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SIMULTANEOUS MEASUREMENT OF 
ADENOSINE 5'-TRIPHOSPHATE AND ITS 

DEGRADATION PRODUCTS BY REVERSE- 
PHASE ION-PAIR CHROMATOGRAPHY 

D. R. Webster, G.  D. Boston, and D. M. Paton 
Department of Pharmacology and Clinical Pharmacology 

University o f  Auckland School of Medicine 
Private Bag, Auckland, New Zealand 

ABSTRACT 

A method is presented for the simultaneous measurement 
o f  adenosine 5'-triphosphate and its uv-absorbing degradation 
products by reversed-phase liquid chromatography using tetra- 
butylammonium phosphate as an ion-pair agent. The method is 
suitable for the measurement o f  these compounds in isolated 
smooth muscle. 

INTRODUCTION 

Adenosine and the adenine nucleotides have diverse and 

important roles in medicine and biology. This has led to a 

corresponding diversity of HPLC analyses tailored to the parti- 

cular needs and interests of the investigator. These are re- 

viewed in detail by Zakaria and Brown (1). The most frequent- 
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604 WEBSTER, BOSTON, AND PATON 

l y  used method f o r  t he  a n a l y s i s  o f  nuc leos ides  and bases has 

been separa t ion  on an ODS column w i t h  phosphate b u f f e r h e t h a n o l  

e luents ,  w h i l e  t h e  more p o l a r  n u c l e o t i d e s  have been separated 

by ion-exchange methods. Cont ro l  o f  t h e  s u b t l e t i e s  o f  t h e  

separa t i on  has been by b u f f e r  compos i t ion  and pH, t h e  use o f  

g rad ien t  separa t ions  and d i f f e r e n t  columns. More recen t  papers 

r e p o r t  the  use o f  i o n - p a i r  reagents t o  r e p l a c e  ion-exchange 

methods and t h e r e  are  a few r e p o r t s  (2 -5)  o f  s imultaneous 

analyses o f  p u r i n e  nuc leo t i des ,  nuc leos ides  and bases. Most 

o f  these i n v o l v e  i s o c r a t i c  separa t ions  o f  a few se lec ted  com- 

pounds. 

However, t h e r e  has been no method r e p o r t e d  which a l l ows  

simultaneous de te rm ina t ion  o f  ATP and a l l  i t s  uv-absorbing 

degradat ion  produc ts  (ADP, AMP, AR, HR, H, X, and UA) i n  a 

reasonably s h o r t  t ime.  We present  such a method, t h e  a p p l i c a -  

t i o n  i n  smooth muscle p repara t i ons ,  and some o f  t h e  problems 

assoc ia ted  w i t h  t h e  use o f  t h e  method. 

METHOD 

A l l  separa t ions  were done on a Microbondapak C-18 column 

(30Ox5mm, Waters Associates,  M i l f o r d  USA,) p r o t e c t e d  by a guard 

column f i l l e d  w i t h  p e l l i c u l a r  ODs pack ing  (Bondapak C-18 

C o r a s i l ,  Waters Assoc ia tes) .  Th i s  had had p rev ious  use w i t h  

phosphate b u f f e r  (0.067M, pH 6 . 5 )  and s h o r t  exposure t o  ammon- 

ium phosphate (0.067MY pH 6.3) and dibutylammonium phosphate 
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ADENOSINE 5’-TRIPHOSPHATE 605 

(0.015M pH 6.20) ,  a l l  r u n  i n  v a r i o u s  p r o p o r t i o n s  w i t h  m e t h a n o l .  

The HPLC system c o n s i s t e d  o f  two M6000A pumps c o n t r o l l e d  b y  

a M660 g r a d i e n t  programmer, a U6K i n j e c t o r  and a M440 d u a l -  

channe l  (254nm and 280nm) uv d e t e c t o r  ( a l l  f r o m  Waters 

A s s o c i a t e s )  and an O m n i s c r i b e  c h a r t  r e c o r d e r  (Hous ton  I n s t r u -  

men ts ) .  Aqueous s o l v e n t s  were made w i t h  w a t e r  f r e s h l y  c o l l e c t e d  

f r o m  a w a t e r  p u r i f i c a t i o n  system ( M i l l i - Q ,  M i l l i p o r e  L t d ,  

Bed fo rd ,  USA). HPLC g rade  me thano l  was o b t a i n e d  f r o m  Waters 

A s s o c i a t e s .  A l l  s o l v e n t s  were vacuum f i l t e r e d  t h r o u g h  an 

a p p r o p r i a t e  f i l t e r  (0 .45mic ron  p o r e  s i z e )  i m m e d i a t e l y  b e f o r e  

use. 

