the method of KORNBERG AND LINDBERG la for the purification of NMN. In 
fact, of a variety of initial concentration steps tested, this has been tile only one suitable 
for the purpose. The striking similarity of the behaviour of coenzyme III  to NMN in 
numerous fractionation procedures suggests that the two compounds may be closely 
related. The structure nicotinamide-ribose-(5)-pyrophosphate would be in accord with 
the above observations, and would explain also the inability of 5-nucleotidase to hydro- 
lyze the compound. The above structure remains, obviously, only a working hypothesis 
until current efforts at establishing nicotinamide: ribose: PO 4 ratios in highly purified 
samples are successfully completed. 

Coenzyme III  may have numerous metabolic functions besides its r61e as the 
prosthetic group of I.-cysteinesulfinic dehydrogenase. Its importance in the oxidative 
metabolism of animal tissues is shown not only by its specific function as the prosthetic 
group of dehydrogenases of animal origin but also by the presence of coenzyme III  in 
every animal tissue so far examined n. 

Experiments on the nature of codiaphorase and on the structure and metabolic 
functions of coenzyme I I I  are being continued. 

This paper is dedicated to Prof. C. FROMAGEOT, in grateful acknowledgment of his 
constant and enthusiastic support of this work. 

S U M M A R Y  

1. z -Cyste inesul f in ic  dehydrogenase ,  the  e n z y m e  which  ca ta lyzes  t he  dehyd rogena t i on  of Z- 
cys te inesul f in ic  acid, requi res  a cocnzyme  for ac t iv i ty .  The  coenzyme  r e q u i r e m e n t  is no t  fulfilled 
by  known  v i t a m i n s ,  coenzymes ,  or re la ted subs tances ,  bu t  boiled yea s t  ex t r ac t  is a good source of 
t he  cofactor.  

2. The  new coenzyme,  p rov is iona l ly  n a m e d  coenzyme  I I I ,  has  been ex tens ive ly  purified f rom 
baker ' s  yeas t .  W h e n  the  dehydrogenase  oxidizes cyste inesulf inic  acid in t he  presence of the  purified 
coenzyme,  t he  la t t e r  is reduced  to a subs t ance  wi th  an  absorp t ion  s p e c t r u m  charac te r i s t i c  of d ihydro-  
pyr id ine  nucleot ides .  Upon  add i t ion  of L-cysteic acid, the  reduced  s p e c t r u m  disappears ,  ind ica t ing  
reversal  of the  dehydrogena t ion .  

3. The  purif ied coenzyme  is rap id ly  des t royed  by  o. i  N acids  a t  IOO ° and  by  nucleot ide  pyro-  
p h o s p h a t a s e  b u t  is no t  ac ted  upon  by  5-nucleot idase  or phosphodies te rase .  The  h e a v y  me ta l  sa l t s  
of coenzyme  n I  are  wa te r  soluble. In  charcoal  c h r o m a t o g r a p h y  it behaves  ve ry  m u c h  like nicot in-  
amide  mononuc leo t ide .  

4- On the  basis  of i ts behav iour  to chemical  r eagen ts  and  to hydro ly t i c  enzymes ,  the  s t ruc tu re  
of coenzyme  I I I  is t e n t a t i v e l y  sugges ted  to be n ico t inamide- r ibose- (5) -pyrophospha te .  

5. Some of the  sa l ient  p roper t ies  of L-cysteinesulf inic dehydrogenase  have  been inves t iga ted .  
6. On  t he  basis  of a deta i led  s t u d y  of the  e lectron t r a n s p o r t  f rom coenzyme  I I I  to 0 2, it  is 

conc luded  t h a t  a d iaphorase  (or c y t o c h r o m e  reductase) ,  concerned  wi th  the  reoxida t ion  of coenzyme  
III, is p r e sen t  in the  e x t r ac t s  in t he  a p o e n z y m e  form. This  p ro te in  requi res  a second new coenzyme,  
which  is no t  ident ica l  wi th  F M N or FAD,  b u t  is likely to be a flavin. The  la t te r  cofactor  is p re sen t  
in y e a s t  ex t r ac t  and  is readi ly  sepa ra ted  f rom coenzyme  I I I .  

