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SUPERIORITY OF HPLC TO ASSAY FOR 

TIDE POOL INTERMEDIATES METABOLISM: 
ENZYMES REGULATING ADENINE NUCLEO- 

5'-NUCLEOTlDASE, ADENY LATE DEAMINASE, 
ADENOSINE DEAMINASE AND ADENYLO- 
SUCCINATE LYASE-A SIMPLE AND RAPID 

DETERMI NATION 0 F ADENOSINE 

Anwar S. Abd-Elfattahl and Andrew S. Wechsler 
Department of Surgery 

Duke University Medical Center 
Durham, North Carolina 2 771 0 

A B S T R A C T  

A new application of H P L C  a n a l y s k  t o  a s say  f o r  a l l  
t h e  enzymes involved  i n  regula t ion  of adenine  nucleot ide 
pool metabolism is desc r ibed .  I n  v i t ro ,  enzymatic  reac t ions  
were  car r ied  o u t  i n  bu f fe red  react ion media containing 
appropr i a t e  concent ra t ions  of m e t a l  ions ,  specific s u b s t r a t e ,  
i nh ib i to r s  and  enzymes.  Following an incubat ion  per iod ,  

1. T o  whom r e p r i n t  r e q u e s t s  shou ld  be a d d r e s s e d  . 
A d d r e s s :  P . O .  Box 3174, D u k e  Un ive r s i ty  
Medical C e n t e r ,  Durham,  N C  27710. 
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2654 ABD-ELFATTAH AND WECHSLER 

t h e  enzymatic reactions were terminated and extracted with 
cold t r ichbroacet ic  acid. The soluble a d d  ex t r ac t s  were 
neutralized and injected i n  a H P L C  system. Using a C18-Nova 
Pak reverse  phase column, w e  were able t o  separate ,  i dendfy  
and quantify t h e  subs t r a t e ,  products  and their  possible 
catabolites and U V-detectable inhibitors.  A complete 
separation and quantkation of metabolites was accomplished 
within 16-18 minutes. However, rapid and simple H P L C  r u n s  
were also developed which can be routinely used to  determine 
adenosine levels within 3-4 minutes, using a single solvent 
H P L C  system. This procedure is extremely reproducible and 
v e r y  re3iable as demonstrated i n  assaying €or S'-nuCleotidase, 
adenylate deaminase, adenosine deaminase and adenylosuccinate 
l y  ase activities. 

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

Adenine nucleotides play a n  e s sen t i a l  role i n  a n y  

l iving organism.  About 90% of t h e  e n e r g y  produced d u r i n g  

oxidat ive metabolism of c a r b o h y d r a t e ,  protein,  and  l ipid is 

s t o r e d  i n  t h e  A T P  molecule as chemic j l  e n e r g y .  Adenine 

nucelot ide metabolism is v e r y  well balanced i n  normoxic 

well-perfused h e a r t s  (1,2). However, r ap id  utilization of 

A T P  with concomitant cessat ion of its s y n t h e s i s ,  o c c u r s  

d u r i n g  hypoxia  a n d  ischemia t r i g g e r i n g  a cascade  of . 
d e g r a d a t i v e  r eac t ions ,  catalyzed b y  key r egu la to ry  enzymes 

p roduc ing  diffusible aden ine  nucleosides a n d  p u r i n e  

b a s e s  (3-6) .  Since aden ine  nucleotides (ATP, A D P ,  AMP) 

a r e  no t  diffusible t h r o u g h  plasma membranes,  

dephosphorlyat ion of i n t r ace l lu l a r  AMP to  adenosine 
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ADENINE NUCLEOTIDE POOL METABOLISM 2655 

catalyzed b y  t h e  r egu la to ry  enzyme 5'-nucleotidase, r e s u l t s  

i n  rapid depletion of intracel lular  adenine nucleotides.  

Adenosine is a po ten t  vasodilator (7-9) i n  all o r g a n s  e x c e p t  

t h e  k i d n e y ,  where it is a p o t e n t  vasoconstr ic tor  ( 1 0 , l l ) .  

This  nucleoside plays an impor t an t  role i n  regulat ion of 

blood flow (7-9) .  Accurate  determination of adenosine 

product ion a n d  metabolism is a p r e r e q u i d t e  s t e p  f o r  

character izat ion of t h e  mechanism (s )  of adenosine product ion 

a n d  corn partmentalization. Pharmacological i n t e r v e n t i o n s  

modulating blood flow necessi ta te  u n d e r s t a n d i n g  t h e  role 

of t h e  key r egu la to ry  enzymes i n  adenosine product ion a n d  

metabolism. Seve ra l  methods (12-20) have  been  commonly 

used t o  a s s a y  f o r  5'--nucleotidase act ivi ty  none of which 

p rov ide  H P L C  un ique  f e a t u r e s .  The re fo re ,  we employed a 

H P L C  p rocedure  t h a t  s e p a r a t e s ,  ident i f ies  a n d  quan t i t a t e s  

aden ine  nucelotide pool intermediates  p roduced  d u r i n g  the 

a s s a y  f o r  enzyme activit ies.  I n  t h i s  manuscr ipt  we desc r ibe  

a new application of t h e  s t e p  g r a d i e n t  elution of aden ine  

nucleotides , nucleosides a n d  pu r ine  b a s e s  r ecen t ly  

desc r ibed  b y  Hull-Ryde e t  al ( 2 1 ) .  We determined t h e  

enzyme act ivi ty  of 5'-nucleotidase, adeny la t e  deamindase , 
adenos ine  deaminase a n d  adenylosuccinate  l y a s e  as a few 

examples of all enzymes involved i n  aden ine  nucleotide pool 

metabolism (Fig 1) using s t a n d a r d  enzymes,  isolated r a t  

cardlDmyocytes, and  myocardial  subcel lular  p repa ra t ions .  
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2656 ABD-ELFATTAH AND WECHSLER 