S t a n d a r d  compounds were o b t a i n e d  f r o m  Sigma Chemical  

Company ( S t  L o u i s ,  USA). S t a n d a r d  s o l u t i o n s  were made t o  

a p p r o x i m a t e l y  t h e  r e q u i r e d  c o n c e n t r a t i o n  and t h e  a c t u a l  con -  

c e n t r a t i o n  checked b y  double-beam s p e c t r o p h o t o m e t r y .  O t h e r  

c h e m i c a l s  were o f  a t  l e a s t  a n a l y t i c a l  r e a g e n t  g r a d e  u n l e s s  

s t a t e d .  Tet rabuty lammonium phospha te  was o b t a i n e d  f r o m  Waters 

A s s o c i a t e s  (P ic -A ,  TM) and t e t r a b u t y l a m m o n i u m  h y d r o x i d e  abora -  

t o r y  r e a g e n t  g rade  f r o m  BDH ( P o o l e ,  UK). 

Sample P r e p a r a t i o n  

F r o z e n  t i s s u e  samples were p l a c e d  i n  a homogeniser  t u b e  

p r e - c o o l e d  i n  a d r y - i c e  b a t h  and 0.5ml 10% i c e - c o l d  TCA added. 

The t i s s u e  was homogenised (U1 t r a - t u r r a x )  Model TP 18/10, Janke 

and Kunke l ,  K i k a w e r k )  and c e n t r i f u g e d  t o  remove p r e c i p i t a t e d  
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606 WEBSTER, BOSTON, AND PATON 

p r o t e i n .  The supernatan t  was e x t r a c t e d  w i t h  wa te r -sa tu ra ted  

d i e t h y l e t h e r  u n t i l  t he  pH was i n  t h e  range 4-5. Recovery 

experiments were done by  a d d i t i o n  o f  a s tandard  m i x  and ana ly -  

s i s  o f  t h e  sp iked and unspiked samples. The d i f f e r e n c e  was 

compared t o  the  known added amount o f  p u r i n e .  

Abbrev ia t i ons  

HPLC, h igh  performance l i q u i d  chromatography; ATP, adeno- 

s i n e  5 ' - t r i phospha te ;  ADP, adenosine 5 ' -d iphosphate ;  AMP, 

adenosine 5-monophosphate; AR, adenosine; HR, i nos ine ;  H, 

hypoxanthine; X ,  xan th ine ;  UA, u r i c  ac id ;  TBA, t e t r a b u t y l -  

ammonium phosphate; TCA, t r i c h o l o r a c e t i c  ac id .  

RESULTS 

I n i t i a l  development work f o r  t h i s  assay was done us ing  

Pic-A made up as suggested i . e .  a t  5mM. I t  was necessary t o  

use a methanol g r a d i e n t  t o  e l u t e  a l l  t h e  compounds o f  i n t e r e s t  

i n  a reasonable t ime, and a l i n e a r  g r a d i e n t  f rom 0-36% methanol 

i n  18 min a t  a f l o w - r a t e  o f  1.5ml/min was used. The e f f e c t  

o f  pH on t h e  c a p a c i t y  r a t i o  k '  i s  shown i n  F i g  1.  Th is  shows 

t h e  bes t  separa t i on  was ob ta ined  a t  pH 6.10 b u t  c a r e f u l  pH 

c o n t r o l  was necessary t o  ensure r e p r o d u c i b l e  separa t ions .  The 

concen t ra t i on  o f  Pic-A was v a r i e d  a t  pH 6.10 and t h e  e f f e c t s  

on k '  a re  shown i n  F i g  2. T h i s  shows t h a t  t h e  maximum e f f e c t  

i s  ob ta ined a t  5mM w i t h  no e x t r a  b e n e f i t  f r om t h e  h ighe r  con- 
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K’ 

4.0  

2.0 

0 

H 

4.0 5.0 6.0 7.0 

PH 

F i g u r e  1. V a r i a t i o n  i n  c a p a c i t y  r a t i o  k ’  o f  t h e  p u r i n e s  ATP, 
ADP, AMP, AR, HR, H, X ,  UA and NAD w i t h  a l t e r e d  mob i lephase 
pH a t  5mM TEA ( P i c - A ) .  S e p a r a t i o n  was o b t a i n e d  w i th  a l i n e a r  
g r a d i e n t  t o  36% methanol/5mM TBA i n  18min a t  1.5ml/min. 
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608 WEBSTER, BOSTON, AND PATON 

