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Summary. Human erythrocytes contain phosphoprotein phosphatase ac t i v i t y  
that can be assayed by measurement of 32pi release from pa r t i a l l y  pur i f ied 
[32p]spectrin. The a c t i v i t y  is en t i re ly  cytoplasmic and is readi ly detected 
at very high d i lu t ion  (e.g. ,  10 -4 re la t ive  to packed ce l l s ) .  Because the 
reaction in v i t ro  is highly inh ib i ted by Pi, ATP and 2,3-DPG at physiologic 
concentrations, turnover of membrane protein-bound phosphate in in tact  
erythrocytes may be modulated by the a v a i l a b i l i t y  of these ligands. 

Among the major components of the human erythrocyte membrane are two 

polypeptides, referred to as "spectr in" ( I ) ,  that are d i s t i nc t i ve  in the i r  

high molecular weights and suscep t ib i l i t y  to e lut ion at very low ionic 

strength ( I -3) .  The spectrin chains are localized on the cytoplasmic face of 

the membrane [3-5), where they are believed to interact  with ATP, divalent 

cations and act in in determining erythrocyte shape and membrane e l as t i c i t y  

(3,5-10). Several laboratories have demonstrated that polypeptide 2 (MW 

215,000--ref. 3) of spectrin is phosphorylated, both in isolated membranes 

exposed to [y-32p]ATP (11-15) and in intact  cel ls incubated with 32Pi (15,16). 

These observations suggest that the organization of the erythrocyte membrane 

may be modulated by regulatory phosphorylations of spectrin. Because such a 

regulatory pathway should be reversible, we have examined the erythrocyte for 

the presence of a phosphoprotein phosphatasewith ac t i v i t y  against spectrin. 

In th is  report we describe the detection of such an enzyme and present a 

prel iminary descript ion of i t s  properties. 

*Present address: Department of Obstetrics and Gynecology, McGee-Womens 
Hospital, Forbes Avenue and Halket Street, Pittsburgh, PA 15213. 
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MATERIALS AND METHODS 

Preparation of 32p-labeled spectrin. Erythrocyte membranes were pre- 
pared as described previously (2). F i f ty  to 60 ml of packed red cell ghosts 
were incubated at 37 ° for 30 minutes with 2.3 ~M [y-32P]ATP (New England 
Nuclear NEG-OO2X; 10-20 Ci/mmole) in I0 mM Mg++--O.2 M KCI--0.25 mM ouabain. 
The reaction was terminated by addition of nine volumes of cold 5 mM Tr is-  
chloride (pH 8) containing 2 mM ATP. The membranes were collected by 
centri fugation was washed eight times. After the th i rd wash, ATP was omitted; 
between the f i f t h  and sixth wash, the membranes were frozen and thawed. To 
elute spectrin, the washed 32p-labeled membranes were di luted into nine 
volumes of warm 1 mM Tr is-chlor ide (pH 8)- - I  mM DTT" and incubated for one 
hour at 37 ° {14). The suspension was then ejected twice through a 27 guage 
needle and centrifuged at 25,000 rpm for one hour. The supernatant was 
brought to 20 mM in sodium-HEPES (pH 7) and concentrated by u l t r a f i l t r a t i o n  
to a protein concentration of 1 to 2 mg/ml. The material was stored at -20 ° 
in 0.25 M sucrose--20 mM HEPES (pH 7)-- I  mM DTT. 

Characterization of 32P-labeled spectrin. Polyacrylamide gel electro- 
phoresis in I% SDS revealed that the preparation of labeled spectrin contained 
two major polypeptides (~ and 2_--refs. 2,3), together comprising over 90% of 
the material stained with Coomassie blue, plus numerous trace peptides. The 
32P-labeled components were characterized in several ways. Only 0.5-3% of 
the 32p in the extract was not adsorbed on activated charcoal and was 
extracted into isobutanol in the presence of H2SO 4 and ammonium molybdate. 
Fixed, stained gels contained a single peak of 32p coincident with band 2 in 
the staining prof i le .  Gels analyzed for 32p without pr ior f ixa t ion and 
revealed one major and two minor peaks of 32P (Figure I ) .  The major peak was 
identical to that detected in band 2 in repl icate f ixed, stained gels. A 
second peak contained 2-5% of the total  32p in the extract and had an 
electrophoretic mobi l i ty  identical to that of [y-32P]ATP (Figure I ) .  I f  non- 
radioactive ATP was omitted during the washing of the 32p-labeled membranes, 
the 32p content of the second peak increased to over 70% of the total  32p in 
the spectrin extract. This material appears to be t i gh t l y ,  but not 
covalently, bound to protein, as i t  was appreciably removed by u l t ra -  
f i l t r a t i o n  or d ia lys is  only af ter  the addition of SDS, Thus, 2-5% of the 
rad ioac t iv i ty  associated with [32P]spectrin prepared as phosphatase substrate 
is probably t i gh t l y  bound [32p]ATP. 

