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Recent studies have suggested a possible role for extracel lu lar ATP in 
neutrophil function. This report provides evidence for the existence of an 
ecto-protein kinase ac t i v i t y  on the surface of human neutrophils capable of 
phosphorylating in t r ins ic  cel~2membrane proteins as well as exogenous proteins. 
Addition of extras~l lu lar [y-o P]ATP to neutrophils resulted in rapid 
incorporation of ~ P into cel lu lar  proteins that were sensitive to trypsin. The 
ab i l i t y  of adherent cells to phosphoryiate the exogenous substrate casein, while 
no protein kinase ac t i v i t y  was released into the supernate, provided further 
evidence for a cell surface associated protein kinase ac t i v i t y .  ©1988Aoademi~ 
Press, Inc. 

Protein phosphorylation is an important regulatory mechanism in many cel ls ,  

i~cluding human neutrophils (1-6). While most studies of protein 

phosphorylation have focused on in t racel lu lar  protein kinases (2,4), recent 

studies have provided evidence for the existence of ecte-protein kinase ac t iv i t y  

on the surface of several di f ferent types of cells (7-11). Other recent studies 

suggesting effects of extracel lu lar ATP on human neutrophii or murine macrophage 

function (12-]5) led us to search for ecto-protein kinase ac t i v i t y  on human 

neutrophils. This report provides evidence for the existence of an ecto-protein 

kinase on the surface of human neutrophils, ident i f ies several endogenous 

substrates for i ts  ac t i v i t y ,  and characterizes the kinetics and divalent cation 

requirements of this kinase ac t i v i t y .  

METHODS 

Ecto-kinase assay. Normal human neutrophils, prepared from heparinized venous 
b lood by dextran sedimentation at 1 x g followed by Ficoll-Hypaque 
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Abbreviations: 
NH - buffer containing 140 mM NaCl and 20 mM N-2-hydroxyethylpiperazine-N'- 
2-ethanesulfonic acid, pH 7.4; HBSS - Hanks' balanced sal t  solution, pH 7.4; 
SDS-PAGE - NaDodSO 4 polyacrylamide gel electrophoresis 
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centr i fugat ion as previously described (16), were suspended at the indicated 
concentration in 140 mM NaCl and 20 mM N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid, pH 7.4 (NH)o Di f fe rent ia l  cel l  counts rout ine ly  revealed 
> 95% neutrophi ls.  Protein kinase a c t i v i t y  at the cel l  surface was assayed by 
adding 20 ~I of N~ containing various ions, as i ~ i c a t e d ,  to 40 ~I of NH 
containing i x 10 ~ neutrophils and i0 ~Ci of [y-  P]ATP (speci f ic  a c t i v i t y  4500 
Ci/mmol, ICN) in Eppendorf tubes, and incubating the mixture at 37°C for  the 
indicated time. Diisopropylfluorophosphate (DFP) (Sigma), unless otherwise 
indicated, was then added ( f ina l  concentration I0 mM) and the samples were 
incubated for  2 min at 23°C. The mixture was then centrifuged at 13,000 x g for  
2 min at 23°C, the supernatants were remeved and added to twice concentrated 
sample buf fer  (16) and the cel ls were resuspended in 70 ~I of sample buffer.  
Samples were immediately incubated for 2 min at lO0°C and analyzed by 
NaDodSO~-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were stained, 
dried, ~nd examined by autoradiography using Dupont Cronex f i lm.  

