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The synthesis of polyphosphate (metaphosphate)* by living systems and its meta- 
bolic function have interested many  workers since the substance was discovered in 
the last century 1. There have been a few brief accounts of polyphosphate synthesis 
and utilization by cell-free extracts z-4 and in a recent publication from this laboratory 5 
an enzyme purified from Escherichia coli was described in some detail which catalyzed 
the formation of highly polymerized inorganic polyphosphate from the terminal phos- 
phate of ATP**. At the present time we are able to report that  the reversal of this 
reaction is carried out by  the enzyme according to the equation: 

(PO~)n + n A D P  ,~- nATP 

Polyphosphate synthesized chemically or enzymically is utilized quantitat ively in the 
phosphorylation of ADP to ATP. Some kinetic data  obtained in these studies may, 
together with observations on the synthetic reaction 5, provide an explanation for the 
physiologic accumulation and disappearance of polyphosphate in the cell. 

MATERIALS AND METHODS 

Crystalline sodium ATP and AMP, and the d iphosphates  of adenosine, uridine, cytidine, and guan- 
osine were products  of the Sigma Chemical Co. szP-Orthophosphate  was  purchased from the  
Oak Ridge Nat ional  Laboratory,  the Dowex resins f rom Dow Chemical Corp., and crystalline 
bovine serum a lbumin  from Armour  and Co. Glucose 6-phosphate  was given us by  Dr. B. L. 
HORECKER and glucose 6-phosphate  dehydrogenase by  Dr. D. E. BROWN. Ribonuclease was ob- 
tained f rom Wor th ing ton  Biochemical Corp. and hexokinase f rom the Sigma Chemical Co. 

Radioact ivi ty  was  measured with a th in-window Geiger-Miiller counter.  Glucose 6-phosphate  
was determined by means  of its enzymic oxidation reaction s or, in chromatographed  fractions, 
by  the reducing sugar  method of NELSON s. Protein was  assayed by  the method of LOWRY et al. s 
and acid-labile phospha te  according to FISKE AND SUBBAROW 9 after  boiling the samples for io 
min in I N HC1. Nori t  was  used at p H  2 to separate nucleotide from non-nucleotide phosphate  TM. 

The enzyme preparation was described in the earlier publicat ion s . Fu r the r  purification of the 
A m m o n i u m  Sulfate I I I ,  which is an insoluble fraction, was  accomplished by adding o.i vol. of 
sa tura ted  a m m o n i u m  sulfate (5.3 M) to the enzyme suspension. After centrifugation, the enzyme 
was  recovered wi thout  loss in the  superna tan t  fluid, whereas 7o% of the protein was discarded in 
the  precipitate.  This prepara t ion  appears  to have little or no adenylate  kinase act ivi ty since after 
incubat ion wi th  3*P-polyphosphate and ADP, the ADP isolated by  ion-exchange ch romatography  
has  very little radioactivi ty (see Table I, legend). I t  was also found that ,  in the absence of poly- 
phosphate ,  the enzyme did not  produce ATP from ADP. 

* While the te rms metaphospha te  and polyphosphate  have been used commonly  to refer to 
high molecular condensed phosphates ,  the t e rm polyphosphate  is favored for precise usage. 

* * ATP refers to adenosine t r iphosphate ,  A D P  to adenosine diphosphate,  and AMP to adenosine 
5 ' -monophosphate .  
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The enzyme unit, previously defined, is the amount producing o.oi #mole of acid-insoluble 
phosphate in the I5-min assay. 

