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42. The Structure of Adenosine Di- and Tri-phosphates. 
By J. MASSON GULLAND and E. O’FARRELL WALSH. 

The existing experimental evidence for the constitutions of adenosine di- and tri-phosphates leaves some 
doubt as to the exact disposition of their acid-labile phosphoryl groups. The action of cold aqueous alkali 
and of the phosphatases of Russell’s viper venom on these compounds has been investigated and the results are 
discussed in relation to the possible structures. Lohmann’s conclusions are codrmed. 

THE structure of adenosine triphosphate, first isolated in 1929 (Lohmann, Naturwiss., 17, 624; Fiske and 
Subbarow, Science, 70,381) , has long been a matter of dispute, and the point of attachment of the labile pyro- 
phosphoryl group to the adenosine-5-phosphate is not yet known with certainty. The existence of inosine 
triphosphate as a deamination product of adenosine triphosphate (Kleinzeller, Biochem. J., 1942, 36, 729) 
proves conclusively that the amino-nitrogen of the adenine is not involved, and therefore the structure proposed 
by Barrenscheen and Filz ( B i o c h .  Z., 1932, 256, 115) need not be considered. The pyrophosphoryl residue 
must therefore be united with adenosine-&phosphate either through the stable 5-phosphoryl group as in 
(I) (Lohmann, Biochem. Z., 1932,254, 381 ; 1935,282, 120) or through one of the hydroxyl groups at C, or C, 
of the ribose as in (11) (Satoh, J. Biochem. Japan, 1935, 21, 19) or (111). 

I*----- 1 YH YH 
R--CH~CH(OH)~CH(OH)-CH*CH,~O~PO~O~PO~O.PO(OH) (I.) 

YH 
7 0 - 1 1  

r l - 0 1  

O*PO*O*PO (OH) 

R - C H C H  (OH)*CHCH*CH,*O*PO (OH) (11.) 

qH 
0-PO-0-PO(OH), 

(111.) R--CH*CH*CH (OH) CH*CH,*O.PO(OH) 

b b a n n ’ s  formula is based on the results of electrometric titrations of adenosine di- and tri-phosphoric 
acids before and after acid hydrolysis, and on the behaviour of the compound towards hydrolytic reagents. 
Alkaline hydrolysis with baryta yielded adenosine-Sphosphate and inorganic pyrophosphoric acid, and 
N-acid at 100” “ easily hydrolysed ” two of the phosphoric.acid residues at  a rate closely similar to that of 
hydrOlySk of inorganic pyrophosphate under similar conditions. In this communication the terms *’ easily 
hydrolpble ” (acid labile) and “ difficuItly hydrolysable ” (acid stable) phosphorus are used in accordance with 
Lohmann’s definition. 

The ability of adenosine triphosphate to form a soluble copper complex with dilute copper sulphate and lime 
water and to give a positive m e k e n  reaction with boric acid (Lohmann, Zoc. c i f . ;  Makino, B h 9 ~ ? m .  2 . s  
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1935,278, 161 ; Barrcnscheen and JachimoWicz, ibid., 1937, 292, 350), thus resembling adenosine-5-phosphate 
and dif€ering from adenosine-%phosphate (Klimek and Pamas, ibid., 1932,252, 392 ; 2. physiol. Chem., 1933, 
217, 75), offers strong support for Lohmann’s formula in which the adjacent hydroxyl groups a t  C, and C, 
axe unesteriiied. Lohmann points out, however, that these reactions are not fully understood and that the 
results are not clearly predictable in the case of a compound containing in its molecule a congestion of hydroxyl 
groups and an amino-group. 

He observed that non- 
specific phosphatases, having no pyrophosphatase activity under the conditions of experiment, split of3 one-third 
of the total phosphorus from adenosine tiphosphate as inorganic phosphoric acid and left the organic pyro- 
phosphate as inosine pyrophosphate, deamination having occurred simultaneously with dephosphorylation. 
Pyrophosphatases, on the other hand, removed half the pyrophosphate phosphorus as inorganic orthophosphate, 
i .e.,  one-third of the total phosphorus, yielding an adenosine diphosphoric acid, which was isolated as the calcium 
salt. This compound was dephosphorylated by non-specific phosphomonoesterase but was not attacked by 
pyrophosphatase. In agreement with Satoh, Barrenscheen and others (Barrenscheen and Lang, Biwhem. Z., 
1932,253,406 ; Barrenscheen and Jachimowicz, ibid., 1937,292, 350) observed that bone phosphatase mineral- 
ised one-third of the total phosphorus of adenosine triphosphate, the inorganic phosphate originating almost 
entirely from the difficultly hydrolysable part, but Liebknecht (ibid., 1939, 303, 96) disagreed with 
Barrenscheen and claimed that bone phosphatase liberated the labile phosphorus first. 