I 

- 0  10 15 2 0  

Pic-A Concentration mM 

Figure 2. Variation in k '  with altered TBA concentration. 
Separations were done at pH 6.10. Other conditions were as 
f o r  Figure 1. 
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ADENOSINE S’-TRIPHOSPHATE 

10.005 AU 

609 

- 
10 min 

F i g u r e  3. Chromatogram ob ta ined  w i t h  t h e  s e l e c t e d  o p e r a t i n g  
c o n d i t i o n s  (5mM TBA, pH 6.10, l i n e a r  g r a d i e n t  f rom 0-36% 
methanol i n  18min a t  1.5ml/min). The upper t h i c k e r  l i n e  shows 
the  absorbance a t  254nm and t h e  lower, t h i n n e r  l i n e  shows t h e  
absorbance a t  280nm. I n j e c t i o n  was o f  approx imate ly  Inmol 
o f  each pu r ine .  

c e n t r a t i o n s .  The separa t i on  ob ta ined  f i n a l l y  i s  i l l u s t r a t e d  

i n  F i g  3. 

As peak h e i g h t  was l i n e a r  w i t h  i n j e c t e d  amount o f  pu r ine ,  

q u a n t i t a t i o n  was made by peak h e i g h t  comparison w i t h  e x t e r n a l  

s tandard  s o l u t i o n s .  These were r u n  a t  l e a s t  once each day. 

The system was used t o  separa te  and q u a n t i t a t e  p u r i n e s  f rom 
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610 WEBSTER, BOSTON, AND PATON 

TCA e x t r a c t s  of gu inea-p ig  i l eum and r a t  vas de ferens .  Pur ines  

were i d e n t i f i e d  by r e t e n t i o n  t ime, r a t i o  o f  absorbance a t  280nm 

t o  absorbance a t  254nm and by enzyme peak s h i f t  i n  cases o f  

doubt o f  peak p u r i t y .  

The absorbance r a t i o s  a re  expressed as t h e  mean k t he  

standard e r r o r  o f  t h e  mean o f  6 observa t ions .  The c o e f f i c i e n t s  

o f  v a r i a t i o n  ( C . V . )  were ob ta ined  by e x t r a c t i n g  6 p ieces  o f  

t i s s u e  from t h e  same animal and making a s i n g l e  i n j e c t i o n  o f  

each e x t r a c t .  The recove r ies  were determined as descr ibed 

i n  t h e  t e x t .  

The w i t h i n - r u n  c o e f f i c i e n t s  o f  v a r i a t i o n  a re  shown i n  Table 

I toge ther  w i t h  t h e  recove ry  da ta  and t h e  absorbance r a t i o s  

of each pu r ine .  Th is  shows t h a t  t h e  r e c o v e r i e s  a re  g e n e r a l l y  

Pur ines  

ATP 

ADP 

AMP 

AR 

HR 

H 

X 

UA 
NAD 

Absorbance 

R a t i o s  

280: 254nm 
0.178+0.004 

0.178+0.002 

0.180+0.002 

0.180+0.002 

0.156+0.003 

0.075k0.003 

0.704+0.006 
2.629k0.031 

0.231 k0.002 

TABLE I 
Rat 

V a s  deferens 

C.V.% recovery% 
15 84 

12 90 

11 103 
11 93 

5 89 

10 98 

7 95 
8 86 

11 90 

Guinea-pig 

C.V.% recovery% 

i l eum 

19 55 

13 59 
22 73 

6 97 

13 103 

12 99 

9 100 
13 107 
1 7  100 
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ADENOSINE 5’-TRIPHOSPHATE 61 1 

good and t h e  method r e p r o d u c i b l e  f o r  t h e  samples under  c o n s i d e r -  

a t i o n .  Chromatograms o b t a i n e d  f r o m  samples o f  g u i n e a - p i g  i l e u m  

and r a t  vas d e f e r e n s  a r e  shown i n  F i g  4A and 46 and t h e  c o r r e s -  

p o n d i n g  q u a n t i t a t i o n  i n  T a b l e  11.  