NADH 

SALVAGE PATHWAY 

ADS-ow 

ASPARTATE 

HY PoXANTH I N E 
X-OXIDASE 

URIC ACID I X - ~ I ~ S E  XANTHINE 
AID-ELFATTAH. A.S.. WKHYER, AS. IWU] 

Fig ( 1 )  Adenine nucleotide pool metabolism. 
Ado-Kase= adenosine kinase; 5'-N T Dase= 
5'-nucleotLdase; Ado-D Aase= adenosine 
deaminase; AMP-D AaselAdenylate Deaminase; 
N P -la se=n u Cleo s i d  e p h o s p h o r ylas e ; X -oxid ase= 
xanthine oxidase, Ado-STase=adenosylsuccinyl;  
transferase; and AdeS-Lyase=adenylsuccinate 
lyase.  
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ADENINE NUCLEOTIDE POOL METABOLISM 2657 

M A T E R I A L S  A N D  METHODS 

C hemical Reagents  : 

Standa rd  enzymes a n d  u l t r a p u r e  biochemical, b u f f e r s  

a n d  r e a g e n t s  were pu rchased  from Sigma Chemical 

Company (ST. Louis, MO). H P L C  g r a d e  ammonium 

p h o s p h a t e  a n d  methanol were obtained from F i she r  

Scientific (Fair  Lawn, NJ) .  Organic-free deionized 

wa te r  w a s  obtained from a M i l l i - Q  system(Millipore, 

Bedford,  MA). 

H P L C  System: 

S tanda rd  solutions of a mixture of adenine 

nucleot ldes ,  nucleosides , p u r i n e  b a s e s ,  N A D +  and  

C A M P  o r  unknown samples were injected by  a Waters 

In t e l l i gen t  Sampler P rocesso r  (WISP) Model 7 1 0 B ,  

(Waters Associates,  Milford, MA). A solvent  selector  

Model 101 (Alltech Association, Deerfield,  n) was u s e d  

in  conjunction with a so lven t  del ivery system Model 

6000A (Waters Associates, Milford, MA). Separation of 

t h e s e  metabolites w a s  accomplished t h r o u g h  a 

NOVA-Pak-A (C18, 5um part ic le  s ize ,  10x8 mm) 

chromatographic  column i n s i d e  a Radial Compressor 

Module Nodel R C M  100 (Waters Associates,  Milford, 
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2658 ABD-ELFATTAH AND WECHSLER 

M A ) .  A multiwavelength f o u r  channe l  v i s ~ b l e / u l t r a v i o l e t  

de t ec to r  Model 490 and  a data  module Model 730 (Waters 

Associate, Milford, MA) were used t o  d e t e c t ,  i n t e g r a t e  

a n d  quan t i t a t e  e luted metabolites u s ing  e x t e r n a l  

s t a n d a r d s .  

B Y L C  Anavlsis: 

A s t e p  g r a d i e n t  elution of adenine nucleot ides ,  

nucleosides ,  p u r i n e  b a s e s ,  N A D +  a n d  c A M P  was 

performed a s  previously descr ibed ( 2 1 ) .  Briefly,  HPLC 

g r a d e  ammonium phospha te  b u f f e r ,  pH 5 . 5  ( ad jus t ed  

with 0 . 6  N ammmonium hydrox ide )  e lu t e s  s e q u e n t i d y  

ATP, ADP, hypoxan th ine ,  xan th ine  and AMP. A s  a 

second so lven t ,  7X methanol e lutes  N A D + ,  while a t h i r d  

so lven t  , 40% methanol e lu t e s  inosine,  cAMP and  

adenosine.  Switching t h e  so lven t  selector  is 

programmed i n  t h e  da t a  module. 

N e w  Applications of H P L C  t o  Assay fo r  E n z E  

Activities: 

Enzymes were a s sayed  i n  a react ion medium (500  ul) 

c on ta inin g 1 0 m M N - 2 - h y d r ox y e t  h ylpip erazin e - N - 2- e t h a  n 

sulfonic acid- Trk-hydroxymethy1)-aminoethan 

(Hepes-Tris)  b u f f e r ,  pH 7.5,  1 m M  MgCI.2, 1 . 5  mM 
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ADENINE NUCLEOTIDE POOL METABOLISM 265 9 

s u b s t r a t e  i n  t h e  p re sence  o r  absence  of specific 

i nh ib i to r s .  The  react ion w a s  init iated b y  t h e  addition 

of enzyme protein and  incuba ted  at  37°C. A t  t h e  end  of 

a specified incubat ion pe r iod ,  t h e  enzymatic react ion 

was terminated b y  t h e  addition of 1:l volume of 24% 

Y C A ,  a n d  e x t r a c t e d  at 4 ° C  f o r  30 minutes. Denatured 

protein w a s  s e p a r a t e d  b y  centr i fugat ion (8OOOg f o r  10 

min) and  t h e  soluble acid e x t r a c t s  were t r a n s f e r r e d  

and  neutral ized with 1 : 2 volumes of tri-n-octylamine : 

Freon  mixture  ( 1 : 3  v / v ) .  Neutralized aqueous  e x t r a c t s  

were s e p a r a t e d  from t h e  organic  phase  b y  centr i fugat ion 

( 8 0 0 0 g  f o r  5 minutes) ,  t r a n s f e r r e d  i n t o  s m a l l  vials and 

f rozen  immediately i n  l iquid ni t rogen and  s to red  at  

-70°C. Blank r u n s  were a l so  performed exact ly  as 

mentioned above e x c e p t  t h a t  t h e  enzyme protein was 

a d d e d  following t h e  addtion of T C A  solution. Allquots 

of s t a n d a r d  solution o r  samples (20 ul) were 

automatically injected b y  t h e  WISP. The solvent  

del ivery r a t e  was 1.5 mllmin a n 6  t h e  c h a r t  r e c o r d e r  of 

t h e  data  module was r u n  a t  a speed of 1 .25 cmlmin. 