We have investigated the action of cold alkali on adenosine di- and tri-phosphates under the same conditions 
as those that effect the cleavage of yeast ribonucleic acid to its component nucleotides. Excess of N-sodium 
hydroxide acting on adenosine triphosphate at 20’ for 24 hours liberated inorganic pyrophosphate but no 
inorganic orthophosphate. In the case of adenosine diphosphate under the same conditions, the aikali liberated 
half the total phosphorus as inorganic orthophosphate. These results suggested that the labile pyrophosphoryl 
group of adenosine triphosphate and the labile phosphoryl group of the diphosphate might be linked to muscle 
adenylic acid by an alkali-unstable ester link resembling the alkali-labile internucleotide linkage of yeast 
ribonucleic acid (Gulland and Walsh, following paper) ; in that case, adenosine triphosphate could have a 
structure (111) analogous with that of Satoh but differing from the triphosphoric acid structure of Lohmann. 
In order to test this hypothesis and in the hope of confirming or disproving one or other of the above formulae, 
we have investigated the action of the 5-nucleotidase of Russell’s viper venom (Gulland and Jackson, Biochem. 
J., 1938, 32, 590) on adenosine di- and tri-phosphates before and after cold alkaline hydrolysis. This enzyme 
has a high afhity for adenosine-5-phosphate, which is rapidly dephosphorylated, but does not attack other 
organic phosphates in the normal conditions of enzymic experiments. 

The venom dephosphorylated adenosine triphosphate at a rapid rate, comparable with that of its action on 
adenosine-5-phosphate under similar conditions, but the rate diminished and action ceased when about 20% 
of the total phosphorus had been liberated as inorganic phosphate. Determinations of the easily hydrolysable 
phosphorus by heating with N-hydrochloric acid a t  100” for 7 minutes (Lohmann, Zoc. c i t . ;  ’ Ferdmann, 2. 
PhysioZ. Chem., 1933, 216, 205) indicated that most of the liberated phosphate originated from the difficultly 
hydrolysable part. When, however, the venom acted on adenosine triphosphate which had previously been 
subjected to cold alkaline hydrolysis, less phosphate was liberated, although the conditions of experiment 
were strictly comparable. From this, it was inferred that inorganic pyrophosphate, set free during the enzyme 
action or by the pretreatment with cold alkali, inhibited the 5-nucleotidase. Experiments with muscle 
adenylic acid and the venom in the presence of inorganic pyrophosphate confirmed this conclusion, and when 
the venom concentration was sufficiently high relative to the amount of inhibiting pyrophosphate present, 
adenosine triphosphate was rapidly attacked and the whole of the difficultly hydrolysable phosphorus liberated 
as inorganic phosphate. 

In the hope of avoiding the complicating factor of pyrophosphate inhibition of the enzyme, the experiments 
were repeated With adenosine diphosphate as substrate. The venom dephosphorylated adenosine diphosphate 
rapidly but not completely ; the difficultly hydrolysable and the easily hydrolysable phosphorus were mineral- 
ised at closely similar rates, and the amount of difficultly hydrolysable phosphorus set free as phosphate appeared 
to be slightly in excess of the easily hydrolysable phosphorus. During the experiment, samples were with- 
drawn for the phosphate determination of alkali-labile phosphorus and acid-labile phosphorus. The results 
of these measurements indicated that some inorganic pyrophosphate was produced during the experiment, 
and since acid hydrolysis converts inorganic pyrophosphate entirely into orthophosphate whereas only half the 
phosphorus of the adenosine-diphosphate is so converted, there is, during the experiment, an increase in easily 
hydrolysable phosphorus. On the other hand, cold alkaline hydrolysis liberates as phosphate half the phos- 
phorus of the adenosine diphosphate but does not appreciably attack inorganic pyrophosphate in the same 
conditions. It foIlows that the observed difference between the amounts of acid-labile and alkali-labile 
phosphorus is equivalent to the amount of inorganic py-rophosphate, and therefore to  twice the increase in 
easily hydrolysable phosphorus, produced by the enzpme. The necessary correction can thus be made when 
calculating the relative proportions of easily- to dii%cultly-hydrolysable phosphate liberated by the venom. 
Having regard to the limits of accuracy of the experiment, this ratio was very nearly 1 : 1. 

