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Summary 

Adrenergic modification of  membrane protein phosphorylat ion was 
studied in intact human erythrocytes.  Micromolar norepinephrine increased 
32p incorporation into Band 2 by 70%, and into Band 3 by 40%. Phosphoryl- 
ation levels observed with a series of  specific agonists and antagonists suggest 
that  an a-adrenergic receptor  is involved in this effect. The mechanism of 
linkage between this receptor  and protein phosphorylat ion does not  appear 
to involve modulat ion of  intracellular concentrations of ATP, cyclic AMP, or 
cyclic GMP. 

Adrenergic agents have been shown to alter the flow properties and os- 
motic fragility of  human erythrocyte  suspensions, presumably by affecting 
cell deformabil i ty [1, 2] .  These agents also produce subtle changes in the 
fluidity of the cell membranes which can be detected as increases in the order 
parameter of a spin-labelled lipid [3] .  Since these membrane fluidity changes 
can be inhibited by ATP depletion or calcium depletion, or by cytochalasin 
B [4] at concentrations which abolish actin-myosin association, it has been 
suggested that  membrane fluidity might reflect the state of  the spectrin-actin 
complex of  the erythrocyte  [3] .  These proteins, which resemble actin-myosin 
complexes of  other  cells in several biochemical and immunological respects 
[ 5, 6] ,  also have been implicated in control  of  the mechanical properties of  
the cell [7] .  

The interaction of  spectrin and actin is thought  to be regulated by the 
extent  of  spectrin phosphorylat ion [8] ,  which in turn is controlled by a 
cyclic AMP-independent spectrin kinase [9, 10] and a phosphospectrin phos- 
phatase [10, 11] .  The activities of  these enzymes are modulated in vitro by 
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a variety of ions and metabolic intermediates, but their regulation by exo- 
genous agents has not been demonstrated. We therefore have examined the 
phosphorylation of spectrin and other membrane proteins in intact cells 
under adrenergic stimulation. 

Erythrocytes were incubated with adrenergic agonists and/or antagonists 
in the presence of 32P i. Fig. 1 shows polyacrylamide slab gels of the mem- 
branes isolated from these cells; the Coomassie Blue-stained gel is shown on 
the left and the autoradiogram of the same gel on the right. The greatest in- 
corporation of 3~p was found in bands 2 (spectrin) and 3, although some 
phosphorylation was observed in virtually every band, as reported previously 
[12]. As is shown in Fig. 2 and Table I, 1 pM norepinephrine enhanced 32p 
incorporation in'~o bands 2 and 3. Changes in phosphorylation of other bands 
could not be quantitated with confidence. A similar pattern of enhancement 
was induced by 10 pM phenylephrine (a specific a-adrenergic agonist) but 
not by isoproterenol (a/3-adrenergic agonist). The norepinephrine-induced 
enhancement could be inhibited partially by phenoxybenzamine (an a-ad- 
renergic antagonist), but not by propranolol (a ~-adrenergic antagonist). Other 
workers have shown that the ~-agonist isoproterenol does not increase the 
phosphorylation of the membrane protein glycophorin under similar condi- 
tions [ 13]. These results suggest that the observed phosphorylation enhance- 
ment is mediated by an a-adrenergic receptor. 

T A B L E  I 

R E L A T I V E  32p I N C O R P O R A T I O N  A N D  A T P  A N D  C Y C L I C  N U C L E O T I D E  C O N C E N T R A T I O N S  I N  H U M A N  
E R Y T H R O C Y T E S  U N D E R  A D R E N E R G I C  S T I M U L A T I O N  

