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ON THE ENZYMIC FORMATION AND THE ISOLATION OF 

POLYPHOSPHATES OF A D E N I N E  DEOXYRIBOSIDES* 

HANS K L E N O W * *  AND E L E A N O R  L I C H T L E R * *  

Universily Institute /or Cytophysiology, Copenhagen (Denmark) 

I N T R O D U C T I O N  

In 1954 SABLE et al.  1 found that enzymes from muscle catalyzed the transfer of phos- 
phate from ATP*** to deoxy-AMP. They found, likewise, that a suspension of liver 
mitochondria catalyzed the formation of acid-labile phosphate in the presence of 
deoxy-AMP. Evidence for the formation of the deoxyribose analogs of ADP and ATP 
under these conditions was obtained. Recently, LIEBERMAN et al.  2 have found that 
an enzyme from yeast catalyzes the transfer of phosphate from ATP to deoxy-AMP. 
The oxidative phosphorylation of thymidine monophosphate and deoxycytidine 
monophosphate by the "cytoplasmic" fraction of liver homogenate has been demon- 
strated by HECHT et al .  3. The products were isolated and identified as di- and tri- 

* Suppor ted  by  grants  from Nordisk Insul infond and the Eli Lilly Research Foundat ion.  
* ~ Present  address:  Fibiger Laboratory,  Biochemical Depar tment ,  Frederik V's Vej i I ,  Copen- 

hagen. 
* ~ *  The following abbreviat ions are used: AMP, ADP and ATP for adenosine nlono-, di- and tri- 

phospha te ;  deoxy-AMP, deoxy-ADP and deoxy-ATP for deoxyadenosine nlono-, di- and tri- 
phosphate  ; deoxy-GMP for deoxyguanosine monophospha te  ; deoxy-CMP for deoxycytidine mono- 
phospha te ;  TMP for thymidine  monophosphate ,  Tris-buffer for t r i s (hydroxymethyl)amino-  
methane-HC1 buffer and P for phosphate .  
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p h o s p h a t e s  o f  t h y m i d i n e  a n d  d e o x y c y t i d i n e .  W e  h a v e  f o u n d  t h a t  a q u e o u s  e x t r a c t s  o f  

b o t h  r e d  b o n e  m a r r o w  a n d  of  m u s c l e  c o n t a i n  e n z y m e s  w h i c h  c a t a l y z e  t h e  p h o s p h o r y l -  

a t i o n  o f  b o t h  d e o x y - A M P  a n d  d e o x y - G M P .  T h e  p r o d u c t s  o f  t h e  d e o x y - A M P  p h o s -  

p h o r y l a t i o n  h a v e  b e e n  i s o l a t e d  b y  c o l u m n  c h r o m a t o g r a p h y .  T h e  a n a l y s e s  o f  t h e  

c o m p o u n d s  o b t a i n e d  s u g g e s t  t h a t  t h e y  a r e  t h e  d e o x y r i b o s e  a n a l o g s  o f  A D P  a n d  A T P .  

A p r e l i m i n a r y  n o t e  o n  t h i s  w o r k  h a s  b e e n  p u b l i s h e d  ~. 

MATERIALS 

A T P  was a p roduc t  of the  S igma  Chemica l  C o m p a n y  (St. Louis,  Me., USA), and  the  deoxynuc leo-  
t ide m o n o p h o s p h a t e s  were ob ta ined  f rom the  California F o u n d a t i o n  for Biochemica l  Resea rch  
(Los Angeles,  Calif., USA).  All deoxynucleo t ides ,  bo t h  commerc ia l  and  r ech roma tog raphed ,  were 
found  to give a posi t ive  reac t ion  for pentose ,  cor responding  to t he  presence  of abou t  4 % of pentose .  
Th i s  is in a g r e e m e n t  wi th  t he  repor ted  5 unspeci f ic i ty  of the  orcinol reac t ion  for pentose .  For  cellulose 
powder  columns,  W h a t m a n ' s  s t a n d a r d  grade cellulose powder  was used.  I t  was t r ea ted  wi th  a 
solut ion of 8 -hydroxyqu ino l ine  in ace tone  and  washed  wi th  wa te r  un t i l  t he  effluent was  free of 
u l t r av io le t  absorp t ion .  An  aqueous  suspens ion  of th is  powder  was used  to pack  t he  columns.  The  
charcoa l  used  for adso!;ption was Nori t  which  h a d  been washed  wi th  5o% e thano l  ad ju s t ed  to p H  9, 
un t i l  t h e  eff luent  was free of u l t rav io le t  absorpt ion ,  t h e n  wi th  o.I N HC1 and  wi th  water .  Acid- 
washed  \ V h a t m a n  No. I filter pape r  was  used  for pape r  c h r o m a t o g r a p h y .  