When the venom was incubated with adenosine diphosphate which had been previously subjected to cold 
alkaline hydrolysis, the remaining organic phosphate was rapidly and completely minedised by the 
5-nncleotidase. 

The structure (11) was inferred by Satoh from the results of enzyme experiments. 
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These results can only be explained on the basis of Lohmann's formula for adenosine dipfimpbk (corre- 
Adenosine diphosphate suffers hydrolysis by the enzyme in two ways, represented by A sponding to I). 

and B : 
9 H  ! 

-4. R-O*POO+-PO(OH), I --+ R-O.PO(OH), + H,PO, 

YH 
I 

B. R*GPO*O-PO(OH), + R O H  + H,P,O, 

(where R is the adenosine radical) 

The main reaction (A) involves splitting of the pyrophosphate link with liberation of inorganic orthophosphate 
and muscle adenylic acid, which is at once hydrolysed by the 5-nucleotidase to adenosine and inorganic 
phosphate. The subsidiary reaction (B) produces inorganic pyrophosphate but no phosphate. 

pp0- 
phosphate, and since both labile phosphoryl groups of adenosine triphosphate are also united as pyrophosphate, 
Lohmann's formula (I) is correct. Whilst this work was in progress, further evidence that adenosine 
triphosphate is a derivative of triphosphoric acid has been furnished by Needham and his collaborators w. 
Gem. Physiol., 1944,27,355) from their studies on myosin. 

The support for the correctness of Lohmann's formula (I) for adenosine triphosphate provided in this com- 
munication has a bearing on the structure of codehydrogenase 11, which was originally suggested (v. Euler and 
Schlenk, 2. Physiol. Chem., 1937, 246, 64) as being a derivative of adenosine triphosphate. That view cannot, 
however, be reconciled with the conversion of codehydrogenase I into codehydrogenase I1 by phosphorylation 
in ether (Schlenk, Nu#um*ss., 1937, 2!5, 668) or with the facts that codehydrogenase 11 contains no readily 
hydrolysable phosphate and yields no alkaline degradation product active as cophosphorylase (Schlenk, Hogberg, 
and Tingstam, Arkiv Kemi, Min., Geol., 1939, 13A, No. 11). Support is thus lent to Schlenk's formulation 
(Symposium on Respiratory Enzymes, 1942, 104, University of Wisconsin Press) of codehydrogenase 11 its a 
derivative of adenosine diphosphate with an additional phosphoryl monoester group, and not as a derivative Of 
adenosine triphosphate. 

EXPERIMENTAL. 
It had a N : P ratio 

of 5 : 3 and gave a positive Biieseken reaction, and 68% of the total phosphorus was hydrolysed to inorganic O r t h o -  
phosphate by N-hydrochloric acid at 100" in 7 minutes. It was further puri€ied by washing with ice-cold water, acidified 
to  pH 4 with dilute acetic acid, in order to remove any tram of adenylic acid and adenosine diphosphate. 

Adenosine diphosphate was prepared from the triphosphate either by the action of rabbit muscle myosin (Gmn*h 
and Ed&, J. Biol. C h m . ,  1940,183, 397) as described by Bailey ( B i o t h m .  J . ,  1942, 36, 121), or by the action of yeaSt 
hexokinase (Meyerhof, Biochem. Z., 1927, 183, 186; in the presence of glucose according to the method of Colowick and 
Kalckar (J. Biol. Chem., 1943, 148, 121). 

Inorganic orthophosphate was determined by Briggs's modification (J.  Biol. Chem., 1922, 53, 13) of the Bell-Doisy 
colorimetric method. 