Retention tfme, peak a r e a  a n d  amounts  of each 

eluted metabolite were r eco rded  i n  each chromatogram. 

- Subcellular Fractionation of Myocardial Homogenates: 

Cardiac musc le  obtained from anesthet ized adu l t  dogs  

was homogenized i n  bu f fe red  s u c r o s e  solution containing 
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2660 ABD-ELFATTAH AND WECHSLER 

0.32 M s u c r o s e ,  10 m M  Hepes-Tris,  pH 7 .5 ,  (1:lO 

w / v ) ,  1 m M  E D T A  us ing  a b l ende r  f o r  15 s e c  i n t e r v a l s ,  

a t  4°C. F u r t h e r  homogenization was performed using a 

Polytron (Model PC U-2, Rrinkmann, Switzer land) .  

Whole myocardial homogenates were cen t r i fuged  a t  600g 

fo r  10 minutes a n d  t h e  pellets were discarded.  Each 

s u p e r n a t a n t  f ract ion w a s  t h e n  r ecen t r i fuged  at  16, OOOg 

f o r  20 minutes and  t h e  pellet ,  containing mainly 

mitochondria,  w a s  s u s p e n d e d  i n  10 m M  Hepes-Tris- 

s u c r o s e  solution, f rozen i n  l iquid ni t rogen and  s t o r e d  a t  

- 7 O O C  as a c r u d e  mitochondria1 fract ion.  The 

s u p e r n a t a n t  f ract ion w a s  also r ecen t r i fuged  at  100, OOOg 

f o r  2 h o u r s  and  t h e  pellet  w a s  s u s p e n d e d  i n  t h e  same 

buffered solution, f rozen  a n d  designated as a c r u d e  

microsomal f ract ion.  The l a t t e r  s u p e r n a t a n t  f ract ion 

containing t h e  cytosoltc pool  of enzymes and s u b s t r a t e s  

w a s  t r e a t e d  with a cold s a t u r a t e d  solution of ammonium 

su l f a t e  t o  b r i n g  t h e  f ina l  concentrat ion t o  50% 

sa tu ra t ion  and  k e p t  a t  4°C f o r  30 minutes. Salted-out 

p ro te ins  were s e p a r a t e d  b y  centr i fugat ion at  18,OOOg f o r  

20 minutes.  The cytosolic f ract ion i n  t h e  pellet  w a s  

r e s u s p e n d e d  i n  sucrose-Hepes-Tris solutlon and  f rozen  

a n d  s t o r e d  at  - 7 O O C .  Protein w a s  determined as 

descr ibed b y  Lowry e t  al ( 2 2 ) .  
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ADENINE NUCLEOTIDE POOL METABOLISM 2661 

RESULTS 

Fig ( 2 )  i l l u s t r a t e s  t yp ica l  chromatograms f o r  

s t a n d a r d  metabolites. Fig (2A) shows separat ion of 

aden ine  nucleotides (ATP , A D P  , and  AMP) , adenine 

nucleosides (adenosine and  inosine)  and  pu r ine  bases  

(hypoxan th inc  a n d  xan th ine )  i n  addition t o  N A D +  and  

A M P .  Fig ( 2 B )  i l l u s t r a t e s  separat ion of inosine- 

5'-monophosphate ( I M P )  , AMP, adenosine,  i nos ine ,  

hypoxan th ine ,  xan th ine  , as well as inh ib i to r s  , i .e.  

-methylene-adenosine-5'-adenosine diphosp h a t e  , 
( , - M-ADP) a n d  bromo-adenosine- 5'-monophosphate 

( Br-AMP) . P e r c e n t  r ecove ry  of acid extract ion a n d  

H P L C  analysis  f o r  all s t a n d a r d  metabolites r a n g e d  from 

9 8- 100%. 

Determination of t h e  S tanda rd  Enzyme Activity Using 

I i P L C :  

A . A M P - S p e cific- 5'- N u cleo t i d  a s  e : 

Fig ( 3 )  i l l u s t r a t e s  t h e  act ivi ty  of 5-nucleotidase 

assa-yed i n  a reaction medium containing 10 m M  

Hepes-Tris b u f f e r ,  p H  7.5,  1 m M  MgC12, 6 m M  

di thiother i tol  ( D T T ) ,  1.5 m M  AMP a n d  incuba ted  f o r  2 

minutes a t  3 7 ° C .  Fig (3A) depicts  t h e  b l ank  r u n  where 
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b c d e t  g h i  

D J 

u 

a b c d e t  g h  
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ADENINE NUCLEOTIDE POOL METABOLISM 2663 

t h e  non-enzymatic degradat ion of A M P  a n d  contaminants 

can  b e  de t ec t ed .  The  t o t a l  act ivi ty  of 5'-nucleod-dase 

a n d  non-specific phospha ta ses  (77.7525.5 nmol/min/ml 

incuba t ion  medium) a r e  shown i n  Fig ( 3 B ) .  I n  t h e  

p r e s e n c e  of LOO uM o ( , $ - M - A D P ,  t h e  act lvi ty  of 

5'-nucleotidase was inhibi ted.  The r e m a h i n g  acti-vity 

designated as 4 ,+-M-ADP-insensitive act ivi ty  of t h e  

non-specjfic phospha ta ses  (Fig 3C).  We calculated t h e  

act ivi ty  of a \ ,  b -M-ADP-sensidve-5'-nucleotidase t o  

r e p r e s e n t  t h e  specific act ivi tv  of t h e  enzyme (Table  1).  

It is impor t an t  t o  note t h a t  a b o u t  10 X of t h e  total  

AMP-phosphatase act ivi ty  was not  inhibi ted by  , -M-ADP.  