The chemical synthesis o[ polyphosphate described by PFANSTIEL A~D ILEa 11 was adapted 
for small-scale use to prepare a2P-labeled material. In a typical preparation, 0. 5 ml of Oak Ridge 
3zP-labeled orthophosphate (2 mc) was placed in a platinum crucible and dried down in a sand bath. 
Water (2 ml) was added and evaporated to dryness ; this was repeated once; 0. 5 ml of i M KHsPO 4 
(500 #moles) was added and the pH of the solution was adjusted to 4.5 with o.I N KOH. After 
drying, the crucible was placed in a muffle furnace and the temperature was raised to 775 ° over 
a period of 4 h. The temperature was maintained at 775 ° for 4 ° min and then the crucible was 
removed and held in ice water to cool. The residue in the crucible was first washed with 3 portions 
of ice water, and then converted to the soluble sodium salt by treatment with 4.5 ml of a suspension 
of Dowex 50 (Na + form) (I vol. resin in i part of water). After vigorous stirring, the resin was 
removed by centrifugation, and a highly viscous product resulted. The yield of polyphosphate was 
about 65%, determined both by acid-labile phosphate analysis and by radioactivity. (The yield 
may be improved by carefully recovering all fine particles from the ice-water washes, and by wash- 
ing the resin several times with cold water after removal of the main product.) The product was 
insoluble in the presence of albumin and perchloric acids under the assay conditions described 
below, only i part in 1,6oo remaining in the supernatant fluid. The same results were obtained 
with 200 #moles of KHzPOI and 5 me of 8~p as starting materials. Enzymically synthesized poly- 
phosphate was prepared as described before 5. Molar values for polyphosphate are expressed as 
phosphate residues determined as acid-labile phosphate. 

Enzymic [ormation o[ A TP from polyphosphate and ADP was measured by determining the 
acid-soluble 82p released from 3aP-polyphosphate. The routine assay mixture was as follows: 
glycylglycine buffer (pH 7.0). 12.5 /,moles; MgC1 v I #mole; ammonium sulfate, lO. 5 #moles; 
ADP, o.17 #mole; 3ZP-polyphosphate, 0.056 #mole; enzyme; and water to 0.25 ml. Following a 
15 min incubation at 37 °, 0.25 ml of 7% perchloric acid and then 0.50 ml of a o.15% serum albumin 
solution were added. The mixture was stirred and set in ice for 2 min, then centrifuged for 2 rain, 
and a suitable aliquot of the clear supernatant fluid was used to measure radioactivity. ADP was 
omitted in control runs. 

RESULTS 

Stoichiometry o / the  reaction 

The  e n z y m e  conve r t s  p o l y p h o s p h a t e  a n d  A D P  to  A T P ,  and  t h e  t e r m i n a l  p h o s p h a t e  

of t he  A T P  fo rmed  is d e r i v e d  exc lus ive ly  f rom the  p o l y p h o s p h a t e .  T h e  fo l lowing  

ev idence  m a y  be  c i t ed :  

I .  T h e  f o r m a t i o n  of  A T P  was  m a t c h e d  b y  t h e  d i s appea rance  of  A D P  a n d  of po ly -  

p h o s p h a t e  in s t o i ch iome t r i c  a m o u n t s .  T a b l e  I shows the  d e t e r m i n a t i o n  b y  ion-ex-  

change  c h r o m a t o g r a p h y  of t he  A T P  f o r m e d  and  the  A D P  t h a t  r e m a i n e d  a f t e r  a 15- 
m i n u t e  r eac t ion  per iod.  

2. The  ac id-soluble  3,p p r o d u c e d  was  Nor i t - adso rbab le .  U n d e r  t h e  assay  condi -  

t ions,  a n d  e m p l o y i n g  an  e n z y m i c a l l y  f o r m e d  sample  of 32P-polyphosphate  (0.o 5 

tzmole, 6. 3. IO ~ c .p .m,  pe r  tzmole), 6,55o a n d  12,5oo c .p .m,  b e c a m e  ac id-soluble  in t h e  
p resence  of o . o i  a n d  0.02 m l  of  e n z y m e ,  r e spec t ive ly .  98% of t he  r a d i o a c t i v i t y  was  
a d s o r b e d  b y  the  Nor i t .  T h e  two  large-scale  e x p e r i m e n t s  t h a t  a re  desc r ibed  in de ta i l  in 

Tab l e  I also i l lus t ra te  t h e  N o r i t - a d s o r b a b i l i t y  of t h e  p roduc t .  