In some cases, cel ls were allowed to.adhere before assaying ecto-kinase 
a c t i v i t y .  In these cases, 1 - i0 x I0 b cel ls  in 50 ~I of Hanks ~ balanced sal t  
solut ion,  pH 7.4 (HBSS) were allowed to adhere for  30 min at 37°C to wells of a 
96 well m ic ro t i te r  plate in 5% CO^. The buffer was then aspirated and the 
adherenZ cel ls  were washed twice ~ i th  200 ~I of NH at 23°C a ~  20 ~I of NH was 
added to each wel l .  Sixty ~I of NH containing 10 ~Ci of [y-~P]ATP and various 
ions as indicated were then added and the mixture was incubated for I0 min at 
37~C. Af ter  treatment with DFP as described above, the supernatant was removed 
a~d analyzed as above. Sample buffer (70 ~I) was then added to each well and 
af ter  1 min the solubi l ized cel l  extract  was removed, incubated at IO0°C for  2 
min and analyzed by SDS-PAGE as above. In some cases,R~s indicated, 10 ~g of 

÷ " t "~ casein (Sigma) were added to the reaction mlx ure and P incorporation was 
determined as described ~hove. 

Radiolabell ing with H~LPO~. Experiments ident ical  to those described above 
wer~2Performed using lO~or 1~0 hCi of H~ POA (car r ie r  free, ICN) in place of 
[¥- P]A~. In some cases, equivalent ~once~trations of unlabelled ATP (Sigma) 
(4 x 10- M) were also added. 

~el l  Surface Trypsin izat ion.  In some cases, before or a f ter  rad io labe l l ing,  
I0" ce l ls  were suspended in 20 ~I of NH containing 0.01% TLCK-trypsin (Sigma) in 
Eppendorf tubes for  10 min at 37°C to remove trypsin sensi t ive cel l -sur face 
proteins. Cells were recovered a f te r  t ryps in iza t ion  by adding 1 ml of NH and 
centr i fuging at 13,000 x g for 2 min at 23°C. Cells remained >95% viable af ter  
t rypsin treatment as determined by dye exclusion. 

RESULTS 

Divalent cation dependence of protein phosphorylation. The addit ion of 

[y-32p]ATP to l i ve  human neutrophils in the presence of 1.8 mM Ca 2+, 0.8 mM 

Mg 2+, and 1 mM Mn 2+ resulted in the incorporation of 32p into a var iety of 

proteins (Fig I ,  lanes A and B). Simi lar 32p labe l l ing of proteins occurred in 

the presence of 1 mM Mn 2+ without Ca 2+ or Mg 2+ (Fig 1, lanes C and D). The 

addit ion of the phosphatase inh ib i to rs  Na3VO a and Na2MoO 4 (lanes B and D) 

resulted in much more detectable 32P-labelled protein than when the phosphatase 

inh ib i to rs  were not present (lanes A and C), but did not a l te r  the e lect ro-  

phoretic pattern of the phosphoproteins. Therefore, 200 ~M Na3VO 4 and 200 ~M 

Na2MoO 4 were added to al l  radiolabelling reactions described here unless 

otherwise indicated. No protein radiolabelling was detected in the absence of 

divalent cations (lane E). L i t t l e  protein radiolabelling was detected in the 

presence of 1.8 mM Ca 2+ alone (Lane I ) .  Much less rad io label l ing was observed 
with 0.8 mM Mg 2+ alone (lane J),  or 1.8 mM Ca 2+ and 0.8 mM Mg 2+ (lane F) than 
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Figure 1. 32p-label l ing and SDS-PAG~2of l ive human neutrophils. Cells were 
~ e l l e d  in the presence of [y-~ P]ATP and the indicated concentrations of 
divalent cations, and analyzed byg~DS-PAGE and~utoradiog~phy as described in 
t h ~ t e x t .  Lanes A,B,G: 1.8 mM Ca ~ , 0.8 mM Mg ~ , le~M Mn ~ ; lanesg~,D,H: I mM 
Mn ~- lane,S: no divalent cations; lane F: 1.8 mM Ca~-and 0.8 mM Mg~-; lane I: 
1.8 mM Ca ~ ; lane J: 0.8 mM Mg ~ ; lanes B,D,E-J, : 200 ~M Na~VO~ and 200 uM 
Na2MoO A. Two d i f ferent  exposures of the autoradiograph of l~ne~ A-D are shown 
to demonstrate that the phosphoprotein patterns seen in the presence and absence 
of Na:VO 4 and Na~MoO. are similar. Proteins used as molecular weight standards 
(Sigma) were: m#osi~ heavy chain, 200,000; E. coli B-galactosidase, 116,000; 
phosphorylase B, 97,400; bovine serum albumin--~, 6-6,000; ovalbumin, 45,000; and 
carbonic anhydrase, 29,000. 

