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Summary 

Adenosine diphosphatase (ADPase) activities were studied in human poly- 
morphonuclear leukocytes with a recently developed radio-assay. The neutro- 
phils were homogenized in isotonic sucrose and subjected to analytical subcel- 
lular fractionation. The sucrose density gradient fractions were assayed for 
ADPase activity and for principal organelle marker enzymes. ADPase activity 
was distributed between the plasma membrane, specific granule and soluble 
fractions. The plasma membrane and specific granule activities had similar 
kinetic and inhibitor properties but the cytosolic enzyme was clearly different. 
Studies with the non-penetrating inhibitor diazotized sulphanilic acid and mea- 
surements of latent activity indicate that plasma membrane ADPase activity is 
located on the external aspect to the cell. Its possible role in inhibiting platelet 
aggregation is discussed. 

Neutrophils were isolated from control subjects, patients with chronic granu- 
locytic leukaemia and patients in the third trimester of pregnancy. The specific 
activities (mU/mg protein) of ADPase activity, in contrast to those of alkaline 
phosphatase, were similar in all three groups. This result, together with frac- 
tionation experiments and inhibition studies strongly suggests that ADPase 
activity is not attributable to neutrophil alkaline phosphatase. 

* To w h o m  c o r r e s p o n d e n c e  should  be  addressed.  
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Introduct ion 

It is well known that  adenosine diphosphate (ADP) is an important  agent 
responsible for  aggregating platelets in damaged vascular tissue [ 1 ]. This a rapid 
process, occurring in all species studied [2],  and ADP is the only naturally 
occurring nucleotide with this proper ty .  Further studies [3] have shown that 
breakdown products  of  ADP, such as adenosine monophosphate  (AMP) and 
especially adenosine, inhibit the AI~P-mediated platelet aggregation. ADP- 
degrading systems have been described in the vascular tree of a variety of spe- 
cies [4--7].  

Normal human polymorphonuclear  leukocytes are a rich source of alkaline 
phosphatase and the levels of  activity vary quite considerably is neutrophil 
disorders [8].  Recent ly this alkaline phosphatase activity has been localized to 
a hitherto undescribed organelle (phosphasome) of  the human neutrophil [9], 
the function of  which is as yet  unknown.  We are at tempting to establish the 
function of  this organelle: ADPase is an alkaline phosphohydrolase which could 
contr ibute to the neutrophil  alkaline phosphatase activity. 

The present s tudy determines the subcellular localisation of  ADPase activity 
with analytical subcellular fractionation techniques and investigates certain pro- 
perties of  the enzyme and compares the activities in neutrophilic disorders 
known to show marked alterations in alkaline phosphatase activity with control 
values. 

Materials and Methods 

Preparation of polymorphonuclear leukocytes. Polymorphonuclear  leuko- 
cytes were isolated as d~scribed previously [8]. 35 ml of blood were used from 
control  subjects and pregnant women, whilst blood from leukaemic patients 
with a high leukocyte  count  was diluted with an equal volume of 0.15 mol/1 
NaC1 before isolating the neutrophils by dextran sedimentation and Ficoll- 
Hypaque centrifugation [10].  The cells were pelleted in 4 ml 0.2 mol/1 sucrose 
containing 1 mmol/1 Na2 • EDTA, pH 7.2 and 5000 U heparin/1, and disrupted 
with a Dounce homogenizer (Kontes Glass Co., Vineland, NJ, U.S.A.) by 30 
strokes of  a tight fitting (Type B) pestle. An aliquot of  the homogenate was 
retained for analysis and a port ion centrifuged at 800 X g for 10 min in a 
Coolspin 4 X 100 ml swing-out rotor  (MSE Scientific Instruments, Crawley, 
Sussex). The post-nuclear supernatant was removed, stored on ice and sub- 
jected to analytical subcellular fractionation and enzyme analysis as described 
previously [ 8]. 