3- W h e n  the  r eac t ion  was  coup l ed  w i t h  hexok inase  ac t ion  the  A T P  f o r m e d  

cou ld  be  u t i l i zed  to  p h o s p h o r y l a t e  glucose.  Tab le  I I  shows t h a t  t he  u t i l i z a t i on  of ac id-  

insoluble  ~ P  resu l t s  in t he  a p p e a r a n c e  of  an  e q u i v a l e n t  a m o u n t  of  g lucose  6 -phospha te ,  
iden t i f i ed  c h r o m a t o g r a p h i c a l l y  (see Fig.  i ) .  The  r a d i o a c t i v i t y  was  r e c o v e r e d  q u a n t i t a -  
t i v e l y  in t h e  glucose  6 -phospha te .  

4. No  r eac t ion  occu r r ed  in t h e  absence  of  A D P  (see Fig.  2). I n c u b a t i o n  m i x t u r e s  
y i e lded  the  s a m e  b l a n k  v a l u e s  w h e n  A D P  or  e n z y m e  was o m i t t e d  or  w h e n  t h e  i ncuba -  
t ion  was  t r e a t e d  w i t h  ac id  a t  zero  t ime .  

Re]erences p. 300. 
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TABLE I 

S T O I C H I O M E T R Y  OF T H E  R E A C T I O N  

VOL. 9.6 ( I957)  

aip_ **P-Nucleotide 
Expt. Time (rain) A DP* Polyphosphate (Norit) A TP* azP-A TP  

I~moles l~moles pmoles iz moles t~moles 

I o 8.1 9.8 o.o --- - -  
15 3 .o (3-7) 5.7 4 .8 4.9 
A --5.1 - -6 .1  +5 .7  + 4  .8 +4 .9  

2 o 0.89 I . I I  o.o - -  - -  
15 o.32 (o.51) 0.54 0.58 0.59 
A - -0 .57  --0 .60 +0.54  +0.58  +0.59 

* Values were calculated from the optical density readings at 260 m/* (e = 14. 7' lO3). 

Expt .  I : The following reagents,  in a final vol. of 5 ° ml, were incubated at  37°C for 15 min:  
2.5 mmoles glycylglycine buffer (pH 7.0), 0.2 mmole MgC12, A D P  and synthet ic  polyphosphate  as 
shown (the latter, 7' Io8 counts/min//*mole), and 1,65o units  of enzyme (0.30 mg protein). The 
mix ture  was then chilled in ice, and 6 ml of cold a lbumin solution (5 ° mg/ml) and I ml of cold 7o% 
perchloric acid were added. An aliquot of the superna tan t  fluid was  t reated with acid-washed 
Nori t  and centrifuged. The precipitate was  washed once with cold water,  and then eluted with 3 
por t ions  of ammoniacal  ethanol (5 ° par ts  water :  50 par t s  95% ethanol:  0. 3 par t s  concentrated 
N H , O H ) .  The radioactivi ty of the eluate neutralized wi th  K O H  was measured.  Another  aliquot of 
the supe rna tan t  fluid, after centrifugation and neutralization wi th  KOH,  was chromatographed 
on Dowex I resin (lO% cross-linked, C1- form, 4 cm >( i cm). Elut ion with o.oi N HC1 removed 
2.1% of the ~zP and 15% of the  optical density units  adsorbed. Fract ions eluted with o.oi N 
HCl-o.o2 M KC1 contained 4.3% of the 32p; ADP values were calculated from these fractions. 
Values for ATP were obtained from the fractions eluted with o.oi N HCl-o . io  M KC1. 

Expt .  2 : 2 5 0  /*moles of glycylglycine buffer (pH 7.o), /*moles MgC] 2, ADP and 32P-poly- 
phosphate  (3.34' 105 counts/min//*mole) as shown, 165 units  of enzyme (o.o 3 mg protein) and water  
to 5 ml were incubated for 15 rain at  37°C. Fifteen ml of ice water  and I drop of 2 N K O H  were 
added and 18 ml of the mixture  was chromatographed  as above. 