Action of Cold Alkali on Ademsine Diphospkate and Tt+pkospHate.-Neutral solutions of the sodium s?lts of adenosine 
di- and tri-phosphate were prepared as follows : Barium adenosine di- or tri-phosphate (ca. 20 mg.) was dissolved in a few 
C.C. of ice-cold water, acidified with a few drops of dilute hydrochloric a&l, and sodium sulphate (ca. 10 mg.) added. The 
solution, freed from barium sulphate by centrifuging, was neutralised to phenolphthalein by the addition of dilute alkali. 
and the volume adjusted to 20 C.C. with ice-cold water. Samples (1.0 c.c.) were taken for the determmabons of total 
phosphorus and easily hydrolysable phosphorus, i.e., phosphorus liberated as inorganic phosphate by N-hYdrMhlOric 
acid at 100" in 7 minutes. For the determination of alkali-labile phosphorus, samples (1.0 c.c.) were mixed m t h  water 
(2.0 C.C.) and N- or 4N-sodium hydroxide (1.0 c.c.) and left for 24 hours a t  20". 

It is therefore concluded that the two phosphoryl groups in adenosine diphosphate are united 

The adenosine triphosphate used was a sample of the barium salt, prepared from horse muscle. 

Adenosine triphosphate. Adenosine diphospbte. 
Phosphorus, mg. per C.C. 

Expt. No. ............................................................ I 2 3 4 6 6 

Inorganic phosphate after 7 mins. Pr-HCl a t  100" ......... 0-075 0-049 0-065 0-042 0.067 0.067 
Total .................................................................. 0.112 0.073 0.096 0.082 0.132 0.132 

0-023 0.031 0.054 
Inorganic phosphate after 24 hrs. N-NaOH a t  20' ...... 0 0 0 0.040 0.064 0.066 
Inorganic phosphate after 24 hrs. 1 % NaOH a t  20" ... 0 0 0 

A c f k  Of Cold Alkali on Inorganic Ppopkosphabe.-A freshly prepared solution of potassium pyrophosphate (1.10 g.) 
in cold water (500 c.c.) had a total phosphorus concentration of 0.414 mg. per c.c.. of which 0-0027 mg. was present as 
orthophosphate. Samples (1.0 c:c.) were mixed with water (2.0 c.c.) and N- or 4~-so$um hydroxide (1.0 c.c.) and kept 
a t  20" in a closed tube for 24 hours. After neutralisation, the orthophosphate present was determined. 

P as orthophosphate. yo totalp. 
Original solution .......................................... 0.65 
After hydrolysis with 1% NaOH ..................... 1.69 
After hydrolysis With N-NaOH ......................... 2-66 

The total phosphorus concentration used was higher than in the  other experiments, otherwise the amount of 
orthophosphate would have been too small to pewit accurate determinatim 

Action of Russell's Viper Venom on Adenosine Triphosphate.-The results of two experiments, A and B,.are recorded. 
A Inkture (15 C.C.) of sodium adenosine triphosphate [from 20 mg. (A) and 30 mg. (B) of barium salt]. Miehaelis' v e r o d  
buffer (5 C.C.). Russell's viper venom €5 mg. (A) and 15 mg. (B)], and water was incubated in the presence of toluene a t  
37" a d  PH 8.6. The total phasphorus concentrations were 0.096 (A) a d  0.143 (3) mg. per c . ~ .  Samples (It0 C.C.) 
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were withdrawn at intervals for the determination of inorganic phosphate, and simultaneously, samples (1.0 c.c.) were 
withdrawn, heated in a closed tube with 2~-hydrochloric acid (1.0 c.c.) for 7 minutes in the boiling water-bath, and the 
inorganic phosphate determined. 

Inorganic phosphate as yo of total phosphorus. 
I 

c \ 

Time in minutes. 0. 15. 30. 60. 120. 
Experiment. A . B .  A . B .  A . B .  A . B .  A . B .  

I. Phosphate liberated by enzyme action ... 0 0 19.5 28 20-4 32 22.0 35 22-6 35.5 
11. Phosphate liberated by enzyme and acid 

111. Acid-stable phosphate liberated by 

IV. Easily hydrolysable phosphate liberated 

hydrolysis .................................... 68 68 85.5 94 86-1 98 86.7 100 86.7 100 

enzyme (11-68) ........................... 0 0 17.5 26 18.1 30 18-7 32 18.7 32 

by enzyme. (1-111) ........................ 0 0 2-0 2 2-3 2 3-3 2 3-9 3.5 

An experiment was camed out under conditions of phosphorus, buffer and enzyme concentrations identical with 
Expt. A ,  but using as substrate adenosine triphosphate which had been previously subjected to the action of N-sodium 
hydroxide at 20" for 24 hours. After 30 minutes a t  37" and pH 8-6, only 13.9% of the total phosphorus was present as 
inorganic orthophosphate as compared with 20.4% in experiment A. 