P u r i n e  c o n t e n t  i n  pmol/mg wet w e i g h t  o f  r a t  vas d e f e r e n s  

and g u i n e a - p i g  i l e u m  e x t r a c t e d  as i n  t h e  methods. Thecsymbol 

i n d i c a t e s  t h a t  t h e  280:254 absorbance r a t i o  o f  H was d i f f e r e n t  

f r o m  t h a t  shown i n  T a b l e  I and t h e r e f o r e  q u a n t i t a t i o n  f r o m  t h e  

peak h e i g h t  p roduced  a r e s u l t  g r e a t e r  t h a n  t h e  amount o f  H 

a c t u a l l y  p r e s e n t .  

The a n a l y s e s  were p r o c e e d i n g  w e l l  b u t  i t  was f e l t  t h a t  

p u r c h a s i n g  TBA made up i n  v i a l s  c o n t a i n i n g  s u f f i c i e n t  r e a g e n t  

t o  d i l u t e  t o  make one l i t r e  o f  s o l v e n t  m i g h t  be an unnecessa ry  

e x t r a v a g a n c e .  We t h e r e f o r e  made an e q u i v a l e n t  s o l u t i o n  f r o m  

TABLE I 1  

Pur i n e  

pmo 1 /mg 
ATP 

ADP 

AMP 

AR 

HR 

H 

X 

UA 

NAD 

Ra t  

vas d e f e r e n s  

47 

84 

82 

16 

1107 

549 

305 

124 

108 

G u i n e a - p i g  

i l e u m  

96 

463 

343 

20 

216 

4 81 

191 

832 

154 
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612 WEBSTER, BOSTON, AND PATON 

10 .005  AU 
1 

A k. 

H 
E r 

r 

10 min 

Figure 4. Chromatograms of smooth muscle extracts. Conditions 
are as given for Figure 3. A shows the chromatogram resulting 
from the injection of 0.015ml extracted guinea-pig ileum and 
B that resulting from the injection of 0.030ml of extracted 
rat vas deferens. The quantitations resulting from these 
chromatograms are presented in Table 11. 
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ADENOSINE 5’-TRIPHOSPHATE 613 

0 .005  AU I I I I I  

L-4 \ 

- 
10 min 

F i g u r e  5. Base l i ne  chromatogram ob ta ined  when t h e  aqueous 
component o f  t h e  mob i le  phase was TEA made f rom t e t r a -  
butylammonium hyd rox ide  and phosphor ic  a c i d  p u r i f i e d  by  pass ing  
th rough a Microbondapak column. Concent ra t ions  and o t h e r  
c o n d i t i o n s  were as g iven f o r  F i g u r e  3. The b a s e l i n e  r e t u r n e d  
t o  t h a t  seen i n  F i g u r e  3 when t h e  use o f  Pic-A was resumed. 
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614 WEBSTER, BOSTON, AND PATON 

tetrabutylammonium hydroxide and phosphoric acid. 

separations as good as those obtained using the Pic-A. 

However, after a few runs the baseline began to rise, and the 

rises increased in magnitude with subsequent runs until it 

was no longer useable. The column was washed nightly in 40% 

methanol/water and each day the baselines showed the same 

rises. This was attributed to uv-absorbing impurities in the 

solvent absorbing onto the stationary phase at low methanol 

concentrations and subsequently being eluted as the methanol 

concentration increased. An attempt was made to purify the 

solvent by passing it through a Microbondapak column and 

guard-column combination at a flow-rate o f  0.5ml/min. Follow- 

ing purification in this way the baseline improved considerably 

but was never as good as that obtained using Pic-A. Fig 5 

shows one of the better chromatograms obtained using the "pur- 

i f i ed I' TBA . 

This produced 

Dibutylammonium phosphate prepared as for tetrabutylammon- 

ium phosphate also showed steep baselines. In neither case 

did changes of chromatographic conditions or repeated washings 

with methanol/water/dimethylsulphoxide combinations make other 

than temporary improvements. 

DISCUSSION 

Ion-pair chromatography offers considerable advantages 

over ion-exchange chromatography of purine nucleotides, parti- 

cularly since the high concentrations of salts (usually a 
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ADENOSINE 5’-TRIPHOSPHATE 615 

combination of phosphate and chloride) used to elute the higher 

nucleotides can be damaging to the HPLC hardware unless extreme 

care is taken in their use. Furthermore nucleosides and bases 

elute frontally on ion-exchange systems. Consequently to 

measure nucleotides, nucleosides and bases requires two 

separate chromatographic runs, whereas they are separated with 

the reversed-phase ion-pair systems. 