Fig ( 2 )  Typical  H P L C  chromatograms of s t a n d a r d  
metabolite mixture  using a s t e p  g rad ien t  
elution. The so lven t  system cons i s t s  of 1) 
100 m M  ammonium phospha te  b u f f e r ,  p H  5.5,  
followed by  2 )  7% methanol and  3 )  402 
methanol. Nova-Pak-A column (C18, 5 um 
part ic le  s ize ,  10x8 m m )  , flow r a t e  1.5 
mllmin, de t ec to r  sensi t ivi ty  was 0.05 
abso rbance  u n i t  fu l l  scale at 254 nm. 
Peak identification: Fig 2 A :  A =  A T P ;  
B =  A D P ;  C=Hypoxanthine; D=xanthine; E=AMP; 
F = N A D = ;  G-inosine; H = c A M P ;  I=adenosine;  
Fig 2 R :  A = I M P ;  B=  , -M-ADP;  C= H X ;  D = X ;  
E = A M P ;  F=BrAMP; G = I N O ;  and  H=Ado 
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a 

Fig (3 )  H P L C  chromatograms of s t a n d a r d  
A MP-5'-nucleotidase assay .  
A )  Blank r u n  showing t h e  s u b s t r a t e  (a)  and  
t r a c e s  of adenosine, ;  B )  Total  
act ivi ty ,  t h e  enzyme 
consumed 1.5 m M  AMP within 2 minutes 
and  t h e  only peak is adenosine ( b ) ;  
C )  Inhibit ion of 5'-nucleotidase by 
@,@-M-ADP (c)  i n  t h e  presence  of AMP (a) .  
Adenosine ( b )  is produced by inhibi tor  
insensiKve phosp  hatases .  

(continued) 
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b 

L L 
C a b 

Fig  3 (continued) 
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2666 ABD-ELFATTAH AND WECHSLER 

B . IMP -S pecific-5‘- N ucleodd a s e  : 

5’-Nucleotidase catalyzes  dephosphory ladon  of AMP 

and  I M P  t o  p roduce  adenosine a n d  inos ine ,  r e spec t ive ly .  

T o  a s say  f o r  IMP-5’-nucleotidase we used 1.5 m M  I M P  a s  

a specFfic s u b s t r a t e .  ReactLon media and conditions 

were exacfly similar t o  t h o s e  i n  (A).  Fig (4A) shows 

t h e  b l a n k  r u n  which demonstrates  t h e  p re sence  of 

hypoxan th ine  as a background  contaminant.  The t o t a l  

act ivi ty  of t h e  enzyme as determined by  inosine 

formation is depicted i n  Fig ( 4 B ) .  o\ ,F-EI-ADP (100 uM) 

s t rong ly  inhibi ted t h e  enzyme act ivi ty  as shown (Fig 

4C) .  About 6% of t h e  t o t a l  act ivi ty  was : insenskive t o  

t h e  inh ib i to r .  

C .  Adenylate Deaminase: 

Adenylate deaminase uti l izes AMP as  a Specific 

s u b s t r a t e  t o  p roduce  IMP.  The enzyme act ivi ty  w a s  

a s sayed  i n  10 m M  Hepes -Trh  b u f f e r ,  pH 7.5,  1 m M  

MgCU, 1.5 m M  A M P  and  incuba ted  €o r  2 minutes a t  

37°C. Fig (5) i l l u s t r a t e s  the. b l ank  r u n  (Fig  5A),  t o t a l  

enzyme act ivi ty  (Fig 5 B )  and and  t h e  activity of t h e  

enzyme i n  t h e  p r e s e n c e  of 100 uM adenosine deaminase 

inh ib i to r  [ erythro-6-amino-9 (2-hy drox y-3-nonyl) - 
p u r i n e ] ,  known a s  E H N A  (Fig 5 C ) .  As demonstrated 
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a 
Fig  ( 4 )  H P L C  chromatograms of s t a n d a r d  

IMP-5'-nucleotidase a s s a y .  
A) B l a n k  , (a)= 1 .5  m M  IMP; B )  Total  ac t iv i ty ,  
( a ) =  IMP and  (b)=inosine;  C )  Inhibi tor  e f f ec t ,  
(a)=IMP, (b)=inosine,  (c)=A$-M-ADP. 

(cont  h u e d )  

i n  Fig ( 5 ) ,  abou t  95% of adenylate  deaminase activity 

was in sens i t i ve  t o  E H N A  (Table 1) .  

D .  Adenosine Deaminase: 

Adenosine deaminase catalyzes  dearnination of 

adenosine t o  produce inosine.  F ig  ( 6 )  i l l u s t r a t e s  t h e  
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rz, 

C 

ABD-ELFATTAH AND WECHSLER 

XI 

'A L 
b 

a c  b 
Fig 4 (continued) 
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A 
'0 I? 

h 

a 

Fig (5) HPLC chromatograms of s t a n d a r d  adeny la t e  
deaminase a s s a y .  
A )  Blank, (a)=AMP; B) Total  activity 
(a!=AMP, (b)=IMP; C) Effect of E H N A  
(100 U N ) ,  (a)=AMP, (b)=IMP. 

(continued) 

a s s a y  f o r  adenosine deaminase a n d  t h e  effect  of E N H A  

on its act ivi ty .  Unlike adeny la t e  deaminase,  adenosine 

deaminase was totally sens i t i ve  to  100 u M  E H N A  (Fig 6C).  

E .  Adenylosuccinate Lyase: 

Adenylosuccinate l y a s e  catalyzes  t h e  formation of 

A M P  a n d  fumarate  from adenylosuccinate .  This  enzyme 
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B 
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c 

b 

Y Lo 

m YI 

a 

b a 
F i g  5 (continued) 
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a 

Fig ( 6 )  HPL C chromatograms of s t a n d a r d  adenosine 
deaminase a s s a y .  
A )  Blank, (a)=adenosine;  B )  Total  act ivi ty ,  
(a)=adenosine,  (b)=inosine; C )  Effect of 
E H N A  (100 uM) , (a)=adenosine.  