Analytical subcellular fractionation. Approx.  5 ml of  the post  nuclear super- 
natant  was layered onto  a 28 ml sucrose density gradient extending linearly 
with respect to volume, from a density of  1.05 g • cm -3 to one of 1.28 g • cm -3 
and resting on a 6 ml cushion of  density 1.32 g • cm -3 in a Beaufay automatic 
zonal rotor.  All gradient solutions contained 1 mmol/1 Na2 • EDTA, pH 7.2 and 
5000 U heparin/1. The rotor  was run at 35 000 rev per min for 35 min and, 
after slowing to 8000 rev per min, some 15 fractions were collected, weighed 
and their density determined as described previously [ 11 ]. 

Organelle marker enzymes. The gradient fractions were assayed for marker 
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enzymes for the principal subceUular organelles. The enzymes assayed, with the 
organelle shown between parentheses were: alkaline phosphatase, EC 3.1.3.1 
(phosphasome); 5'-nucleotidase, EC 3.1.3.5 (plasma membrane); myeloperoxi- 
dase, EC 1.11.1.7 (azurophil); lactate dehydrogenase, EC 1.1.1.27 (cytosol); 
particulate malate dehydrogenase, EC 1.1.1.37 (mitochondria) and neutral 
a-glucosidase, EC 3.2.1.20 (endoplasmic reticulum). Conditions for these assays 
have been described previously [9]. Unsaturated vitamin B-12 binding capacity 
(specific granule) was determined by the charcoal radioassay [12]. Protein was 
estimated by a modification of the method of Lowry et al. [13] with bovine 
serum albumin as standard. 

Adenosine diphosphatase (EC 3.6.1.5) assay. The homogenates and gradient 
fractions were assayed for ADPase activity by a recently described method 
[14]. Under normal assay conditions 0.1 ml of suitable diluted enzyme was 
incubated in a mixture of 0.1 ml 0.05 mol/1 Tris-HC1 buffer, pH 7.5/0.05 ml 
2 mmol/1 MgC1J0.05 ml H20 and 0.1 ml 1 mmol/1 [fl-3~P]ADP at 37°C for up 
to 60 min. ADPase activity was proportional to the concentration of enzyme 
used and the rate of reaction was linear up to 50% hydrolysis. In assays with 
inhibitors the water was replaced by 0.05 ml of the appropriate inhibitor solu- 
tion, and the assay performed in the standard way. Latent ADPase activity 
[15] was determined in freshly isolated neutrophil preparations suspended in 
isotonic sucrose (0.3 mol/1) containing 1 mmol/1 Na2-EDTA, pH 7.2 and 
5000 U heparin/1. The enzyme was then assayed under standard conditions 
with appropriate buffered substrate in sucrose (0.3 mol/1) containing Na2" 
EDTA (1 mmol/1) pH 7.4 and heparin (5000 U/l) with (total activity) and 
without (free activity) Triton X-100 (100 mg/100 ml). The effect of diazotized 
sulphanilic acid on leukocyte ADPase activity was investigated using the meth- 
od of Smolen and Weissmann [16]. 

Results 

Fig. 1 shows the averaged sucrose density gradient distributions for ADPase 
activity and some of the principal organelle marker enzymes. ADPase activity 
has two peaks of particulate activity and a soluble component. This trimodal 
distribution was clearly seen in each individual experiment. There is some loss 
of resolution during the averaging procedure but the three peaks are clearly 
distinct. The peak at density 1.12 g.  cm -3 corresponds with the plasma mem- 
brane marker 5'-nucleotidase, whilst that at 1.20 g • cm -3 corresponds to vita- 
min B-12 binding protein, the marker for the specific granule. The cytosolic 
component follows the soluble enzyme marker lactate dehydrogenase remain- 
ing in the sample layer. 