Myokinase  was p repared  according to COLOWICK AND KALCKAR 6. Red  bone m a r r o w  ex t r ac t  
f rom rabb i t s  was p repared  by  ex t r ac t i ng  t he  bone m a r r o w  twice wi th  one vo lume  of ice-cold 
water .  

Pen tose  was d e t e r m i n e d  according to MEJBAUM ~, and  o r t h o p h o s p h a t e  according to FISKE AND 
SUBBAROW 8. Acid-labile p h o s p h a t e  was de t e rmi ned  as o r t h o p h o s p h a t e  af ter  hydro lys i s  a t  Ioo°C 
for 7 rain in i N H~SO4, and  to ta l  p h o s p h a t e  af ter  a sh ing  in sulfur ic  acid - ni tr ic  acid mix tu re .  
Deoxyr ibose  was de t e rmined  wi th  d i p h e n y l a m i n e  5. This  a s s ay  could no t  be employed  in t he  pres-  
ence of formic acid. 

METHODS 

For  t he  s t u d y  of the  m e t a b o l i s m  of deoxymononuc leo t ides ,  it  was  found  t h a t  two-d imens iona l  
pape r  c h r o m a t o g r a p h y  was sui table ,  since comple te  sepa ra t ion  of t hese  c o m p o u n d s  f rom ribo- 
nucleosides  and  r ibonucleot ides  cou ld  be obta ined.  The  so lvents  were t he  e thano l  - a m m o n i u m  
ace ta te  mix tu re ,  p H  7.5, of PALADINI AND LELOIR 9, and  a bo ra t e -con ta in ing  so lven t  developed 
by  PLESNER 1°. This  so lven t  cons is ted  of 7 ° % e thano l  and  3 ° % of a one mola r  a m m o n i u m  ace ta te  
so lu t ion  ad ju s t ed  to p H  9 wi th  a m m o n i a  and  s a t u r a t e d  wi th  sod ium te t rabora te .  After  t h e  e thanol  
is m i x e d  wi th  t he  sa l t  solut ions,  t he  excess  bora te  should  be al lowed to crystal l ize  ou t  before use. 
Fig. i a  shows  t h e  pape r  c h r o m a t o g r a p h i c  sepa ra t ion  of d e o x y - A M P  f rom AMP,  A D P  and  A T P  
wi th  these  two solvents .  The  c h r o m a t o g r a m s  were developed  on pho tog raph i c  pape r  wi th  "Minera-  
l igh t" .  I n  t he  a l iquots  of t h e  i ncuba t ion  m i x t u r e s  to be c h r o m a t o g r a p h e d ,  t h e  e n z y m e  reac t ions  
were s topped  b y  add i t ion  of perchloric  acid to a final concen t ra t ion  of 5 °/0, and,  af ter  neu t ra l i za t ion  
e n o u g h  Nori t  was  added  to adsorb  the  pur ine  or py r imid ine  c o m p o u n d s  present .  The  charcoal  was 
collected by  cent r i fuga t ion ,  w a s h e d  once wi th  water ,  and  e lu ted  wi th  5 ° % alcohol ad ju s t ed  to 
p H  9 wi th  a m m o n i a .  The  e lua te  was t a k e n  to d ryness  unde r  v a c u u m .  The  res idue  was dissolved in 
a smal l  v o l u m e  of wa te r  and  applied to the  paper .  