0.50 
"T. 
_J 

Fig. I. Identification of 3~P-glucose ~ 0 . 4 0  
6-phosphate.  Chromatography  of en- .J 
zymically synthesized 3~P-glucose 6- O 
phospha te  with authentic,  unlabeled ~ 0 . 3 0  
glucose 6-phosphate.  - - -  Reducing 
sugar;  - -  Radioactivity.  A. All- *I 
quots  of the incubat ion mixtures  des- 0 
cribed in Table I I  were mixed with 8 ¢~ 0 . 2 0  
/,moles of glucose 6-phosphate,  ad- o 
sorbcd on Dowex I resin (lO% cross 
linked, C1- form, 12 cm in height  × 
i cm in diameter), and eluted with a ¢1 0 .10  
gradient  of o.i N HC1 dropping into 
i 1 of water.  Fract ions (8 ml) were as- 
sayed for reducing sugar  and 8~p. In  0 
the control column, no radioact ivi ty 
was detected in the fractions con- 
taining reducing sugar. 13. Chromato-  
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gram showing the separat ion of o r thophospha te  and glucose 6-phosphate.  A similar bu t  shorter  
column (7 cm) was used wi th  identical elution conditions. Glucose 6-phosphate (15 #moles) and 

34,ooo c.p.m, as o r thophospha te  were applied to the column. 
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TABLE II 

F O R M A T I O N  OF G L U C O S E  6-PHOSPHATE IN A COUPLED R E A C T I O N  

Glucose-6-P Acid-soluble ttp A cid-i~oluble tip 
(mnol*s) (t.,motes) (umoles) 

Experimental o.i9 ° o.i98 o.oo2 
Control o.ooo o.oi8 o.I98 

Control and experimental vessels contained, in 5.0 ml, 125/*moles glycylglycine buffer (pH 7.0); 
25o /,moles glucose; 2io /*moles ammonium sulfate; o.225 /*mole ADP; o.2 /*mole synthetic 
s2p-polyphosphate containing 3" lO5 counts]min/#mole; 2o/*moles MgC12; I nag hexokinase; and, 
in the experimental vessel only, 4 ° units of enzyme (o.035 mg protein)). After 6o min at 37°C, the 
mixtures were chilled in ice and diluted with 5.o ml ice-water. Glucose 6-phosphate was measured 
in a o.5-ml aliquot. To another o.5-ml aliquot were added o.o5 ml of 7o% perchloric acid and o. 5 
ml of o.I5% albumin. Radioactivity of the supernatant fluid was measured after centrifugation; 
after washing the precipitate with 3.5% perchloric acid twice and dissolving it in o. 5 M NaOH, 
acid-insoluble 5sp was measured. The remainders of the incubation mixtures were analyzed by 
chromatography (see Fig. i). 
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0 i t J , t J 
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SUBSTRATE GONGENTRATION (MxlO 4) 

Fig. 2. Influence of substrate concentration on rate of reaction. Reaction rate values are m/*moles 
of acid-soluble s~p produced by o. 4 unit of enzyme under standard assay conditions. 

Influence o/concentrations o/substrates on the rate, and substrate specialty 

The K ,  for ADP calculated from a LINEW~AVER-BuRK plot 10 of the data in Fig. 2 
is 4.7" lO-5 M, and that for chemigMly prepared polyphosphate is 2.6. io -s M. 

All the chemically prepared samples of polyphosphate were attacked by the en- 
zyme at quite comparable rates; on the other hand, not all enzymically prepared poly- 
phosphates were equally good substrates. The utilizability of the latter ranged from 
samples which reacted at rates quite similar to chemical samples to some which were 
highly inhibitory. For example, at levels of o.22. lO -4, I.O. lO -4, and 2.o" lO-4 M, the 
rates were 25 to 3o % lower with an enzymic sample than with chemical polyphosphate. 
Another sample of enzymically prepared polyphosphate gave a rate 13o% the rate 
found with a chemically prepared sample when both were tested at 1.6. lO -4 M. Still 
another enzymically prepared sample which was tested at 4 levels from o.6. lO-4 M to 
3.3" lO-4 M showed progressive decline in reaction rate (until at the highest coneen- 
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tration the rate was one-third the rate at 0.6. lO -4 M). At these concentrations, Fig. 2 
sho~ws that  the reaction rate with a chemically prepared sample is increasing. Rarely, 
samples made enzymically showed no reactivity at all, which, as suggested before s, 
may  account for our early failures to demonstrate reversal of polyphosphate forma- 
tion. 