Caronia et a1 (8) have studied the mechanism of separation 

of deoxyribonucleotides and deoxyribonucleosides using tetra- 

butylammonium hetaerons. They showed that as the concentra- 

tion of hetaeron on the stationary phase increased, the cap- 

acity ratio of nucleotides increased and that of nucleosides 

decreased. This is also seen at the low concentration end 

of Fig 2. In addition the purine bases H and X behave like 

the nucleosides and the more ionic UA is retained lcnger on 

the column at higher hetaeron concentrations, as are the nu- 

cleotides. 

Other ion-pair separations of adenosine compounds have 

been published. Using a TBA/acetonitrile/water eluent on a 

Lichrosorb RP8 or RP18 column, Juengling and Kammermeier ( 6 )  

separated the nucleotides ATP, ADP and AMP from the uracil 

and guanine nucleotides in 8min in extracts from rat hearts. 

Grong et a1 (7) separated H, HR, AMP, ADP and ATP from 

cat heart extracts in 16min on a Supelcosil LC-18 column 

with a phosphate/TBA/methanol eluent. Cardiac high-energy 
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616 WEBSTER, BOSTON, AND PATON 

nuc leo t i des  were a l s o  t h e  i n t e r e s t  o f  Hul l -Ryde e t  a1 ( 4 ) .  

They separated ATP, ADP, H, X, AMP and HR on a Rad ia l  Pak-A 

column w i t h  an ammonium phosphate b u f f e r  i n  l e s s  t h a n  12min. 

None o f  these methods i nc ludes  a l l  t h e  degradat ion  produc ts  

o f  ATP o r  me tabo l i t es  o f  adenosine found i n  i s o l a t e d  smooth 

muscle p repara t i ons .  

The va lue  o f  s imultaneous de te rm ina t ion  o f  uv absorbance 

a t  two wavelengths and t h e  use o f  absorbance r a t i o s  t o  

he lp  c o n f i r m  peak p u r i t y  has been d iscussed b y  Simmonds 

and Harkness ( 9 ) .  The comp lex i t y  o f  t h e  chromatograms 

o f  smooth muscle e x t r a c t s  (shown i n  F i g  4)  i s  s i m i l a r  t o  

t h a t  o f t e n  found i n  t h e  a n a l y s i s  o f  o t h e r  samples o f  b i o l o g i c a l  

o r i g i n  and the  ease o f  o b t a i n i n g  absorbance r a t i o s  w i t h  

the  use o f  dualchannel d e t e c t i o n  systems i s  wor thy  o f  comment. 

The method as presented would a l s o  be u s e f u l  f o r  t h e  a n a l y s i s  

o f  adeninebased compounds f rom i n c u b a t i o n  medium f rom smooth 

muscle experiments, p a r t i c u l a r l y  i f  these inc luded  added 

p u r i n e  nuc leo t i des .  We have p r e v i o u s l y  found t h a t  pu r ines  

i n  medium from incuba t ions  o f  r a t  vas de ferens  are  s t a b l e  

i f  t h e  medium i s  a c i d i f i e d  t o  about pH 4. However 

pur ine-degrad ing  enzymes are  re leased  d u r i n g  i ncuba t ions  

o f  gu inea-p ig  i l eum and pu r ines  a re  n o t  s t a b l e  i n  medium f rom 

such incuba t ions  w i t h o u t  p r o t e i n  p r e c i p i t a t i o n .  

I t  appears t h a t  p a r t i c u l a r l y  under g r a d i e n t  separa t i on  

c o n d i t i o n s  the  p u r i t y  o f  i o n - p a i r  reagents  becomes a m a t t e r  
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o f  c r u c i a l  impor tance .  T h i s  has l o n g  been known t o  b e  t h e  

case f o r  phospha te  b u f f e r s  used i n  c l a s s i c a l  HPLC ion -exchange  

s e p a r a t i o n s  ( 1 0 ) .  

T h i s  method i s  t h e r e f o r e  s u i t a b l e  f o r  t h e  a n a l y s i s  o f  

ATP and i t s  u v - a b s o r b i n g  d e g r a d a t i o n  p r o d u c t s  i n  i s o l a t e d  

smooth musc le  p r e p a r a t i o n s  as used i n  e x p e r i m e n t s  i n  p h y s i o l o g y  

and pharmacology.  
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