was seen in the presence of 1.8 mM Ca 2+, 0.8 mM Mg 2+, and I. mM Mn 2+ ( lane G) or 

1 mM Nn 2+ alone ( lane H). S im i la r  r esu l t s  were seen wi th  adherent c e l l s  (not 

shown). Cell  v i a b i l i t y ,  as determined by t rypan blue exc lus ion ,  was not changed 

by any o f  the r a d i o l a b e l l i n g  reac t ions .  

K ine t i cs  o f  p ro te in  phosphory la t ion.  Incorpora t ion  of 32p in to  p ro te ins  by 

l i v e  human neu t roph i l s  fo l l ow ing  the add i t i on  of [y-~2p]ATP was rapid (Fig 2). 

Rad io labe l l i ng  was maximal by i0 min ( lane C) and near ly  maximal a f t e r  on ly  

1 min ( lane A). The add i t i on  o f  un labe l led  ATP caused a dose dependent decrease 

in p ro te in  r a d i o l a b e l l i n g ,  and the non-hydro lyzable  ATP analogue AMP-PNP 

(2.5 mM) e l im ina ted  3 2 p - l a b e l l i n g  wh i le  the add i t i on  of  I0 mM NaPO 4 had no 

e f f e c t  (not  shown). No pro te in  r a d i o l a b e l l i n g  was detected when c e l l s  were 
+, 32 incubated w i th  the same a c t i v i t y  of  H 3 PO 4 ( lanes F-H). This excludes the 

32 a2 p o s s i b i l i t y  tha t  PO 4 released from [y-~ P]ATP by ecto-ATPase a c t i v i t y  entered 

the ce l l  and was u t i l i z e d  to give the observed pa t te rn  of  p ro te in  

phosphory la t ion .  When a lO- fo ld  g rea te r  quan t i t y  of  H332po 4 was added, some 
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Figure 2. Kinetics of protei~ophosphorylation. Human neutroph~s were labelled 
~ - ~ a ~ l o n  with i0 uCi [y-~LP]ATP in the presence of 1 mM Mn L , 0.8 mM Mg ~ , 
l.~2mM Ca ~-, 200 uM Na~VOA and 200 ~M NaoMoO ~, (lanes A-E, and L) or loaded with 
HR ~ POm [i0 uCi, lanes~F-R; i00 ~Ci, lan~s IZK and M] for various times, as 
i~dica~ed, and analyzed by SDS-PAGE and autoradiography as described in the 
text. Lanes I-K were exposed three times as long as the other lanes. 

protein rad io label l ing could be detected (lanes I -K) .  Lanes I-K were exposed 3 

times longer than the other lanes of Fig 3 to show the pattern of protein 

rad io label l ing.  Lanes L and ~ show 32p-labelled proteins from cel ls  labelled 
32 32 with [y-  P]ATP. or H 3 PO 4 analyzed by SDS-PAGE on the same gel for  comparison. 

32 The pattern of P-labelled proteins seen in cel ls  label led with r~Ly_32p]ATP 

d i f ferent  from that observed from cel ls  loaded with H332po 4 (lane L) was 

(lane M). 