I t  should be emphasized that  the stated molarities give total phosphate residues 
and that  the molecular size of the polyphosphate samples is not known. Thus, not 
only is the true molar concentration of substrate unknown but also it is not known 
whether all samples prepared are of the same size. 

Cytidine, uridine, and guanosine diphosphates, as well as adenosine 5'-mono- 
phosphate, showed little or no reactivity in this system. Under conditions where, 
ADP gave a conversion of 35 t ~moles, guanosine diphosphate produced 0. 9 m/*moles 
and the others were inert. 

MgCl~ was essential to the reaction. In the absence of MgC19. no reaction was ob- 
served, while at 2- lO -3 and 8. lO -3 M the rates were 45 and 82%, respectively, of the 
rate at 4" lO-3 M. 

Ammonium sul/ate stimulated the reaction rate of the enzyme fraction Ammo- 
nium Sulfate III; the rate in the presence of 0.04 M ammonium sulfate was maximal 
and almost 3 times the rate in its absence. When the enzyme solubilized by ammonium 
sulfate was studied, the addition of ammonium sulfate did not stimulate the rate, 
although the concentration of the salt was only o.ool 7 M. 

DISCUSSION 

In earlier studies of the synthesis of polyphosphate from ATP, a striking inhibition 
by  ADP was observed s. For example, ADP inhibited the reaction completely at a 
concentration of 8-lO -5 M with ATP present at 8 times that  level. Since a t tempts  to 
demonstrate a reversal of the reaction at that  t ime were complicated by an inability 
to isolate an active polyphosphate substrate (see above), the basis for this ADP in- 
hibition was left in doubt. From the kinetic results of the current investigation it now 
appears quite clear that  the diminished rates of polyphosphate synthesis in the pres- 
ence of ADP can be explained by reversal of the reaction. The value determined for 
the dissociation constant of the ADP-enzyme complex, 4.7" lO-S M, indicates that  
essentially maximal rates of polyphosphate breakdown are attainable even at the ADP 
level used in the earlier study. Since the dissociation constant of the polyphosphate-  
enzyme complex, 2.6- lO -5 M, is also very small and since the opposing maximal  reac- 
tion rates are nearly equal*, the suppression of polyphosphate synthesis by  low concen- 
trations of ADP is to be expected. 

These kinetic data  also offer some basis for speculating about a possible mechanism 
for the accumulation and utilization of polyphosphate in cells. Polyphosphate is 

* An e n z y m e  preparat ion which per mg of protein formed 44/,moles of polyphosphate from 
ATP in 15 min, produced 42/,moles of ATP from po lyphosphate  and ADP. Polyphosphate forma- 
tion was  measured  wi th  incubat ion mixtures (o.25 ml) which  contained glycylglyciue, MgC12, 
acetokinase 5, o. 3/ ,mole of ADP, o.38/,mole of saP-labeled acetyl phosphate  5, and o. 7 to i .5 units  
of enzyme (4,4oo units/mg protein). The  reverse reaction w a s  measured in o.25 ml assay mixtures  
containing 2. 5 / ,moles  g lycy lg lyc lne  (pH 7.o), I /,mole MgCI I, o.2o /*mole ADP, o.II  /*mole of 
chemically produced polyphoephate, and o.7 unit e n z y m e .  
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accumulated when cells are aged la or exposed to a poison such as tetrahydroluriuryl 
alcohoP a, or to phosphate after prolonged phosphate starvationk Under these and other 
conditions unfavorable for growth and for synthetic activities which normally consume 
ATP, the latter would begin to rise in concentration until levels were reached suffi- 
ciently high to satisfy even the rather large dissociation constant (I. 4- IO -a M) of the 
polyphosphate-synthesizing enzyme. The extent of polyphosphate accumulation, as 
has already been stated, is in turn sensitive to the concentrations of ADP and poly- 
phosphate and low levels of these substances are sufficient to saturate the enzyme for 
polyphosphate removal and ATP resynthesis. Thus when the cell resumes growth 
processes which demand ATP and consume it effectively at relatively low concentra- 
tions, the level of ADP would rise and then be phosphorylated by polyphosphate. As 
an example, SCHMIDT et al. 14 may be cited in which the correlation between poly- 
phosphate depletion and nucleic acid synthesis in phosphate-starved yeast cells may 
be mediated through nucleoside di- or triphosphates in just such a process. 