In order to confirm the plasma membrane localization of part of the ADPase 
activity and to further contrast the subcellular localization of 5'-nucleotidase 
and alkaline phosphatase, subcellular fractionation experiments were carried 
out on neutrophils which had been suspended in isotonic sucrose containing 
0.02 mg/ml digitonin and then washed in digitonin-free sucrose. Digitonin is a 
selective membrane perturbant which binds to the cholesterol in plasma mem- 
brane, selectively increasing the density of this organelle [17--19]. Intracellu- 
lar organelles to which the digitonin is inaccessible would be unaffected by this 
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treatment. As seen in Fig. 2, the distribution of  the plasma membrane marker 
5'-nucleotidase is markedly affected by the digitonin treatment with most  of  
the activity moving to a density of  1.16 g • cm -3. For ADPase activity there is a 
loss of  the plasma membrane component  at density 1.12 g • cm -3 with a major 
peak at density 1.16 g • cm -3. There also appears to be a decrease in the propor- 
tion of  cytosolic activity. In contrast, the distribution of  alkaline phosphatase 
is unaffected by the digitonin treatment. 

Studies were carried out  to determine whether ADPase activity is localised to 
the outer or inner aspects of  the plasma membrane. Intact polymorphonuclear 
leukocytes were assayed for latent ADPase activity. The percent latent activity 
(-+S.E.) was 77.4 +- 4.7% (u = 6) indicating that 23% of ADPase activity in the 
intact cell was accessible to substrate, i.e. approx, one-fifth of  the activity is on 
the cell surface, i.e. approx, one-fifth of  the activity is on the cell surface. 
Diazotized sulphanilic acid is a poorly permeant reagent which has been used to 
selectively inactive ecto-enzymes [16,20]  (Fig. 3). In intact cells (A) ADPase 
activity was inhibited by this reagent to a maximum of approx. 25% whereas 
lactate dehydrogenase was unaffected. 5'-Nucleotidase, the plasma membrane 
marker enzyme,  shows a progressive and almost complete inhibition by diazo- 
tized sulphanilic acid. With sonicated cells (B) the three enzymes were inhibited 
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Fig. 1. Isopycnic centrifugation of post-nucleax supernatant prepared from neutrophil leukocyte homo- 

genates. Results show mean of five experiments. Frequency is defined as the fraction of total recovered 
activity present in the gradient fraction divided by the density span covered. The activity present over the 

density span 1.05--1.10 represents enzyme remaining in the sample layer. Recovered activities range from 
8 5 - - 1 0 5 % .  

Fig. 2. Isopycnic centrifugation of post-nuclear supernatant from neutrophil leukocyte homogenate. Prior 

to homogenization the leukocytes were resuspended in 23 ml 0.34 mol/l sucrose containing no (control) 

or 0.02 mg/ml digitonin, centrifuged at 120 × g and washed in digitonin-free 0.2 molfl sucrose. The cells 
were then homogenized and fractionated. Averaged control data taken from Fig. 1. Digitonin data axe 
from a single representative extberiment. 
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Fig.  3.  A.  P o l y m o r p h o n u c l e a r  l e u k o c y t e s ,  s u s p e n d e d  in  p h o p s h a t e - b u f f e r e d  sal ine,  we re  i n c u b a t e d  f o r  15  
r a in  a t  3 7 ° C  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  d i a z o t i z e d  su lphan i l i c  ac id .  The  cel ls  were  t h e n  w a s h e d  tw ice  
w i t h  i ce -co ld  p h o s p h a t e - b u f f e r e d  sa l ine ,  s o n i c a t e d  f o r  3 0  s, a n d  f ina l ly  a s s a y e d  f o r  t o t a l  l a c t a t e  d e h y d r o -  
genase ,  5 t - n u c l e o t i d a s e  a n d  ADPase .  B. P o l y m o r P h o n u c l e a r  l e u k o c y t e s  we re  r e s u s p e n d e d  in  p h o s p h a t e  
b u f f e r e d  sa l ine ,  s o n i c a t e d  f o r  3 0  s, a n d  t h e n  i n c u b a t e d  f o r  15  r a in  a t  3 7 ° C  w i t h  v a r i o u s  c o n c e n t r a t i o n s  o f  
d i a z o t i z e d  su lphan i l i c  ac id .  The  t r e a t e d  s o n i c a t e s  we re  t h e n  a s s a y e d  f o r  t o t a l  l a c t a t e  d e h y d r o g e n a s e ,  
5 r -nuc l eo t i da se  a n d  ADPase .  In  b o t h  cases  e n z y m e  ac t iv i t i es  we re  e x p r e s s e d  as p e r c e n t a g e s  o f  t h o s e  m e a -  
su red  f o r  u n t r e a t e d  cells.  Resu l t s  are  t h e  m e a n  o f  t w o  d u p l i c a t e  e s t i m a t i o n s  fo r  t w o  l e u k o c y t e  p r e p a r a -  
t ions .  ( i ) ,  l a c t a t e  d e h y d r o g e n a s e ;  (e ) ,  A D P a s e ;  (1) ,  5 t - n u c l e o t i d a s e .  