(cont inued)  

plays an impor t an t  role i n  t h e  salvage s y n t h e t i c  

pathway of A M P  (Fig 1). Fig ( 7 )  depicts  t yp ica l  

chromatograms f o r  adenylosuccinste  l y a s e  act ivi ty .  I n  

t h e  p r e s e n t  s t u d y ,  w e  did n o t  i nves t iga t e  the e f f ec t  of 

i nh ib i to r s  on adenylsuccinate  act ivi ty  (Table  1). 
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Fig 6 ( c o n t i n u e d )  
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a 

c 

2613 

Fig (7) HPLC chromatograms of standard adenosylsuccinate 
lyase assay. 
A )  Blank, (a)=adenylsuccinate; B) Total activity, 
(a)=adenylsuccinate, (b)=AMP, (c)=fumarate. 
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The  Linearity of A s s a y  Proced-ure f o r  5'-Nucleotidase 

Activity us ing  H P J , C :  __- 

The time cour se  of 5'-nucleotidase act ivi ty  iii ra t  

h e a r t  microsomal f ract ions is s h o w n  i n  Fir (8).  The 

enzyme w a s  assayed  in  a 10 m M  P e p e s - T r k  b u f f e r ,  pH 

7 . 5 ,  1 m M  MgC12, 6 m M  D T T ,  1.5 m M  A M P  a n d  75 iig 

protein p repa ra t ion .  The enzvmatic reaction was allowed 

t o  proceed at  37°C fcr 7 5  minutes. T h e  relationship 

between t h e  enzyme activity a n d  incubat ion period was 

Linear. 

Oetermination of Sarcolenmal 5'-Nucleotidase i n  

C ardiomvocvtes:  

---- - 

Cardiomyocytes were p r e p a r e d  b y  enzvmatic infusion 

anc? t r ea tmen t  of rat  h e a r t s  as previously desc r ibed  

( 2 3 ) .  T h e  effect  of q ,$-M-AIIP on sarcolemmal 

5'-nucleotidase act ivi ty  in  isolated cardiomyocytes is 

shown i n  Table ( 2 ) .  The inh lb i to r  s t r o n g l y  inact ivated 

8 h o u t  80% of t h e  to t a l  AMP--phosphatase activit ies.  

, - M - A 3 P -s e n s i t iv  e- A M P - p h o s p h atas e act ivi ty  w as 

t a k e n  t o  r e p r e s e n t  t h e  specific 5'-nucleotidase act ivi ty  

while t h e  ren;aining act ivi ty  w a s  cosidered to  be 

mediated b y  A M P  hydro lys i s  b y  means o t h e r  t han  

5'-nucleotidase, e. g .  non-specif ic-AMP-phosphatases .  
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I -  

- i  0 
E 
t 
Y 

Fig (8) L inea r i ty  of H P L C  a s s a y  of microsomal 
5'-nucleoEclase of rat myocardium. 
T h e  e n z y m e  a c t i v i t y  w a s  a s s a y e d  i n  
10 mM-Hepes-Tris,  pH 7 . 5 ,  con ta in ing  1 m M  
MgC11: 6 nlM D T T ,  1 .5  m V  A M P ,  75-100 u g  
p r o t e i v ,  i n  t h e  p r e s e n c e  o r  a b s e n c e  of 
190 u K  4 ,$-M-ADP. Data p r e s e n t e d  as 
nmol  a d e q o s i n e  prodt iced/ rng  p r o t e i n ,  
meanrt.SEM ( n = 4 ) .  
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ADENINE NUCLEOTIDE POOL METABOLISM 2611 

Table ( 2 )  Sarco!.emmal 5'-Nucleotidase Activity i n  Isolated 
Rat Heart  Cardiomyocytes U s i n g  H P L C  Anaylsiq. 

5'-Nucleotidase Activity * 
( n  mol/ min / ni g protein)  

C o n t r d  7 9 . 4 3 t 2 . 3 6  

D(,$-Mcthylene-ADP (100 u M )  22.98k1.65 

** 

* The enzyme act ivi ty  w a s  a s sayed  using H P L C  analysis .  
** P(O.001 v s  con t ro l  in=S), t - t e s t .  

Determination of S'-Nucleotidase and Adenylate 

Deaminase Activities i n  Myocardial. Subcellular Fract ions 

Using HPLC:  

~- 

We also determined 5'-nucleotidase i n  subcel lular  

p r e p a r a t i o n s  of canine myocardium. F igu res  (9 ,  lC, 

11) i l l u s t r a t e  t h e  act ivi ty  of 5'-nucleotidase and  possibly 

o t h e r  enzymes t h a t  e x i s t  i n  mitochondrial, microsomal 

a n d  cytosolic f r ac t ions ,  r e spec t lve ly .  A s  shown i n  

t h e s e  f i g u r e s  most of AMP-phosphatase act ivi ty  is 

sensi t ive to  o( ,&M-ADP (100 uM) i n  t h e  microsomal 

f r ac t ions .  The act ivi ty  is less sensi t ive t o  t h e  same 
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5' - NudeOtdasb Acllvlty In Mitochondriol 
Adult  Canine Mvocardium (AD +I1 

Fig (9) H P L C  chromatogram of mitochondrial  
5 'nucleotidase,  adeny la t e  deaminase a n d  
adenosine deaminase a s s a y s  i n  canine 
myocardium. A )  Blank; B) Total  ac t iv i ty ;  

C )  Inhibi tor- insensi t ive act ivi ty .  