a2p i n c o r p o r a t i o n  i n t o  ge ls  was  q u a n t i t a t e d  f r o m  d e n s i t o m e t e r  scans  o f  a u t o r a d i o g r a m s  b y  c u t t i n g  a n d  w e i g h i n g  
t h e  p e a k s .  T h e s e  v a l u e s  we re  n o r m a l i z e d  a c c o r d i n g  t o  t h e  t o t a l  p r o t e i n  l o a d e d  o n t o  t h e  ge l  (v ide  in f ra ) .  A T P  
c o n c e n t r a t i o n s  we re  d e t e r m i n e d  b y  t h e  l u c i f e r i n - l u e i f e r a s e  assay ,  f o r  ce l l s  i n c u b a t e d  fo r  t w o  h o u r s  a t  3 7 ° C  i n  
N a C l / P i / g l u c o s e  b u f f e r  [ 2 1 ] .  C y c l i c  n u c l e o t i d e  c o n c e n t r a t i o n s  w e r e  m e a s u r e d  b y  r a d i o i m m u n o a s s a y  [ 2 2 ] .  
W a s h e d  ce l l s  we re  i n c u b a t e d  i n  N a C 1 ] P i / g l u c o s e  b u f f e r  in  t h e  p r e s e n c e  o f  0,  1, o r  10  ~ M  n o r e p i n e p h r i n e ,  o r  
1 # M  n o r e p i n e p h r i n e ,  D a t a  s h o w n  i n  t h e  t a b l e  r e p r e s e n t  a ve r age  r e l a t i v e  n u c l e o t i d e  l e v e l s  i n  a l i q u o t s  t a k e n  a f t e r  
5, 15 ,  3 0  a n d  6 0  r a i n  o f  i n c u b a t i o n  (1 ~tM n o r e p i n e p h r i n e  o r  1 /~M i s o p r o t e r e n o l ) ;  0 . 2 5 ,  0 . 5 0 ,  1, 2,  5, 15 ,  a n d  
6 0  r a in  o f  i n c u b a t i o n  ( 1 0  # M  n o r e p i n e p h r i n e ) ;  o r  a f t e r  5 a n d  1 5  r a i n  o f  i n c u b a t i o n  (0  a n d  1 # M  n o r e p i n e p h r i n e  
o r  1 # M  i s o p r o t e r e n o l ,  a f t e r  a 2 0 - r a i n  p r e i n c u b a t i o n  w i t h  2 0 0  ~ M  3 - i s o b u t y l - l o m e t h y l  x a n t h i n e ) .  C y c l i c  n u c l e o t i d e  
c o n c e n t r a t i o n s  d i d  n o t  v a r y  s i g n i f i c a n t l y  f r o m  t h e s e  ave rages  a t  a n y  t i m e  p o i n t .  V a l u e s  are % c o n t r o l  ± S.D.  

A g e n t  a2p I n c o r p o r a t i o n  C o n c e n t r a t i o n  o f  
B a n d  2 B a n d  3 A T P  C y c l i c  A M P  C y c l i c  G M P  

N o n e  1 0 0  1 0 0  1 0 0  1 0 0  1 0 0  

N o r e p i n e p h r i n e  ( I  ~ M )  1 7 0  + 15  1 4 0  + 1 5  1 0 0  -+ 10  1 0 0  ± 3 0  1 1 0  ± 3 0  
(10  ~ M )  - -  - -  - -  1 1 0  ± 2 0  1 0 0  ± 2 0  

P h e n o x y b e n z a m i n e  (1 # M )  8 0  ± 15  8 0  -+ 1 5  1 0 0  ± 10  - -  - -  
P r o p r a n o l o l  (1 /~M) 1 2 0  ± 15  1 1 0  ± 15  1 1 0  ± 10  - -  - -  
N o r e p i n e p h r i n e  (1 # M )  
+ p h e n o x y b e n z a m i n e  ( I  # M )  1 5 0  ± 15  I 0 0  ± 15  1 0 0  ± I 0  - -  - -  
N o r e p i n e p h r i n e  (1 ~tM) 
+ p r o p r a n o l o l  (1 ~zM) 2 0 0  ± 15  1 2 0  ± 15  1 0 0  -+ 10  - -  - -  
P h e n y l e p h r i n e  ( 1 0  juM) 1 7 0  ± 15  1 2 0  ± 15  - -  - -  - -  
I s o p r o t e r e n o l  (1  ~ M )  - -  - -  - -  1 0 0  ± 4 0  9 0  ± 50  