Fig.  4.  [ S ] / v  aga in s t  [S]  p l o t s  f o r  A D P a s e  w i t h  c y t o s o l  (4) ,  p l a s m a  m e m b r a n e  (m) a n d  spec i f ic  g r a n u l e  
(e)  f r a c t i o n s  f r o m  the  suc rose  g r a d i e n t  as e n z y m e  s o u r c e .  The  a s says  we re  p e r f o r m e d  in  the  p r e s e n c e  o f  
0 . 0 5  m o l f l  Tris-HC1, p H  7 .5  a n d  0 .1  m m o l / 1  Mg 2+ a t  3 7 ° C .  The  l ine  w a s  f i t t ed  to  t he  p o i n t s  u s ing  p a r a m -  
e te r s  c a l c u l a t e d  f r o m  d i r e c t  l i nea r  p l o t s  [ 4 2 ] .  V is e x p r e s s e d  as # m o l  o f  p r o d u c t / m i n .  

by diazotized sulphanilic acid to a similar extent. This result, together with the 
latency and subcellular fractionation experiments indicate that between 20 and 
25% of  the leukocyte ADPase activity is located to the plasma membrane as 
an ecto~nzyme.  

T A B L E  I 

K I N E T I C  C O N S T A N T S ,  O P T I M A L  Mg 2+ C O N C E N T R A T I O N S  A N D  T H E  E F F E C T  O F  I N H I B I T O R S  
O N  P L A S M A  M E M B R A N E ,  S P E C I F I C  G R A N U L E  A N D  C Y T O S O L I C  A D P a s e  O F  H U M A N  P O L Y M O R -  
P H O N U C L E A R  L E U K O C Y T E S  

Resu l t s  s h o w  the  m e a n  p e r c e n t  i n h i b i t i o n  c o m p a r e d  w i t h  c o n t r o l  o f  d u p l i c a t e  a s says  o n  thxee l e u k o c y t e  
p r e p a r a t i o n s  f r o m  d i f f e r e n t  sub j ec t s .  O p t i m a l  MgC12 c o n c e n t r a t i o n  a n d  a p p a r e n t  a f f i n i t y  c o n s t a n t  fo r  
A D P  are  s h o w n .  

Inhibitor  
(mM) 

I n h i b i t i o n  o f  A D P a s e  a c t i v i t y  (%) 

P l a s m a  m e m b r a n e  Spec i f i c  g r a n u l e  C y t o s o l  f r a c t i o n  
f r a c t i o n  f r a c t i o n  

Sod ium azide (10)  79 76 11 
S o d i u m  fluoride (10)  73 75 50 
Ol lgomycin  (0 .1)  2 8 1 
Ouabain (0 .1)  1 8 0 
Levamisole  (1)  1 8 0 

Parameter (be low)  (mM) 