For  t he  p repa ra t ive  sepa ra t ion  of a r ibonucleot ide  f rom a deoxyr ibonuc leo t ide  i t  was found  
t h a t  c h r o m a t o g r a p h y  on a cellulose powder  c o l u m n  was  sui table .  The  nucleot ides  to be sepa ra ted  
were adsorbed  on Nor i t  wh ich  was t h e n  collected by  cen t r i fuga t ion  and  t rans fe r red  to t he  cellulose 
powder  co lumn,  on top  of which  it  shou ld  form an  even  layer.  A few ml  of 96 % e thano l  were run  
in to  t he  c o l u m n  which  was  t h e n  e lu ted  wi th  a m i x t u r e  of equal  vo lumes  of 96 % e thano l  and  a I ~J 
solut ion of a m m o n i u m  ace ta te  s a t u r a t e d  wi th  sod i um t e t r abo ra t e  and  a d j u s t e d  to pFI 9 wi th  
a m m o n i a * .  Th i s  so lven t  h a s  two func t ions .  (i) I t  e lutes  the  nuc leo t ides  f rom the  cha r coa l* ' .  
(2) I t  s epa ra te s  a deoxynuc leo t ide  ch roma t og raph i ca l l y  f rom its  r ibose ana log  on the  cellulose 
powder  co lumn.  The  l a t t e r  p rope r t y  of t he  so lven t  is due  to t he  presence of sod ium te t r abora te .  

* I t  is i m p o r t a n t  t h a t  th is  so lven t  should  no t  come in con tac t  wi th  rubbe r  or po lyv iny l  chloride 
tubing ,  s ince it  dissolves u l t r av io le t - absorb ing  c o m p o u n d s  f rom these  mater ia ls .  

** PLESNER n has  found  t h e  op t i ma l  concen t ra t ion  of alcohoI for e lut ion of nucleot ides  f rom 
Nor i t  to be o/ 5 ° /o. 

Re/erences p. ±2. 
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i t  appears  tha t  the complex formed between borate and a ribose compound moves much more 
slowly in the solvent than  does a corresponding deoxvribose compound.  The configuration ~f 
deoxyribose prevents  it from forming a complex wi th  borate. 

RESULTS 

Paper chromatographic evidence 

When incubated with ATP extracts of red bone marrow and muscle were found to 
contain enzymes which catalyze the formation of new purine deoxyribose derivatives 
from deoxy-AMP. Evidence for these reactions was detected by the appearance of 
two additional ultraviolet-absorbing spots on paper chromatograms. The new spots 
gave a positive reaction for deoxyribose when sprayed with cysteine-sulfuric acid 12. 
The position of the spots suggests that  they consist of polyphosphates of deoxynucle- 
osides. This indicated that the reaction might be a myokinase-like reaction between 
ATP and deoxy-AMP. This was further supported by the finding that the reactions 
leading to the formation of the additional deoxyribose compounds were also catalyzed 
by myokinase of muscle. The position of these compounds on paper chromatograms is 
seen in Fig. lb. Similar results were obtained when deoxy-GMP was used instead of 
deoxy-AMP. In this case, however, the reaction proceeded at a slower rate. No evi- 
dence for an enzyme reaction between ATP and deoxy-CMP or TMP was obtained 
with either bone marrow extract or muscle extract. 

Start Start 

Alcoholic acetate, pH 7.4 I -~ Alcoholic acetate, pH 7.4 

e -  A D P  + ATP 

e- AMP 

~- Deoxy-AMP 

b 
Fig. Ia. Position of AMP, ADP, : (TP and deoxy-AMP on a paper  ch romatogram developed in the 
first dimension with PALADINI AND LELOIR'S neutral  solvent 9, and in the  second dimension with 

PLESNER'S solvent 10. The spots indicate ul traviolet-absorbing material. 

Fig. lb.  Ultraviolet  spots  on a paper  ch romatogram of an incubat ion mixture  of ATP (i /*mole), 
deoxy-AMP (0.65/*moles), myokinase (3-4 mg of protein) and MgC12 (i /~mcle) in 350 /*1 of Tris- 

buffer (0.03 l~¢, pH 7-5,)- The chromatogram was developed as described for Fig. ia. 