5 ' - N ~ c I ~ a ? l d a r ~  AclIvIly In Misroromol preparations of  
Adulf Canine Myocardium I AD r)L 3 ) 

Fig (10) H P L C  chromatograms of microsomal 
5'-nucleotidase, adenylate  deaminase and  
adenosine deaminase a s s a y s  i n  canine 
myocardium. A )  Blank; B) Total  a c d v i t y ;  
C) inhibitor-insensit ive act ivi ty .  
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Cy1osdIc S'-NucleoIt&~ Activity in 
Adult Cnninc Mrocordxlrn 

I P  

-r 

Fig (11) H P T , C  chromatograms of cytosolic 
5'-nucleotidase, adenylate  
deaminase and  adenosine deaminase 
a s s a y s  i n  canine myocardium. 
A )  Blank; R )  Total ac t iv i ty ;  C )  Inhibi tor-  
i n sens i t i ve  act ivi ty .  

inhibi tor  i n  mitochondria1 and  cytosolic f r ac t ions  

s u g g e s t i n g  differences i n  subcel l -ubr  compartmentation 

of 5'-nucleotidase isoenzyme. The addition of E H N A  

(100 uM) t o  each assay  medium p reven ted  f u r t h e r  

degradat ion of adenosine t o  inosine which is catalyzed 

b y  adenosine deaminase. This i n t e rven t ion  allowed 

precise  determination of t h e  absolute  act ivi ty  of 

5'-nucleotidase, i. e .  adenosine formation. 

Fjg (12 )  shows H P L C  a s sav  of 5'-nucloetidase i n  

cytosolic f r ac t ions  of zdu l t  (Fig 1 2 A )  a n d  f e t a l  

( F i g  1 2 R )  myocardium. The c y t o ~ l o i c  f ract ion of t h e  

a d u l t  myocardium exhibited 5'-nucleotidaes act',vitp a s  
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Cvtosdic 6-Nuclsolii  

ABD-ELFATTAH AND WECHSLER 

I 

Fig ( 1 2 )  H P L C  chromatogram of cytosolic 
5'-nucleotidase and  adenylate  deaminase 
a s s a y s  i n  a d b l t  and  f e t a l  myocardium. 
Fig ( 1 2 A )  shows 5'-nucleoddase in t h e  
cytosolic f ract ion of normal adul t  
nyocardium. Fig ( 1 2 B )  i l lus t ra tes  t h a t  t h e  
cytosolic fraction of f e t a l  myocardium l a c k s  
5'-nucleotidase act ivi ty ,  ins tead  it exhibi ts  
adenyla te  deaminase activity which is n o t  
inhibi ted b y  q ,$ -M-ADP (100 uM). 
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w e l l  as adenosine denminase act ivi ty  a s  demonstrated by  

t h e  formation of adenosine and  inosine,  respec.tively . 
On t h e  o t h e r  h a n d ,  unlike t h e  a d u l t  myocardium, f e t a l  

cytosolic f r ac t ions  exhibi ted adeny la t e  deaminase activity 

r a t h e r  t h a n  5'-nucleotidase act ivi ty  [ detajled s t u d i e s  

w f U  b e  published el.sewhere ( 2 4 ) ] .  

A simple and  r ap id  determination of adenosine: 

By inhibit ion of adenosine catabolism, we were ab le  

t o  s h o r t e n  t h e  time r e q u i r e d  t o  elute adenosine from 

22-26 minutes t o  only 3-4  minutes with a n  i soc ra t i c  

H P L C  analysis  u s ing  a s ingle  solvent  (30%-40% 

methanol).  Fig (13) i l l u s t r a t e s  a s t a n d a r d  adenosine 

peak (A) ;  a blank r u n  indicat ing t h a t  110 adenosine was 

p roduced  b y  non-enzymatic hydro lys i s  of A M P  ( B )  ; 

t o t a l  activity of AMP-phosphatases ( C ) ;  o( ,$-M-ADP-  

insensit ive-AXP-phosphatase act ivi ty  ( D )  ; and  t h e  

e f f ec t  of B r - A M P  on 5'-nucleotidase act ivi ty  ( E ) .  

The specific act ivi ty  of 5'-nucleotidase is calculated by  

s u b t r a c t i n g  t h e  inhibi tor- insensi t ive act ivi ty  from t h e  

t o t a l  AMP-phosphatase actvi t ies .  Th i s  simple and  

extremely rapid detection and  identification of adenosine 

makes t h i s  p rocedure  more a t t r a c t i v e  t o  a s say  f o r  

5'-nucleotidase activity using H P L C  analysis .  

By changing t h e  concen t r adon  of methanol from 40% t o  
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1.I 

Ado 

L 

AMP 

ABD-ELFATTAH AND WECHSLER 

AMP 

1 

AMP & 
0 +a,B-M-AW * B  

I 

Fig (13) Simple a n d  Rapid Determinatlon of 
5'-nucleotldase act ivi ty  and  Adenosine using 
H P L C .  
A) S tanda rd  adenosine elution; B )  S t anda rd  
A M P ;  C) Total 5'-nucleotidase act ivi ty;  
D )  4,,8-M-ADP-insensitive phospha ta se  
ac t lv i ty ;  a n d  E )  Rr-AMP-insensitive 
phospha ta se  act ivi ty .  

20% (or  15X) one  can de tec t  inosine a s  wen as adenosine 

i n  a s h o r t  chromatographic  r u n  of 5-8 minutes.  

Inhibit ion of 5'-nucloetidase act lvi ty  b y  R r - A M P  (25) 

w i l l  b e  publ ished elsewhere.  
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DISC US SIO N 
-. 