O p t i m a l  MgCI 2 0 . 2  0 .2  0 .5  
A p p a r e n t  K m fo r  A D P  0 . 0 5  0 . 0 4  0 .19  
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T A B L E  II 

P H O S P H A T A S E  A C T I V I T I E S  IN L E U K O C Y T E  H O M O G E N A T E S  

Resul ts  axe s h o w n  as m e a n  values  + S.E. w i t h  the  n u m b e r  of  p r epa ra t i ons  assayed in dupl ica te  sh o wn  
b e t w e e n  parentheses .  E n z y m e  act ivi t ies  are  expressed  in m U / m g  p ro te in .  Alkal ine phospha ta se  da ta  t ak en  
f r o m  [8 ] .  

E n z y m e  Pa t i en t  g roups  

Chronic  g ranu locy t i c  Con t ro l  P regnan t  
l e uka e mia  

Alkal ine phospha t a se  0 .447  _+ 0 .116  (9) * 3 .55 + 0 .58  (9)  28 .4  _+ 4.9 (9) * 
ADPase 0 .24  _+ 0 .03  (5) 0 .30  _+ 0 .02  (8) 0 .46 +_ 0.03 (7) 

• Signif icant  d i f fe rences ,  d e t e r m i n e d  by  the  S tudent ' s  t - test ,  f r o m  con t ro l  P <: 0 .001 .  

Kinetic studies were carried out  on the gradient fractions corresponding to 
the three peaks of  ADPase activity. In all fractions the pH opt imum occurred 
at pH 7.5 but,  whilst both  particulate fractions showed maximal activity in the 
presence of  0.2 mmol/1 MgC12, the soluble fractions required 0.5 mmol/1 MgC12 
for optimal activity. All three fractions showed linear reaction rates with 
respect to time and amount  of  fraction protein. 

The results of kinetic studies on the three fractions are shown as [S]/v 
against [S] plots in Fig. 4. Activity in all fractions clearly obeyed Michaelis- 
Menten kinetics; kinetic constants are shown in Table I. Inhibitor studies were 
carried ou t  to establish further differences between the enzymes from the three 
localizations (Table I). It is clear that  the ADPase activity from both particulate 
localizations are affected similarly by all the inhibitors used, whilst their effect  
on the cytosolic component  is much less. These results indicate a similarity of 
the plasma membrane and specific granule ADPase activities, but  suggest that  
the cytosolic activity is distinctive. Levamisole (1 mmol/1), a potent  inhibitor 
of leukocyte  alkaline phopshatase [8] had little effect  on ADPase activity in 
any of  the three fractions. These results, taken together, indicate that there are 
three distinct localizations for ADPase activity in neutrophils. 

Table II compares the specific activity of  both  ADPase activity and alkaline 
phosphatase in neutrophil  homogenates from normal subjects, women in the 
third trimester of  pregnancy and patients with chronic granulocytic leukaemia. 
Alkaline phosphatase activity varied considerably in these three patient groups 
with reduced levels in the leukaemic patients and increased activity in preg- 
nancy. In contrast,  the specific activity of  ADPase is similar in all three patient 
groups. This absence of  a parallelism between the two activities is further evi- 
dence that  they are due to two distinct enzymes. 

Discussion 

The present s tudy has demonstrated that  human polymorphonuclear  leuko- 
cytes have a significant amount  of  ADPase activity which can be reliably mea- 
sured and its activity determined in leukocyte  disorders. This activity has been 
found to have a neutral pH opt imum (pH 7.5) and is inactive in the absence of 
Mg 2÷ [14].  Analytical subcellular fractionation studies have shown that 
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ADPase activity was localized to three sites within the cell. There are two peaks 
of particulate activity, located to the plasma membrane and specific granule, 
and a soluble component. This distribution is confirmed by recent cytochemi- 
cal studies [21]. Kinetic studies on ADPase activity from these three localiza- 
tions indicated that whilst the plasma membrane and specific granule activities 
had similar kinetic and inhibitor properties, cytosolic ADPase has a distinct 
activity. This difference in properties between the cytosolic and particulate 
activities is of interest. It suggests that the cytosolic activity is not merely 
organelle-bound enzyme which has been released during the fractionation pro- 
cedure and conversely that the particulate activity is not adsorbed, soluble 
enzyme. Purification of the individual enzyme activities from the three subcel- 
lular locations would however be necessary to definitively show that they 
represented distinct enzyme proteins. 