( 1 0 / ~ M )  1 1 0  ± 15  9 0  -+ 1 5  - -  - -  - -  
3 - I s o b u t y l - l - m e t h y l x a n t h i n e  ( 2 0 0  ~tM) - -  - -  - -  1 7 0  ± 3 0  1 1 0  ± 2 0  
3 N o r e p i n e p h r i n e  (1 /~M) 
+ 3 - i s o b u t y l - l - m e t h y l x a n t h i n e  ( 2 0 0  ~uM) - -  - -  - -  1 6 0  ± 4 0  1 1 0  ± 4 0  
I s o p r o t e r e n o l  (1 g M )  
+ 3 - i s o b u t y l - l - m e t h y l x a n t h i n e  ( 2 0 0  g M )  - -  - -  - -  1 9 0  -+ 4 0  1 3 0  ± 3 0  
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Since protein phosphorylation can be influenced by ATP concentration 
[ 14],  the effect of catecholamines on intracellular ATP levels was determined 
As shown in Table I, no significant difference in ATP concentration was de- 
tected in the presence and absence of 1 ~M norepinephrine. Thus, it does not  
appear that  the phosphorylation enhancement is caused by a general metab- 
olic stimulation which might provide additional substrate for a protein kinase. 

$ 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 
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Fig. 1. 32p incorporation into whole erythrocyte ghosts. Erythrocytes were obtained from adult vol- 
unteers and washed four times in 0.15 M NaCl, suspended in an equal volume of 0.15 M NaCl and left 
overnight at 4°C. These ATP depleted cells (0.5 ml) were suspended in 0.5 ml of a solution containing 
10 mM KH2PO4, 10 mM MgSO4, 10 mM adenosine, 1 mM inosine, 10 mM glucose, 130 mM NaCl, 

32 10 ~M CaCl2, and 1 mCi/ml Pi adjusted to pH 7.4 with 1 M NaOH. The appropriate agonists and/or 
antagonists were added as concentrates, and the cells incubated at 37°C for 2 h. To terminate the in- 
cubation, 10 ml of ice-cold 0.15 M NaCl was added to each sample and they were centrifuged. The 
supernatants were removed, and the cells were lysed with 10 ml distilled water. The membranes were 
pelleted and washed once with 10 ml distilled water. Polyacrylamide slab-gel electrophoresis was per- 
formed [23, 24] using a 4.5% acrylamide stacking gel and a 7.5% acrylamide separating gel. Samples 
were prepared by heating a suspension of 25% (v/v) pelleted membranes in 50 mM Tris, pH 6.8, 
140 mM glycine 4% (w/v) sodium dodecylsulfate, and 1% (v/v) 2-mercaptoethanol with a trace of 

' o . . . 
bromophenol blue, at 90 C for 2 ram. Total protein m electrophoresis samples was determined by 
Lowry assay [25]. Electrophoresis was performed at 27 mA over 3 h. The slab was stained overnight 
with 0.2% (w/v) Coomassle blue in 20% (v/v) methanol, 10% (v/v) acetic acid in water, and destained 
in 12.5% (v/v) methanol, 12.5% (v/v) acetic acid in water. After photography it was dried 
under vacuum with gentle warming onto Whatman No. 1 filter paper, and exposed to Kodak NS-5T 
film for 48 h. Sample wells are labelled: S, standard protein sample; 1, control; 2, + 1 NM norepine- 
phrine; 3, + 1 ~M phenoxybenzamine; 4, + 1 ~M propranolol; 5, + 1/~M norepinephrine and 1 ~tM 
phenoxybenzamine; 6, + 1 ~tM norepinephrine and 1 /~M propranolol; 7, + 10 ~tNl phenyleph~ine; 8, 
+ 10 ~tM isoproterenol. Numbers on the vertical axis label the membrane protein hands according to 
Ref. 14, 
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Fig .  2 .  E n h a n c e m e n t  o f  32p i n c o r p o r a t i o n  i n t o  m e m b r a n e  p r o t e i n s .  I n d i v i d u a l  w e l l s  o f  t h e  a u t o r a d i o -  
g r a m  w e r e  s l i c e d  o u t  a n d  s c a n n e d  a t  7 5 0  n m  u s i n g  a s p e c t r o p h o t o m e t e r  t u b e - g e l  s c a n n e r .  A r e p r e s e n -  
t a t i v e  w e l l  o f  t h e  C o o m a s s i e  b l u e - s t a i n e d  ge l  w a s  s c a n n e d  a t  5 4 0  n m  f o r  c o m p a r i s o n .  B a n d s  are  l a b e l l e d  
a c c o r d i n g  t o  t h e  n o m e n c l a t u r e  o f  R e f .  1 4 .  F o r  d i s p l a y  p u r p o s e s ,  t h e  v e r t i c a l  s c a l e  o f  t h e  s c a n s  o f  t h e  
a u t o r a d i o ~ c a m  w e l l s  h a s  b e e n  a d j u s t e d  t o  r e f l e c t  t h e  n o r m a l i z a t i o n  o f  t h e  a m o u n t  o f  p r o t e i n  l o a d e d  
o n t o  t h e  ge l  as  d e t e r m i n e d  b y  L o w r y  a s s a y .  C o o m a s s i e  b l u e  ( ), a u t o r a d i o g r a m  o f  t h e  c o n t r o l  
s a m p l e  ( . . . .  ), a u t o r a d i o g r a m  o f  t h e  n o r e p i n e p h r i n e - t r e a t e d  s a m p l e  ( . . . . . .  ). Q u a l i t a t i v e l y  s i m i l a r  
r e s u l t s  w e r e  o b t a i n e d  b y  s l i c i n g  a n d  c o u n t i n g  t u b e  ge l s  ( f o u r  t r ia l s ,  d a t a  n o t  s h o w n ) .  