.Effect of t rypsin treatment on cel l -sur face protein phosphorylation. To 

confirm that the 32p-labelled proteins under study were cel l -sur face proteins, 

cel ls  were treated with t rypsin before or a f ter  rad io label l ing (Fig 3). When 

cel ls  were incubated for  10 min in NH before radio label l ing by incubation with 
~2 [7-~ P]ATP, the pattern of 32p-labelled proteins (Fig 3, lane B) was s imi lar  to 

that seen with untreated cel ls  (lane A). In contrast,  when cel ls  were incubated 

with t rypsin before radio label l ing (lane C), the quant i ty of 32p-labelled 

proteins detected was markedly decreased. When radiolabel led cel ls  were 

incubated for  10 min in NH, the pattern of 32p-labelled proteins (lane D) was 

s imi lar  to that seen in untreated cel ls (lane A) and a small amount of 

32p-labelled proteins was detected in the supernate of the incubation reaction 

10 
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Figure 3. Trypsin treatment of neutrophils before or a f ter  32p-labell ing. 
were incubated with NaCI-HEPES (lanes B and D) or 0.01% TLCK-trypsin for 

i0 min at 37°C (lanes C:~nd F) before (lanes B and C) or ~ t e r  (lanes ~+and F) 
radiolabe~Zing with [y-~ P]ATP in the presence of 1 mM Mn ~-, 0.8 mM Mg L-, and 
1.8 mM Ca ~- as described in the text .  Cells incubated af ter  radiolabel l ing were 
recovered by centr i fugation, and cel ls  and reaction supernatant were analyzed 
separately. Lane E, supernatant of NaCI-HEPES incubation; lane G, supernatant 
of trypsin incubation. Samples were analyzed as in Figure i .  Cells remained 
> 95% viable af ter  trypsin treatment as determined by dye exclusion. 

Figure 4. Phosphoryla~ion of exogenous casein by l i ve  human neutrophils. 
N e u t ~ i l s  (1.25 x lO~/well) were allowed to adhere in HBSS to 96 well 
mic~@titer plates f@~ 30 min at 37°C, washed, and 60 ~I of NH containing I0 ~Ci 
[y-~P]ATP, 1 mM Mn ~ , 200 ~M Na~MoO A, 200 pM Na~VO., with (lane B) or without 
(lane A) 10 pg of casein, and th§ mixture was incubated for 10 min at 37°C. The 
supernate was removed and analyzed by SDS-PAGE and autoradiography as described 
in the text .  In companion experiments, ident ica l l y  prepared adherent 
neutrophils were incubated ~ r  10 min at 37°C in the same reaction buffer 
described above without [y- P]ATP or casein and the supernatant was collected, 
centrifuged at 13,000 x g for I0 min and then tested for protein kinase ac t i v i t y  
(lanes C and D). Ten ~go~f casein and 10 ~Ci [y- P]ATP were suspended in 60 pl 
of NH containing I mM Mn ~-, 200 uM NaoMoO A, and 200 ~M Na~VO A (lane C) or 60 ~I 
of supernatant from adherent cel ls (l~ne [~), incubated fo~ 1~ min at 37°C, and 
analyzed as in Figure 1. 

( lane E). In con t ras t ,  incubat ion ef  r ad i o l abe l l ed  c e l l s  w i th  t r yps i n  markedly 

decreased wi th  the amount of  32p- labe l led  pro te ins  remaining ce l l - assoc ia ted  

( lane F) and l i t t l e  r ad i o l abe l l ed  p ro te in  was detected in the supernate of  the 

t r y p s i n  ~ncubation ( lane G). This b r i e f  t r yps i n  t reatment did not a f f e c t  ce l l  

v i a b i l i t y  as determined by dye exc lus ion .  