Further studies on the plasma membrane ADPase, which forms approx. 20% 
of the total cell activity, show it to be localized on the external aspect of the 
cell. This is a similar location to 5'-nucleotidase [10] and thus the consecutive 
action of these two enzymes would have the dual beneficial effect on platelet 
aggregation of degrading the ADP and forming adenosine monophosphate and 
adenosine which themselves inhibit the ADP-platelet aggregation reaction. It is 
not certain whether plasma membrane 5'-nucleotidase and ADPase are distinct 
enzyme proteins and this will have to await the purification of these enzymes 
from human neutrophils. Thus, as in the arterial wall [5], these coupled leuko- 
cyte enzyme activities could play an important platelet anti-aggregatory action. 
Several reports have noted ADPase activity in plasma [22--25] and this activity 
may in part be derived from leukocytes. Enzymes from both sources have simi- 
lar pH optima, are markedly activated by Mg 2÷ ions and have Km values in the 
range 10 -4 to 10 -s mol/1 for ADP. 

The effect of digitonin on the leukocytes is of particular interest. Previous 
studies have homogenized the cells or their fractions in isotonic sucrose con- 
taining digitonin [18,26] causing this membrane perturbant to have complex 
actions on various organelles. In the present study the undisrupted cells were 
suspended in isotonic medium containing low concentrations of digitonin and 
immediately centrifuged and washed in digitonin-free medium. In this manner 
digitonin has the unique effect of selectively increasing the equilibrium density 
of the plasma membrane. 

The local release of ADPase activity by activated neutrophils would counter- 
act any tendency of platelets to aggregate at the site of the inflammatory 
response. Neutrophils release platelet-aggregating prostaglandin derivatives 
[27--31] and thromboplastins [32--35] during phagocytosis. In addition they 
also cause endothelial cell damage [36]. ADPase activity would tend to inhibit 
these potentially unfavourably reactions to infection. Further studies are 
clearly necessary to investigate the inter-relationships of these events. 

ADPase is thus a further enzyme located to the specific granule in addition 
to lactoferrin [37,38], collagenase [39], lysozyme [12,37--39], vitamin B-12 
binding protein [ 12] and neutral ~-glucosidase and ~/-glutamyl transferase [9] 
described previously. 

Approx. 30--40% of neutrophil ADPase activity is located at the cytosol. 
This activity differs from the particulate enzyme in that it has a much higher 
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K m value (0 .19 mmol/1) for ADP, requires high Mg 2+ concentrations for opti- 
mum activity and is generally more resistant to a range of  inhibitors. The role 
of  cytosolic ADPase is, as yet, unclear, but would seem to be implicated in 
nucleotide metabolism. 

The subcellular distribution studies of  ADPase showed no activity corre- 
sponding to particulate alkaline phosphatase, and this is strong evidence that 
ADPase is not  located to the phosphasome. This is confirmed by the lack of  
parallelism between the specific activity of  ADPase and alkaline phosphatase in 
leukocyte disorders. Levamisole, a specific alkaline phosphatase inhibitor [8] 
also had no effect on leukocyte ADPase activity. 

Studies to date have clearly shown that neutrophil alkaline phosphatase is 
not  implicated in the hydrolysis of  AMP [8],  ATP [40] or cyclic AMP [41] as 
well as ADP. Further experiments are therefore necessary before the role of  
this enigmatic enzyme is settled. 
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