Assaying f o r  5'-nucleotidase act ivi ty  us ing  

s p  ec t rop  ho  tom e t r i c  , c o nv ent innal  

f iurometr ic  a n d  radiometric t echn iques  (12-20) l a c k s  

d i r e c t  s epa ra t ion  and  identification of reaction p r o d u c t s  

and  t h e i r  possjble catabolites.  Th i s  may g e n e r a t e  

i n a c c u r a t e  a s ses smen t  of t h e  enzyme activity a n d ,  b y  

i n f e r e n c e ,  its physiologic role.  This  n a n u s c r i p t  

desc r ibes  a new application of H P L C  ana lys i s  i n  

a s say ing  for  enzyme actlvity i n  c r u d e  a n d  purified 

p repa ra t ions .  Although o u r  invest igat ion focused on 

t h o s e  enzymes involved i n  aden ine  nucleotide pool 

metabolism, t h i s  H P L C  approach can be  applied t o  a n y  

o t h e r  enzyme a s s a y s  us ing  a p p r o p r i a t e  de t ec to r s .  One 

of t h e  most impor t an t  advan tages  of t h i s  p rocedure  is 

no t  only monitorjng t h e  enzymatic p r o d u c t s  b u t  also 

c o b  rime t r i c  , 

determining utilization of t h e  s u b s t r a t e  by o t h e r  

enzymes t h a t  e x i s t  In  t h e  same preparati-on, a n d  

identLfying f u r t h e r  degradat ion of t h e  p r c d u c t s .  

F o r  example,  A M P  is t h e  specific s u b s t r a t e  f o r  

5 ' - n u Cleo ti (1 as e ad e n y l a t e  

adenosine 2nd  I M P ,  respect ively.  Subsequen t ly ,  

adenosine deaminase and  IMP-5-nucleotidase catalyze 

t h e  formation of inosine irom adc qsine and  IMP, 

a n  d d e a min as  e p r o d u cin g 
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r e spec t ive ly .  A l l  t h e s e  de r iva t ives  of adenine 

nucleotide pool metabolites a b s o r b  within a narrow r a n g e  

of t h e  ultraviolet  spec t rum (245-265 nm). This  un ique  

cha rac t e r i s t i c ,  a l though limiting t h e  spectrophotometr ic  

a s s a y s  of 5'-nucleotidase, is advan tageous  f o r  H P L C -  

enzyme a s s a y .  Using H P L C  p r o c e d u r e ,  w e  were able  t o  

disclose develop m en ta l  differences i n  s u b  cellular 

compartmentaion of 5'-nucleotidase a n d  adeny la t e  

deaminase isoenzyme i n  relation i n  AMP metabolism and  

adenosine product ion (25).  This  h a s  been  demonstrated 

i n  Fig ( 1 2 ) .  Unlike adu l t  myocardium , f e t a l  

myocardium exhibi ted adenylate  deaminase act ivi ty  

in s t ead  of 5'-nucl eotidase o r  adenosine deaminase i n  

cytosolic f r ac t ions  (Fig 1 2 A  v s  1 2 B ) .  

The intent ion of t h e  p r e s e n t  r e p o r t  w a s  no t  directed 

t o  compare o u r  H P L C  method with those  p r o c e d u r e s  

widely used t o  a s say  f o r  5'-nucleotidase. Nevertheless ,  

it would be  beneficial  t o  d i scuss  advan tages  a n d  

limitations of t h e s e  methods. Early methods desc r ibed  

f o r  assayfng 5'-nucloetidase a r e  based on t h e  

colorimetric determination of  inorganic  phosphate  

re leased from 5'-AMP (12-14). Generally,  colorimetric 

determinati-ons of t h e  released ino rgan ic  phospha te  a r e  

n o t  as sensi t ive and  specific as newly developed 

methods.  The spectrophotometr ic  assay f o r  
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5'-nucleotidase is based on t h e  i n d i r e c t  determination of 

adenosine b y  monitoring t h e  change  i n  abso rbance  of 

inosine formation i n  t h e  preset-ce of adenosine deaminase 

as a coupled enzyme (14,15). Although t h i s  method 

was t h o u g h t  t o  b e  more sensi t ive t h a n  t h a t  of i no rgan ic  

phospha te  determinat ions,  it w a s  noted t h a t  adenosine 

deaminase act ivi ty  was inf luenced by  divalent  cat ions 

a n d  accumulation of inosine (15). Radiometric a s s a y s  

f o r  5'-nucleotidase were develop ed us ing  radiolabelle d 

s u b s t r a t e  (15-20). The r e l ease  of 32P- ino rgan ic  

phospha te  from 32P-AMP h a s  b e e n  used t o  a s s a y  f o r  

5'-nucleotidase (15).  Other  methods r e q u i r e d  

Separation of t h e  radiolabelled AMP from t h e  p r o d u c t  by 

e i t h e r  ion-exchange column chromatography (15-19) , o r  

its preciptat ion as zinc and  barium salts and  sepa ra t ed  

b y  centr i fugat ion (20,261. Klaushofer e t  a1 (20) 

desc r ibed  a double labelled radioassay f o r  t h e  

determination of 5'-nucleotidase act ivi ty .  I n  addition t o  

[8-14C]-AMP a s  a s u b s t r a t e ,  [2-3H]-adenosine was 

a d d e d  as a t r a c e r  t o  determine t h e  efficiency of 

s epa ra t ion  a n d  r ecove ry  of [ 8-14C ]-adenosine formation 

catalyzed b y  5'-nucleotid a s e  . 

A l l  previously desc r ibed  methods provfded a g r e a t  

d e a l  of information, b u t  lacked a d i r e c t  s epa ra t ion ,  

identification and. quantification of p r o d u c t s  a n d  t h e i r  
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Tnetabolites (12-20). This  may account  f o r  t h e  ex i s t ing  

d i sc repanc ie s  among available da t a .  An impor t an t  

s o u r c e  of disagreement  is related t o  t h e  often o b s c u r e  

definition of s o  called " non-specific AMP-  phospha ta se  

activity".  Seve ra l  s t u d i e s  have  used 3 -g lyce rophospha te ,  

E-ni t rophenylphosphate  o r  pheny lphospha te  a s  s u b s t r a t e s  

f o r  acid a n d  alkaline phospha ta se  activit ies.  These 

act ivi t ies  h a v e  been a s sayed  i n  a d i f f e ren t  react ion 

media and  p h  (17 )  y e t  t h e  a u t h o r s  s u b t r a c t e d  t h i s  

act ivi ty  from t h e  total  AMP-phosphatase act ivi ty  which 

h a d  been  determined u n d e r  optimal conditions t h a t  

yielded a vaximal  artLvity of 5'-nucleotidase. It is well 

e s t a b b h e d  t h a t  c r u d e  and  purified p repa ra t ions  of 

A T  Pases catalyze t h e  hydro lys i s  of 4 -g lyce rophospha te ,  

E-ni t rophosphate  and pheny lphospha te ,  i n  addition t o  

t h e  n a t u r a l  subs t r a t e ! ,  i . e .  A T P .  For example, purified 