Isolation o/ adenine deoxyriboside polyphosphates 

Isolation on a preparative scale of the products of the reaction between ATP and 
Re[e~,ences p. z2.  
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deoxy-AMP was accomplished by column chromatography. The procedure was 
typically as follows: The incubation mixture contained deoxy-AMP (12o #moles),  
ATP (235 #moles),  MgC12 (15o/,moles),  2 ml of myokinase (14 mg protein), and was 
0.05 M with regard to Tris-buffer. The pH of the mixture was 7.3, and the final volume 
was 14. 5 ml. To allow full equilibration of the enzyme-catalyzed reactions, the mix- 
ture was incubated for 8 hours at room temperature. 

After incubation the mixture was immersed in boiling water for two minutes and 
cooled. The coagulated protein was removed by centrifugation, and the supernatant 
was adjusted to pH 8 with ammonia and slowly passed through a column (3.8 cm 2 × 
IO cm) of Dowex-I ,  X-Io,  200-400 mesh, in the formate form. After one resin bed 
volume of water was passed slowly through, gradient elution of the column was 
carried out with ammonium formate, pH 5, using the technique of HURLBERT et al. 13. 
The effluent was analyzed for absorption of ultraviolet light (260 mt~ ) and for the 
presence of pentose. Three separate ultraviolet-absorbing peaks were obtained, and 
they were found to coincide with three peaks of ribose components. The ratios of 
ribose to adenine (using the molar extinction coefficient at 260 m ~  of 15,ooo) were 
approximately 0. 7 in the three peaks. The molar ratio in the three peaks between 

2,0 ~20 Deoxy- Deoxy- Deoxy- 

/ ATP ATP ADP ADP AMP AMP 

L '  I 

l;C,: i "-'~ I.O 
IL 

0.- ¢ _[- ~ 0.5 

1 5 1(] 15 20 25 rnl 

Fig .  2. R e c h r o m a t o g r a p h y  of the  third ultra-  
v io le t -absorbing peak of the  D o w e x  c h r o m a t o -  
gram of an incubat ion  mix ture  of ATP, deoxy-  
AMP and m y o k i n a s e  (see text) .  To the  pooled 
fract ions  conta in ing  the  third u l trav io le t -ab-  
sorbing peak  (about 5 ° #tmoles adenine deriva-  
t ive) 25o mg of Nor i t  was  added.  After  a F i g .  3- Paper c h r o m a t o g r a m  developed wi th  
few minutes  the  N o r i t  was  col lected by  PLESNER'S so lvent  TM. 
centr i fugat ion  and transferred a s  a suspens ion 
to a c o l u m n  of cellulose powder  (o.8 c m  = × x3 c m ) .  E x c e s s  aqueous  so lut ion was displaced 
by  a p p l y i n g  s l i g h t  air pressure. The  charcoal,  which  should form an even layer  on top of the  
c e l l u l o s e  powder,  was  covered w i t h  a piece of filter paper, and 3 m l  of  9 6  % alcohol  was  p a s s e d  
s l o w l y  into the  c o l u m n  by a p p l y i n g  s l i g h t  air pressure. This  co lu mn  was then e luted wi th  a mix ture  
of equal  vo lumes  of 96  % alcohol  and I 3/1 r a m m o n i u m  acetate  so lut ion  saturated  w i t h  so d iu m tetra-  
borate.  The rate  of e lut ion was  about  6 m l  per hour.  A b s c i s s a :  m l  of effluent. Ordinate:  /*moles  

per m l  : - -  a d e n i n e  ; . . . .  p e n t o s e .  

Re/erences p. r 2 .  
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acid-labile phosphate and adcnine was o, I .I  and 2.0, respectively. This suggests 
that  the peaks contain mono-, di- and triphosphates, respectively, of both adenosine 
and, presumably, of deoxyadenosine. The fractions of each peak were pooled and 
rechromatographed separately on columns of cellulose powder as described under 
METHODS. In Fig. 2 is shown the result of such a chromatogram. The first ultraviolet 
peak contained only small amounts of pentose, while the second contained almost 
equimolar amounts of pentose and adenine. The fractions containing the first ultra- 
violet peak were pooled, and after the alcohol had been removed under vacuum the 
nucleotide was freed from salts by t reatment  with Norit. Table I shows the analysis 
of compounds obtained in this way from the second and the third peak of the Dowex 
chromatogram. I t  can be seen that  the ratios of adenine : deoxyribose : total phosphate : 
labile phosphate indicate that  the compounds may be di- and triphosphates, respec- 
tively, of adenine deoxyriboside. However, the two compounds give in addition positive 
reactions for pentose corresponding to a content of I I  °/o of pentose per adenine mole- 
cule. On paper chromatograms each of the two compounds moved as single spots 
in the solvent of PLESNER TM (see Fig. 3). 