It  is interesting that the polyphosphate-synthesizing enzyme occurs in E. coli, 
an organism which had never been observed to accumulate cytochemically detectable 
deposits of polyphosphate. Large masses of polyphosphate are, however, found in 
Corynebacterium diphtheriae in the form of intracellular metachromatic-staining 
granules is. Sonic extracts which we have prepared from two strains of diphtheria 
bacillus contained from 20 to IOO units of the enzyme per mg of protein*. Although 
one of the strains, C~ (ill), was lysogenic and toxin-producing and the other, Cv, was 
not is, extracts of both had quite similar metaphosphate-forming activities. I t  is worth 
noting that the Corynebaaerium enzyme is markedly inhibited by ammonium sulfate, 
in contrast to the stimulatory effect of this salt on the enzyme from E. coll. 
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SUMMARY 

An enzyme previously purified from Escherichia coli which catalyzes the conversion of the t e rmin~  
phosphate of ATP to a highly polymerized polyphosphate has now been shown to catalyze a 
reversal of this reaction. The enzyme was also obtained from Corynebaaerium diplgh~ia~. Chemio 
cally or enzymicaUy synthesized polyphosphate is quantitatively converted to ATP with ADP 
as the specific acceptor. The reaction may, therefore, be formulated as:  

(PO~s)n + nADP ~- nATP. 

When this reaction is coupled with hexokinase action, polyphosphate is quantitatively converted 
to glucose 6-phosphate. The purified enzyme is free of adenylate kinase and ATP is formed ex- 
clusively by a reaction of polyphosphate with ADP. 

* Purification of the enzyme was carried out by means of the following steps:  
(i) Streptomycin sulfate addition, which left the enzyme entirely in the soluble fraction; 
(2) Protarnlue t reatment  which precipitated the activity, extractable with phosphate buffer; 
(3) Ammonium sulfate sulfate fractionation; and 
(4) Calcium phosphate gel addition to adsorb inactive protein, but not the activity. 

The enzyme had an activity of x,75o units]rag of protein. 
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INTRODUCTION 

En dehors de son incorporation dans les acides biliaires tauroconjugu6s, la taurine 
a 6t6 pendant longtemps consid6r6e, avec l'acide cyst6ique et le sulfate, comme un 
des termes finaux du catabolisme des acides amin6s sulfur6s et de la cyst6amine. 
D'autre part, l'opinion qui a toujours pr6valu est que, ni l'acide cyst6ique, ni la 
taurine, ne donnent naissance ~ du sulfate. I1 a en effet 6t6 d6montr6 que ce dernier 
se forme principalement k partir d'un d6riv6 interm6diaire, l'acide cyst6ine- 
sulfinique 1. 

Au cours de ces derni~res ann6es, la taur ine  a 6t$ l 'objet  d ' un  intSr~t accru. C'est ainsi que chez 
le mammif~re,  diverses 6tudes analyt iques  ont  r~v616 sa pr6sence, en quanti t6s relatives parfois 
tr~s impor tan tes  ~ l '6tat  libre et combin6, dans divers organes ~,3. Chez le rat,  pa r  exemple, 
AWXPARA et al. 3 ont  montr6  que, dans  le muscle cardiaque, la quanti t6 de taur ine pr6sente 6quivaut  
presque au total  des acides amin6s libres. I1 nous  parai t  difficile d ' admet t re  que la taur ine  n 'y  
serait  qu ' une  subs tance  de d6chet. La biosynth~se de taur ine ~ par t i r  de sulfate min6ral a pu 
~tre raise en 6vidence chez l ' embryon  de poulet4,5, e. 

A l 'exception des acides biiiaires d6j~ cit6s, les seules formes conjugu6es de taur ine trouv6es 

* Chercheur agr66 de l ' Ins t i tu t  In terunivers i ta i re  des Sciences Nucl~aires. 

Bibliographie p. 308. 