7. I t  is po in ted  ou t  t h a t  coenzyme  I I I  also func t ions  as the  p ros the t ic  group Of dehyd rogenase s  
of a n i m a l  origin and  t h a t  it  appear s  to be of wide d is t r ibut ion .  

R~,SUMt~ 

i .  La  L-cystdinesulf in ique ddhydrogdnase ,  e n z y m e  qui  ca ta lyse  la ddshydrogdna t ion  de l 'acide 
L-cystdinesulf inique,  exige la prdsence d ' u n  coenzyme.  Les  v i t amines  et  les coenzymes  connus ,  ou 
des s u b s t a n c e s  voisines,  ne  p e u v e n t  sat isfaire  ce t te  exigence,  ma i s  un  ex t r a i t  de levure  bouilli  est 
nne  bonne  source de cofacteur .  

2. Le n o u v e a u  coenzyme,  appeld p rov i so i r emen t  Coenzyme- I I I ,  a dt~ ex t r a i t  et  fo r t emen t  
purifi6 gt pa r t i r  de levure  de boulanger ie .  Au  cours  de l ' oxyda t i on  de l 'acide cys td inesul f in ique  pa l  
la d6hydrog6nase  en presence  de coenzyme  purifid, ce dernier  es t  rddui t  en une  subs t ance  poss6dant  
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Ie spectre  d ' abso rp t ion  caractdr is t ique  des d ihydropyr id ines  nucldotides.  Apr~s add i t ion  d ' ac ide  
L-cyst~ique, la d ispar i t ion du spectre  r~dui t  ind ique  le re tour  g la forme oxydde.  

3. Les  acides o. i N ~. ioo ° et la nucldot ide p y r o p h o s p h a t a s e  dd t ru i sen t  r a p i d e m e n t  le coenzyme  
purifi6, mais  la 5-nucMotidase ou la phosphodies td rase  son t  sans  act ion.  Les  sels de m 4 t a u x  lourols 
coenzyme  I I I  son t  solubles dans  l 'eau.  Le c o m p o r t e m e n t  au  cours  de la c h r o m a t o g r a p h i c  sur  c h a r b o n  
es t  tr~s semblab le  h celui du n ico t inamide  mononucl4ot ide .  

4. Le c o m p o r t e m e n t  vis "X vis des rdactifs ch imiques  et des enzynles  h y d r o l y t i q u e s  p e r m e t  de 
proposer ,  pour  le coenzyme  I I I ,  la s t ruc tu re  hypo t h6 t i que :  n ico t inamide- r ibose - (5 ) -pyrophospha te .  

5. Que lques -unes  des propridt~s carac tdr i s t iques  de la L-cys td inesul f in ique-d4hydrog4nase  on t  
~t6 ~tudi4es. 

6. Une  d tude  ddtaillGe du t r a n s p o r t  d 'd lect rons  du coenzyme  I I I  it l 'oxygGne m o n t r e  q u ' u n e  
d iaphorase  (ou c y t o c h r o m e  r4ductase) ,  qui  joue un  r61e dans  la r6oxyda t ion  du coenzyme  [[I ,  se 
t rouve  dans  les ex t r a i t s  sous fornle apoenzyme .  Cet te  prot~ine exige un  second n o u v e a u  coenzyme,  
diffGrent de FMN ou FAD,  mais  semblab le  "& une  flavine. Ce dernier  cofac teur  exis te  dans  l ' ex t r a i t  
de levure, e t e s t  fac i lement  s4pard du coenzyme  I I I .  

7. Le coenzyine  I I I  fonc t ionne  4galenlent  conlme g roupen len t  p ros th4 t ique  de d f h y d r o g 4 n a s e s  
d 'or igine aninlale,  et  semble  ~tre l a rgemen t  r4pandu.  