Another possible link between hormone-receptor interaction and the 
enhanced protein phosphorylation is modulation of cyclic nucleotide concen- 
trations. Human erythrocytes possess a low activity catecholamine-stimulated 
adenylate cyclase [ 15] and cyclic AMP or cyclic GMP-dependent protein 
kinases [14, 16].  Furthermore, many of  the catecholamine-induced changes 
in erythrocytes can be mimicked by cyclic AMP or cyclic GMP [2, 17, 18].  
However, two lines of  reasoning argue against cyclic AMP or cyclic GMP 
mediation of these catecholamine effects. First, work on erythrocyte ghosts 
has shown that a kinase which requires cyclic AMP or cyclic GMP phosphor- 
ylates bands 2.1 and 4.5, whereas cyclic nucleotide-independent kinases 
phosphorylate bands 2 and 3. The principle enhancement in phosphorylation 
noted after a-adrenergic stimulation corresponds to the pattern for cyclic 
nucleotide-independent kinases, although we cannot exclude some enhance- 
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ment in the cyclic nucleotide-dependent kinase activity. Second, no signifi- 
cant changes in cyclic AMP or cyclic GMP levels were detected in response 
to lpM or 10pM norepinephrine or lpM isoproterenol, even in the presence 
of  3-isobutyl- l -methylxanthine,  a cyclic nucleotide-phosphodiesterase inhib- 
itor [19 ] .  These findings are consistent with a previous report [18] that lnM 
epinephrine has no effect on cyclic AMP levels in human erythrocytes. 

Other workers have reported that a protein kinase activity in permeable 
erythrocyte ghosts is sensitive to fi-adrenergic agonists [20] .  Moreover. 
erythrocyte f low properties and osmotic fragility are reported to respond to 
fi-adrenergic control,  although no receptor-adenylate cyclase coupling was 
detected [2 ] .  Our studies with intact erythrocytes provide evidence for a-ad- 
renergic responses. 

We thank Dr. Christina Harbury (Department of  Hematology,  Stanford 
University School of  Medicine) and her co-workers and donors for supplying 
the red cells used in this work. We also thank Dr. L.L. Glanville, Dr. Tag 
Mansour, S.R. Bouma, P.A. Baldwin, M.L. Langer, S. McNall, and P.K. Wolber 
for assistance in various phases of  the experiments. This work was supported 
by the National Institutes of  Health (HL 18660  and KO4 HL 00258) ,  the 
American Heart Association (77828) ,  and the Research Corporation. 