Preparation of crude phosphoprotein phosphatase. Washed, packed human 
erythrocytes were hemolyzed by d i lu t ion into t h i r t y  volumes of 5 mM sodium 
phosphate (pH 8} at 0 ° (2), After centr i fugation at 18,000 rpm for 20 
micnutes~ the supeenatant was removed and used as the source of protein 
phosphatase; HEPES buffer was used for further d i lut ions of the hemolysate, 
Fresh supernatant was prepared for  each experiment, although storage for one 
week at -20 ° in the presence of 5 mM DTT resulted in a decrease of only 10% 
in phosphatase ac t i v i t y  re la t ive to the fresh hemolysate. 

Assay of phosphoprotein phosphatase ac t i v i t y .  The crude enzyme was 
incubated at 37 ° with 35-50 ~g of [~2p]spectrin in a volume of 0.05 ml con- 
taining 20 mM HEPES (pH 7)- -0.1M KCl--4 mM DTT. The release of 32Pi from 
the labeled substrate was assessed in two ways. Method I :  The incubation 
was terminated by addition of 3 ml of a suspension of Norit A (40 mg/ml) in 
0.I M HCl--O.02% bovine serum albumin--I mM sodium phosphate--I mM sodium 
pyrophosphate at 0 °. After standing for  10-15 minutes at 0 °, the suspension 

CAbbreviations: DTT~ d i t h i o th re i t o l ;  HEPES, N~2-hydroxyethylpiperazine- 
N'-2-ethanesulfonic acid; SDS~ sodium dodecyl sulfate. 
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was f i l tered (0.45 ~m Millipore f i l t e r )  and the residue was washed twice with 
2 ml of O.Ol N HCl~-l mM sodium phosphate. The 32pi not adsorbed to the 
charcoal was determined by counting Cerenkov radiation produced by 32p in 
the f i l t ra te  (17). Method 2: The reaction was terminated by addition of 
0,3 ml of cold 25% trichloroacetic acid, followed by 200 ug of bovine serum 
albumin in 0.05 ml. The suspension was allowed to stand for lO minutes at 
0 ° and was then centrifuged for lO minutes at 2500 rpm. A 0.3 ml portion of 
the resulting supernatant was mixed with 0.2 ml of 4% ammonium molybdate in 
2 M H2SO 4 and extracted with 1.0 ml of isobutanol. Following centrifugation 
to promote phase separation, 0.5 ml of the isobutanol phase was withdrawn for 
liquid scint i l lat ion counting. All data were corrected by subtraction of 
blank values obtained by simultaneous incubation of [32p]spectrin in the 
absence of enzyme; blanks were 0.5-3% of the total radioactivity in incuba- 
tion mixtures, 

Other methods. Protein was determined by the method of Lowry et al. 
(18), Polyacrylamide gel el ectrophoresis in I% SDS at pH 2.4; gel f ixation, 
staining and destaining; and analysis of 32p distribution in gels by auto- 
radiography or counting of transverse slices were performed as described 
previously (14,19). 

RESULTS 

Release of 32pi from 32p-labeled erythrocyte membranes. In previous 

studies, erythrocyte membranes phosphorylated in the presence of Mg ++ and 

[y-32p]ATP showed no loss of 32p from band 2 in incubations at 37 ° for up to 

lO minutes (14). However, incubation of washed, 32p-labeled erythrocyte 

membranes at 25 ° in the presence of a 1:30 dilution of erythrocyte cytoplasm 

(supernatant of the in i t ia l  hemolysis) increased the rate of 32pi release 

fifteen-fold relative to that measured in control incubations of ghosts in 

hemolysis buffer alone (data now shown). Boiling the erythrocyte cytoplasm 

for five minutes abolished i ts stimulatory effect. Polyacrylamide gel 

electrophoresis in SDS of the membranes recovered after incubation revealed 

that 70% of the decrease in the 32p content of the hemolysate-treated mem- 

branes was due to loss of 32p from the region of band 2; no evidence of 

proteolysis was observed on these gels. These findings suggested that 

erythrocyte cytoplasm contained a phosphatase act iv i ty capable of acting on 

band 2, 

Demonstration of spectrin phosphatase, When [32p]spectrin was 

incubated under the conditions of the enzyme assay, but in the absence of 

added erythrocyte cytoplasm, or in the presence of boiled cytoplasm, no 
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Figure I. Characterization of [32P]spectrin and identification of 32Pi 
released in reactions with cytoplasmic phosphatase. Spectrin was prepared 
from membranes phosphorylated with [y-32P]ATP as described in Materials and 
Methods, except that nonradioactive ATP was included only in the medium used 
to terminate the reaction. The final preparation of [32P]spectrin thus 
retained sufficient {y-3ZP]ATP to allow an examination of i ts fate in the 
subsequent incubations. Aliquots of [32p]spectrin (0.75 mg protein, approx- 
imately 150,000 cpm) were incubated at 37 ° with erythrocyte cytoplasm (over- 
all dilution, 1/600) or boiled cytoplasm in l.O ml volumes containing 20 mM 
Tris-chloride (pH 8.0)--60 mM NaCl--4 mM DTT. At 2, 4, 8, 12 and 20 minutes, 
0.2 ml portions were removed, and the reaction terminated by mixing with 
0.05 ml of 0.6 M sucrose--5% SDS--O.2 M DTT--50 ug/ml pyronin Y, with further 
incubation for 30 minutes at 37 ° . From each 0.25 ml solution, two 0.04 ml 
aliquots were removed for assay of 32pi release (Method l) and three 0.05 ml 
aliquots were subjected to SDS-polyacrylamide gel electrophoresis at pH 2,4 
{19). 