T A B L E  I 

ANALYSIS OF ISOLATED COMPOUNDS 

Alolar amounls relative lo adenine 

l)eoxyribose Labile P Total P l¢ibose 

" d e o x y - A D P "  i .oo 1.03 t .97 o. i i 
" d e o x y - A T P '  ' ~ .o 3 i .9o 3.o6 o. i i 

DISCUSSION 

The analysis of the deoxyribose compounds formed in the incubation mixtures of 
ATP, deoxy-AMP and myokinase suggests that  they are adenine deoxyriboside dif 
phosphate and -triphosphate, respectively. I t  is therefore assumed that  the myokinase- 
preparation catalyzes the following reactions: 

A T P  + d e o x y - A M P  ~ A D P  + d e o x y - A D P  

2 A D P ~  A T P  + A M P  

2 d e o x y - A D P  ~ d e o x y - A M P  + d e o x y - A T P  

The possibility also exists that  a nucleoside diphosphate kinase catalyzing the reaction : 

A T P  + d e o x y - A D P  ~-- A D P  + d e o x y - A T P  

is present in the enzyme preparation used. 
The finding that  the positive pentose reaction given by deoxy-ADP and deoxy- 

ATP was appreciably higher (about three times) than that  of deoxy-AMP might be 
due either to a contaminating impurity in the preparation or to the additional phos- 
phate molecules in the compounds, the presence of which might possibly further de- 
crease the specificity of the pentose assay. In the case of the first possibility, the 
pentose could be a ribonucleotide which moved with the deoxyribose compounds on 
the cellulose powder column due to incomplete formation a of borate complex. 
However, rechromatography of the isolated compounds resulted in one ultraviolet 
t ~e / e rences  p .  z 2 .  
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peak coincident with a pentose peak, and the analysis of the compounds was found 
to be unchanged. The compound could also be a pentose with a configuration which 
prevents it from forming a complex with borate, and which either was present as 
impurity in the ATP, or was formed during incubation with myokinase. However, 
when an incubation mixture of ATP, AMP and myokinase was chromatographed as 
described above, no pentose-reacting peak appeared in the cellulose powder chromato- 
gram at the positions where deoxy-ADP or deoxy-ATP would have appeared. Finally, 
a stable complex between a ribose compound and the deoxyriboside polyphosphates 
might have been formed, a possibility which has not been excluded experimentally. 

The possibility also exists that  the pentose reaction of the compounds isolated is 
due to unspecificity of the assay. In this case an interaction between the terminal 
phosphates and the deoxyribose of deoxy-ADP and deoxy-ATP may  occur before the 
phosphates are split off by  the strong acid of the reagent mixture, since the presence 
of free phosphate had no effect on the reaction of deoxy-AMP with the pentose 
reagents. Although this possibility might seem unlikely, it is interesting that  hydrolysis 
of the deoxy-ADP or deoxy-ATP in I N H2SO 4 prior to the assay, was found to lower 
the intensity of the pentose reaction (see Fig. 4)- Also, it has been shown 14 that  rate of 
color development with this assay for pentose depends very much on the presence of 

0 6  3 0.6 

o ~  / / , ~ " x  ~ 
0.4  ).4 

0.3 0,3 

0.2 3.2 
2 

o.~ ~.__.__. ,~ . . .~ .~- - -o .~ 
o Q 3.1 

' 5~o ' 5~o' 5~o' 66o' 6~'o ' 6~o' 6~o' 6~o '7oo 
m 

Fig. 4. Absorp t ion  s p e c t r u m  ob ta ined  wi th  di f ferent  
c o m p o u n d s  in the  orcinol react ion.  Curve  i :  0.046 
t*moles of AMP.  Curve  2: 0. 3 /zmoles of deoxy-  
AMP.  Curve  3 : o . 3  /*moles of d e o x y - A D P .  Curve  
4 : 0 . 3  / ,moles  of ac id -hydro lyzed  (7 m i n u t e s  a t  