References 

1 Al len ,  J .E .  a n d  R a s m u s s e n ,  H. ( 1 9 7 1 )  Sc i ence  1 7 4 ,  5 1 2 - - 5 1 4  
2 R a s m u s s e n ,  H. ,  L a k e ,  W. a n d  Al len ,  J .E .  ( 1 9 7 5 )  B i o e h i m .  B i o p h y s .  A c t a  411 ,  6 3 - - 7 3  
3 Hues t i s ,  W.H.  a n d  MeConne l l ,  H.M. ( 1 9 7 4 )  B i o c h e m .  Biophys .  Res. C o m m u n .  57,  7 2 6 - - 7 3 2  
4 S p u d i e h ,  J .A .  a n d  L in ,  S. ( 1 9 7 2 )  P roc .  Nat l .  A c a d .  Sci. U.S .A.  69 ,  4 4 2  
5 G u i d o t t i ,  G. ( 1 9 7 2 )  A n n u .  Rev.  B i o c h e m .  4 1 , 7 3 1 - - 7 5 2  
6 G u i d o t t i ,  G. ( 1 9 7 2 )  A r c h .  In t .  Med.  1 2 9 , 1 9 4 - - 2 0 1  
7 L u x ,  S.E. a n d  J o h n ,  K.M. ( 1 9 7 7 )  Prog .  Clin. Biol.  Rcs.  17 ,  4 8 1 - - 4 9 1  
8 P inde r ,  J.C,, Bray ,  D. a n d  G r a t z e r ,  W.B. ( 1 9 7 7 )  N a t u r e  2 7 0 , 7 5 2 - - 7 5 4  
9 G r e e n q u i s t ,  A.C. ,  W y a t t ,  J ,L . ,  Gua te l l i ,  J .C.  a n d  S h a h e t ,  S.B. ( 1 9 7 8 )  Prog. Clin. Biol. Res. 20 ,  

1 - - 1 7  
1 0  F a i r b a n k s ,  G. ,  A u r u c h ,  J. ,  D i n o ,  J .E .  a n d  Pate l ,  V.P.  ( 1 9 7 8 )  J .  S u p r a m o l .  S t r u c t .  9,  9 7 - - 1 1 2  
11 G r a h a m ,  C.,  A u r u e h ,  J. a n d  Fa i~banks ,  G. ( 1 9 7 6 )  B i o e h e m .  B i o p h y s .  Res.  C o m m u n .  72 ,  7 0 1 - - 7 0 8  
1 2  Wolfe ,  L.C.  a n d  L u x ,  S.E. ( 1 9 7 8 )  J .  Biol.  C h e m .  2 5 3 ,  3 3 3 6 - - - 3 3 4 2  
13  S h a p i r o ,  D.L.  a n d  Marehes i ,  V. ( 1 9 7 7 )  J .  Biol.  C h e m .  2 5 2 ,  5 0 8 - - 5 1 7  
1 4  A u r u e h ,  J .  a n d  F a l r b a n k s ,  G. ( 1 9 7 4 )  B i o c h e m i s r y  13 ,  5 5 0 7 - - 5 5 1 4  
1 5  R o d a n ,  S.B. ,  R o d a n ,  G .A .  a n d  S h a ' a f i ,  R.I .  ( 1 9 7 6 )  B i o c h i m .  B iophys .  A c t a  4 2 8 ,  5 0 9 - - 5 1 5  
16  F a i r b a n k s ,  G.  a n d  A u r u e h ,  J. ( 1 9 7 4 )  B i o c h e m i s t r y  13 ,  5 5 1 4 - - 5 5 2 1  
1 7  R a s m u s s e n ,  H. ,  L a k e ,  W., Gas ic ,  G. a n d  Al len ,  J .  ( 1 9 7 5 )  in E r y t h r o e y t e  Structure  and Funct ion  

(Brewer ,  G.J . ,  ed . ) ,  pp .  4 6 7 - - 4 9 0  Alan ,  R. Liss, N e w  Y o r k  
18  K u r y ,  P .G. ,  R a m w e l l ,  P.W. a n d  M c C o n n e l l ,  H.M. ( 1 9 7 4 )  B i o c h e m .  Biophys .  Res. C o m m u n .  56,  

478--483 
19 Beavo, J.A., Rogers, N.L., Crofford, O.B., Hardman, J.G., Sutherland, E.W. and Newman, E.V. 

(1970) Mol. Phaxmaeol. 6, 597--603 
20 Tsukamoto, T. and Sonenberg, M. (1977) Fed. Proc. 36,688 
21 Kimmieh, G.A., Randles, J. and Brand, J.S. (1975) Anal. Biochem. 69, 187--206 
22 Harper, J.F. and Brooker, G. (1975) J. Cyclic Nucl. Res. I, 207--218 
23 Ames, G.F.-L. (1974) J. Biol. Chem. 249,634--644 
24 Laemmli, U.K. (1970) Nature, 227,680--685 
25 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. (1951) J. Biol. Chem. 193, 265--275 