Phosphorylat ion of  exogenous p ro te ins .  To t e s t  the a b i l i t y  of  the ecto-k inase 

to phosphorylate exogenous subs t ra tes ,  casein was added to the react ion mixture 

(Fig 4) .  E x t r a c e l l u l a r  casein was r a p i d l y  phosphorylated by l i v e  human neut- 

r oph i l s  in the presence of  [y-32p]ATP ( lane B) but l i t t l e  autophosphorylat ion 

occurred in the absence of  c e l l s  ( lane C). No kinase a c t i v i t y  could be detected 

in the supernatant of  i d e n t i c a l l y  t rea ted neu t roph i l s  ( lane D) using casein as a 

phosphate acceptor,  thus conf i rming tha t  the kinase a c t i v i t y  was present on the 

c e l l  sur face.  

] !  
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DISCUSSION 

While most studies of protein phospherylation have been directed at i n t ra -  

ce l l u l a r  reactions, recent studies have suggested the existence of ecto-protein 

kinase a c t i v i t y  on the surface of several types of ce l ls  (7-11). Nucleotides 

can be released by many cel l  types including endothelial ce l l s ,  p la te le ts ,  and 

neurons, but the physiologic role of these nucleotides is not well defined 

(17,18). Other recent studies have suggested a possible role for ex t race l l u la r  

ATP in human neutrophil  function (12,14,15). 

The studies reported here provide evidence for ecto-protein kirase a c t i v i t y  on 

the surface of human neutrophi ls.  Addit ion of ex t race l !u lar  [y-32p]ATP, but: net 

H332p04, to neutrophi ls resulted in rapid incorporation of 32p into ce l l u l a r  

proteins. In addi t ion,  the pattern of protein phosphorylation seen with 32p04 

loading of ce l ls  was d i f fe rent  from that seen with the addit ion of [¥-32p]ATP. 

These resul ts suggest that the protein phosphorylation seen with the addit ion of 

ex t race l lu la r  [y-32p]ATP was r!ot due to uptake and u t i l i z a t i o n  of 32p04 released 

by ecto-ATPase action. The sens i t i v i t y  to t rypsin of the proteins radiolabel led 

by addit ion ef [y-32p]ATP also suggests that these proteins are located on the 

cel l  surface. The a b i l i t y  of adherent ce l ls  to phosphorylate the added 

exogenous substrate casein while no protein kinase a c t i v i t y  was detectabl~ in 

supernates from ident ical  cel l  preparations using the same substrate, provided 

fur ther  evidence for a cel l  surface associated protein kir, ase a c t i v i t y .  

While Mn 2+ was the most potent divalent cation studied at supporting ecto- 
9+ 

kinase a c t i v i t y  ( a c t i v i t y  detected at <4 ~M Mn ~ ), s ign i f i can t  ecto-kinase 

a c t i v i t y  was also detected at physiologic concentrations of Mg 2+ (not shown). 

The re la t ionship of the observed ecto-protein kinase a c t i v i t y  to the previously 

described Ng2+-dependent ecto-ATPase on neutrcphi ls (19) is not known. 

Stimulation of neutrophi ls with N-formyl-met-leu-phe or TPA did not a l te r  

ecto-kinase a c t i v i t y  (not shown), however, the rapid k inet ics of protein 

phosphorylatio~ may have obscured any effects of these agents. Thus, these 

studies provide strong evidence for the existence of an ecto-proteiP kinase 

a c t i v i t y  on the surface of human neutrophi ls capable of phosphorylating 

i n t r i n s i c  cel l  membrane proteins as well as exogenous proteins. Phosphorylation 

of surface proteins may play a role in neutrophil  function while phosphorylatio~ 

of ex t race l lu la r  proteins may modulate the i r  funct ion or uptake and processing 

by other ce l l s .  For example, phosphorylation of ex t race l lu la r  lysoscmal enzymes 

could a l te r  t he i r  uptake by ce l ls  via the mannose-6-phosphate receptor (20). In 

addi t ion,  neutrophil ectekinase might phosphorylate surface proteins of other 

ce l l s .  While i t  seems l i k e l y  that th is  kinase is phys io log ica l ly  important~ i t s  

exact role in neutrophil funct ion remains to be defined. 
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