Ioo°C  in I N H2SO4) d e o x y - A D P .  

phosphate at carbon No. 5 of the 
sugar molecule. In Fig. 4 are shown 
the spectra obtained with different 
compounds in the orcinol assay. I t  
can be seen that  all compounds 
tested had the same absorption maxi- 
mum, and that  the unspecific absorp- 
tion between 520 m/z and 600 m~ is 
relatively higher for all of the deoxy- 
ribose compounds than for AMP. I t  
is further seen that  after hydrolysis 
of deoxy-ADP in I N H2SO 4 the 
absorption decreases to about 70% 
of the original value. No such effect 
of acid hydrolysis was obtained 
with deoxy-AMP or AMP. When 
deoxy-ADP and deoxy-ATP were as- 
sayed with the method of yoN EULER 

AND HAHN 15 for pentose, they were found to give readings which were two to three 
times as high as those given wih deoxy-AMP. 

Work is in progress on the isolation and characterization of the products of the 
enzyme reaction between deoxy-GMP and ATP. 

S U M M A R Y  

By m e a n s  o f p a p e r c h r o m a t o g r a p h y  it  h a s  been shown  t h a t  ex t r ac t s  of red bone m a r r o w  and  prep-  
a ra t ions  of m y o k i n a s e  con ta in  e n z y m e s  which  ca ta lyze  t he  fo rma t ion  of two addi t iona l  deoxy-  
r ibose c o m p o u n d s  f rom m i x t u r e s  of e i ther  d e o x y - A M P  and  A T P  or d e o x y - G M P  and  ATP.  

Two of t he  p roduc t s  of t he  reac t ion  be tween  d e o x y - A M P  and  A T P  h a v e  been p repared  in 
m g  quan t i t i e s  by  c o l u m n  c h r o m a t o g r a p h y .  The  ana lys i s  of the  c o m p o u n d s  ob ta ined  sugges t  t h a t  
t h e y  are t he  deoxyr ibose  analogs  of A T P  and  ADP.  

l?e[erences p. 12. 
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LA FORMATION E N Z Y M A T I Q U E  D E  L'ACIDE C Y S T E I N E S U L F I N I Q U E  

.~ P A R T I R  D E  S U L F I T E  P A R  L ' E M B R Y O N  D E  V E A U  

P. F R O M A G E O T ,  F. C H A P E V I L L E  ET L. P E T I T  

Service de Biologic, Commissariat £~ l'Energie A/omique, Saclay, Sei~ze & Oise (France) 

Un pr6c6dent travaiP a montr6 que la poudre ac6tonique de rein de lapin est capable 
d'assurer, par voie enzymatique, la condensation de sulfite radioactif et d'une mol6cule 
organique, sous forme d'acide cyst6inesulfinique. Par la suite, on a observ6 le m6me 
ph6nom~ne in vivo, chez le lapin". Dans ce dernier cas, on a isol6 apr~s administration 
de sulfite marqu6 non seulement de l'aeide cyst~inesulfinique asS, mais aussi de la 
cystine a~S et de la taurine asS. 

Nous avons repris l'examen de cette condensation du sulfite aaS en pr6sence de 
foie d'embryon de veau, in vitro. La plus forte activit6 sp6cifique du sulfite ass 
employ6 a permis l'addition d'acide cyst6inesulfinique comme entraineur. On peut 
alors en pr6parer un d6riv6, l'acide dinitroph6nylcyst6ique, qui confirme l'identit£~ 
du produit isol6 et en mesurer la quantit6. On observe aussi, £ la fin de l'incubation, 
la pr6sence de compos6s organiques soufr6s non amin6s et qui ne sont pas des esters 
de l'acide sulfurique. 

En ce qui concerne la nature de la mol6cule organique susceptible, chez l'animal 
sup6rieur, de fixer le sulfite pour donner ensuite plus ou moins directement l'acide 
cyst6inesulfinique, nous avions admis pr6c6demment I que l'acide pyruvique puisse 
jouer un tel r61e, par analogie avec son aptitude ~ fixer le CO~ pour donner l'acide 
oxalac6tique. D'autre part, ROBERTS et coil)  ont montr6 que chez E. coli, la s6rine 
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