Effect of Inorganic Pyrophosphate on 5-Nzccleotidase of Russell's Viper Venom.-A mixture (10 c.c.) of muscle adenylic 
acid (5 mg.), veronal buffer (5  c.c.), venom (3 mg.), and water was incubated in the presence of toluene a t  37" and pH 8.6. 
The total phosphorus concentration was 0-045 mg. per C.C. Parallel experiments containing in addition potassium 
pyrophosphate in 0.01, 0.001 and 0.0001 M concentration were simultaneously carried out. Samples (2.0 c.c.) were 
withdrawn a t  intervals for the determination of inorganic orthophosphate. 

Dephosphorylation, yo. 
1 

t t 
Time, mins. 0. 0.01. 0.00 1. 0~000 1 M-P20 ,///'. 

0 0 0 0 0 
16 93 2 52 85 
30 95 4 80 95 
60 98 7 92 98 

The above quantities are corrected for the amount of orthophosphate produced by a weak pyrophosphatase activity 
of the venom demonstrable when potassium pyrophosphate and venom are included under identical conditions but  
without muscle adenylic acid as substrate. 

Action of Russell's Viper Venom on Adenosine Diphosphate.-A mixture (15 c.c.) of sodium adenosine diphosphate 
(from 25 mg. of barium salt), veronal buffer (5  c.c.), venom (5 mg.), and water was incubated with toluene at 37" and 
pH 8.6. Samples (1.0 c.c.) were withdrawn at intervals 
for the determination of inorganic phosphate. Simultaneously, samples (1.0 c.c.) were withdrawn, heated in a closed tube 
with 2~-hydrochloric acid (1.0 c.c.) in a boiling water-bath for 7 minutes, and the inorganic phosphate determined. 
Samples (1.0 c.c.) were also mixed with 4~-sodium hydroxide (1.0 c.c.) and water (2-0 c.c.) containing a few drops of 
0.5na-potassium cyanide t o  arrest enzyme action (Gulland and Walsh, Zoc. cit.), and the mixtures were kept at 20" for 
24 hours, neutralised, and the inorganic phosphate determined. 

The total phosphorus concentration was 0.085 mg. per C.C. 

A. 
Phosphate 
liberated 

Time, by enzyme 
mins. action. 

0 0 
15 27.6 
30 41-4 
60 53.7 

B. 
After 

7 mins. 
N-HCl a t  

100". 
51 
64 
73.1 
80.8 

Inorganic phosphate as % of total phosphorus. 
C. D. E. F. 

24 hrs. stable P labile P as 

at 20". (B-51). (A-D). (B-C). 
- 0 0 
60.6 13 14.6 3.4 
69.9 22.1 19-3 3.2 
74-3 29-8 23.9 6.5 

After Apparent Apparent P present 

N-NaOH set free set free P20;/1' 

- 

G. 
Stable P 
set free 

by venom 
(corrected). 

0 
11-3 
20.5 
26.6 

H. 
Labile P 
set free 

by venom 
(corrected). 

0 
16.3 
20-9 
27.1 

The corrected values for stable phosphorus liberated as phosphate by the enzymes (G) are calculated by subtracting 
half the inorganic pyrophosphate phosphorus (F) from the apparent acid-stable phosphorus hberated (D) . The corrected 
values for acid-labile phosphorus liberated as phosphate by the enzymes (H) are obtained by difference from A and G. 

Action of Ritssell's Viper Venom on the Products of Cold Alkaline Hydrolysis of Adenosine Diphosphate.-A solution 
(2.0 c.c.) of sodium adenosine diphosphate, of total phosphorus concentration 0-14 mg. per c.c., was mixed with 4~-sodium 
hydroxide (0.6 c.c.), and the mixture kept a t  20" for 24 hours. The excess of alkali was neutralised to  pH 8.6 with dilute 
sdphuric acid, veronal buffer (2 c.c.) and venom (2 mg.) added, and the mixture, adjusted-to 5 c:c., incubated with toluene 
at 37" and pH 8-6 for 30 minutes. Samples (2-0 c.c.) were withdrawn for the determinabon of morganic orthophosphate. 
The inorganic orthophosphate, expressed as percentage of total phosphorus, was 49-2 yo before enzyme action began and 
98.7% after 30 minutes. 
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