Z U S A M M E N F A S S U N G  

I. L-Cyste insut f indehydrogenase ,  das  E n z y u l  das  die D e h y d r o g e n i e r u n g  der L-Cysteinsulfins~ture 
ka ta lys ie r t ,  er forder t  ein Coenzym u m  Aktivi tXt  zu er langen.  Die Anforde rungen ,  die an  das  Coenzynx 
gestel l t  werden  mfissen,  werden  n ich t  von  den  b e k a n n t e n  V i t aminen ,  C o e n z y m e n  oder v e r w a n d t e n  
S u b s t a n z e n  erfiillt; gekoch te r  H e f e e x t r a k t  bi ldet  dagegen  eine gu te  Quelle ffir den  Cofaktor .  

2. Das  neue  Coenzym,  das  vorl~ufig C oenzym I I I  g e n a n n t  wird, wurde  a u s g e h e n d  von  Biicker- 
hefe we i tgehend  gereinigt .  Bei der O x y d a t i o n  der  Cysteinsulf ins / iure  m i t  D e h y d r o g e n a s e  in Gegenwar t  
des gere in ig ten  Coenzyms  wird das  le tz tere  zu einer S ubs t anz  reduzier t ,  die ein fiir D i h y d r o p y r i d i n -  
nucleot ide  cha rak te r i s t i s ches  A b s o r p t i o n s s p e k t r u m  besi tzt .  Se tz t  m a n  L-Cysteinsi iure zu, so ver-  
schwinde t  das  S p e k t r u m  der reduz ie r ten  Subs tanz ,  was  eine U m k e h r  der  D e h y d r o g e n i e r u n g  anzeigt .  

3- Das  gereinigte  C oenzym wird rasch  yon  o.1 N S~uren bei ioo ° u n d  von Nuc l eo t i dpy rophos -  
p h a t a s e  zerst6rt ,  dagegen  wi rken  5-Nucleot idase  und  Phosphod ies t e ra se  n ich t  ein. Die Schwermeta l l -  
salze des Coenzyms  I I I  s ind wasserl6slich.  Bei der C h roma tog raph i c  m i t  Koh le  ve rh~ l t  es sich weit-  
gehend  wie Nico t inamidmononuc leo t id .  

4. Auf  Grund  seines Verha l t ens  gegeni iber  chemischen  Reagenz ien  und  hyd ro ly s i e r enden  
E n z y m e n  wird vorgesch lagen  das  C oenzym I I I  ve rsuchsweise  als Nico t inamid-Ribose - (5 ) -pyro-  
p h o s p h a t  zu be t r ach t en .  

5. Einige der h e r v o r s t e h e n d s t e n  E igenscha f t en  der  L-Cyste insulf ins~iuredehydrogenase  w u r d e n  
un t e r such t .  

6. Auf  G r u n d  einer  e ingehenden  U n t e r s u c h u n g  der  E l ek t ronen f ibe r t r agung  yon  C o e n z y m  I I I  
auf  Sauerstoff ,  wurde  geschlossen,  dass  eine Diaphorase  (oder Cy toch romreduk t a se ) ,  die an  der  
R e o x y d a t i o n  des  C o e n z y m s  I I I  bete i l ig t  ist, im E x t r a k t  in der  A p o e n z y m f o r m  vorl iegt .  Dieses 
Pro te in  erforder t  ein zweites  neues  Coenzym,  das  n ich t  m i t  FMN oder F A D  ident i sch  is t ,  aber  sehr  
wahrsche in l i ch  ein F l av in  ist. Der  le tztere F a k t o r  k o m m t  im H e f e e x t r a k t  vor  u n d  k a n n  leicht  v o m  
Coenzym I I I  g e t r e n n t  werden.  

7. Es  wird da r au f  hingewiesen,  dass  das  Coenzynl  I I I  auch  als p ros t e th i sche  Gruppe  flit De- 
h y d r o g e n a s e n  t ier ischen U r s p r u n g s  fungier t  u n d  dass  es sehr  weit  ve rb re i t e t  zu sein scheint .  
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