Na+-Kf-ATPase ('27-31) exhibit- a b o u t  5-1073 of t h e  total 

act ivi ty  of t h e  enzyme as K+-stimulated 

2 -n i topheny lphospha ta se  act ivi ty .  I n  o u r  expe r i ence ,  

purif ied 5'-nucleotidase catalyzes  t h e  hydro lys i s  of 

n o n-n u cleotid e 

act ivi ty  accoun t s  f o r  abou t  5-109, of t h e  t o t a l  

5'-nucleotidase act ivi ty  which w a s  determined u n d e r  t h e  

same expe r imen ta l  conditions (Fi.5 14) .  These 

o b s e r v a t b n s  a r g u e  a g a i n s t  t h e  u s e  o r  t h e s e  phospha te s  

as specific s u h s t a r t e s  t o  s a t u r a t e  the. non-specific 

p -n i t r  o p hen y l p  h 0s p h a t e  s !, a n  d t h i s  
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Fig ( 1 4 )  1-Nitrophenylphoshatase a c d v i t y  of a 
s t a n d a r d  5'-n ucleo t id a se  . 
5'-Nucleotidase was incuba ted  ( 3 7 O C )  with 
3 m M  2-ni t rophenylphosphate  i n  a react ion 
medium containing 10 m M  Hepes-Tris,  pH 
7 . 5 ,  1 m M  MgC12 and  i n  absence  ( A )  o r  
p r e s e c c e  ( C )  of 10 m K  K C 1 .  o ( , $ - M - A D P  
(100 uM) was added  t o  both incubat ion 
media i n  absence  (B) o r  p re sence  of 10 m M  
K C1 (D) . The release of 1 -n i t ropheno l  was 
monitored at 410 nm us ing  a Gllford 
Respovse.  
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catalyt ic  s i t e s  (10,19,20).  We (25) a n d  o t h e r s  

(15,32,33) h a v e  used d , @ - M - A D P  , an unhydro ly rab le  

analogue of A D P ,  as a p o t e n t  and  specific i nh ib i to r  

( R i = 2  nM) of 5’-nucleotidase activity ( 15,32 , 33) . The  

common adenine moeity i n  both AMP and  t h i s  inhibi tor  

made t h e  l a t t e r  a s t r u c t u r a l l y  more sui table  

configurat ion t o  block t h e  catalyt ic  s ide  of t h e  enzyme. 

Resul ts  from o u r  l abora to ry  demonstrated t h a t  80-902 of 

t h e  t o t a l  AMP-phosphatase activity i n  c r u d e  and  

purFfied 5’-nucleotidase is sens i t i ve  t o  o\,$-M-ADP 

(Tab le  1 a n d  2 ) .  The remaining act ivi ty  (10-202) w a s  

i n s e n s i d v e  t o  q , $ - M - A D P  (100 uM) similar t o  t h e t  noted 

€or  ATPases (27-31). Klaushofer e t  al (20) r e p o r t e d  

inhibit ion of “5’-nucleotidase act ivi ty” b y  20 m M  , 
- M - A D P  i n  t h e  p re sence  of 20 m M  -glycerophosphate ,  

12 m M  A M P  and 4 m M  MgC12 i n  50 m M  T r i s - H C 1  b u f f e r ,  

p H  7.6. The  concentrat ion of t h e  s u b s t r a t e s  and  

inh ib i to r s  in t h e  l a t t e r  r e p o r t  are 10-fold g r e a t e r  t h a n  

t h o s e  we h a v e  used a n d  what  o t h e r  s t u d i e s  h a v e  

r e p o r t e d  (12-19). These obse rva t ions  again raise 

s e v e r a l  ques t ions  related t o  t h e  determination of 

non-specific phospha ta se  act ivi t ies .  However, according 

t o  t h e s e  r e p o r t s  , 10% of t h e  t o t a l  A M P a s e  activity was 

re la ted t o  non specific phospha ta ses  (20 , 26). 

Determination of 5‘-nucleotidase us ing  H P L C  analysis  is 

no t  affected b y  t u r b i d i t y  of t i s s u e  homogenates which 
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l i m i t s  spectrophotometr ic  a s s z y s .  Fu r the rmore ,  we did 

no t  expe r i ence  a n y  loss  in  adenosine r ecove ry  d u r i n g  

t h e  extract ion p r o c e d u r e ,  s epa ra t ion  and H P L C  analysis .  

Subsequen t ly ,  t h i s  p rocedure  does not  r e q u i r e  a t r a c e r  

metabolite t o  monitor t h e  yield d u r i n g  extract ion and  

ana lys i s .  Finally , age-related d a f e r e n c e s  i n  

subce l lu l a r  compartmentalization of 5'-nucleotidase and  

adeny la t e  dearninase isoenzymes were disclosed only b y  

employing t h e  H P L C  a s s a y  (25 ) .  H P L C  assay is simple 

t o  perform and  v e r y  r ep roduc ib le  a n d  reliable,  as 

demonstrated b y  determining t h e  act ivi ty  of 

5'-nucleotidase , adeny la t e  deaminase,  adenosine 

d eaminase,  aden ylosuccinate l y a s e  and S-adenosyl- 

homocystein hydro la se  as w e l l  as o t h e r  enzymes 

r egu la t ing  the  adenine nucleotide pool  metabolism. 
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