(a) Distribution of 32p in electrophograms of samples removed after two 
or 20 minutes incubation with cytoplasm (dashed lines) or boiled cytoplasm 
(solid lines). The distributions of [y-32P]ATP and 32pi subjected to 
electrophoresis under identical conditions are indicated by dotted lines at 
the le f t  and right, respectively. The gels were frozen and transected with- 
out fixation and staining. Radioactivity in 2 mm slices was determined by 
counting Cerenkov radiation in water (19); recovery of 32p in the gels was 
I00 ± 5%. 

(b) Rate of 32pi release from [32p]spectr in measured by deplet ion of 
32p in band 2 (dashed l i n e ) ,  increase in counts in the 32pi zone (dotted 
l i ne ;  average of to ta l  counts in s l ices 19-22 from dupl icate ge ls) ,  and 
appearance of counts not adsorbed to charcoal (so l id  l i ne ;  average of 
dupl icate determinat ions).  

release of 32pi or loss of 32p from band 2 occurred (Fig. 17. The addition 

of erythrocyte cytoplasm promoted the release of 32p se lec t i ve ly  from band 

without change in the magnitude of bound [¥-32P]ATP. The 32p released had 

the e lect rophoret ic  mob i l i t y  of 32pi, was not adsorbed by charcoal (Fig. I ) ,  
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and yielded a molybdate complex that was extracted into isobutanol (data not 

shown). Furthermore, at a time when 35% of the 32p in band 2 had been 

released, the electrophoretic mc~bility and Coomassie blue staining intensity 

of band 2 was unaltered (Fig. l ) ,  clearly excluding proteolysis as the 

mechanism of 32p release. 

Some properties of the cytoplasmic phosphatase. The rate of 32pi 

release increased with increasing [32p]spectrin concentration up to 0.8 mg 

protein/ml and began to plateau thereafter; saturating concentrations were 

> 1.2 mg/ml. The rate of 32p release was s t r i c t l y  linear with time up to 

approximately 25% release and gradually declined thereafter; the maximal 
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Figure 2. Kinetics and concentration dependence of spectrin phosphatase 
reaction. Erythrocyte cytoplasm (overall dilution, 1/600) was incubated with 
[32p]spectrin (0.84 mg/ml) in the assay medium described in Materials and 
Methods. At the times indicated, replicate aliquots were withdrawn and 
assayed for 32pi by Method I. Activity is expressed as percent release of 
32pi relative to total 32p in the sample. The insert shows act iv i ty 
(percent ~2pi released in 20 minutes at 37 °) as a function of overall 
dilution of the cytoplasm: A = 1/12000, B = 1/6000, C = 1/3000, D = 1/1500. 
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release of 32pi was 60-65% with a l l  preparations (Fig. 2). The pH optimum 

was near 7. Spectrin phosphatase was essent ia l ly  en t i re l y  cytoplasmic in 

loca l i za t ion :  96% of the a c t i v i t y  was recovered in the i n i t i a l  hemolysate 

supernatant and the re la t i ve  spec i f ic  a c t i v i t y  in the pur i f ied ghost membranes 

was less than 2% of that of the cytoplasm, whether assayed in the presence or 

absence of Tr i ton X-IO0 (0.2% or I%, w/v). 

Regulation of spectr in phosphatase (Table I ) .  Sodiumand potassium 

ions were mi ldly st imulatory, with an optimum near 0.I M, whereas the divalent  

cations tested were only i nh ib i to ry  when present at I0 mM and above. Fluoride 

was completely i nh ib i to ry  above I0 mM and compounds containing phosphate and 

pyrophosphate were, in general, strongly inh ib i to ry ,  Especial ly s t r i k ing  was 

the i nh ib i t i on  exerted by Pi, ATP and 2,3-DPG at concentrations found in 

erythrocyte cytoplasm (20). Cyclic AMP and cyc l ic  GMP were without e f fec t  

(10 -6 to 10 -2 M). 

Table I. Effect of various agents on dephosphorylation of [32p]spectrin by 
cytoplasmic phosphoprotein phosphatase 

Relat ive Relative Relative 
Agent Conc. Ac t i v i t y  Agent Conc. Ac t i v i t y  Agent Conc. Ac t i v i t y  

mM % mM % mM % 

Mg ++ 10 58 F- 100 0 ATP or GTP 1 2 
" 1 95 " 10 10 " " 0.1 22 

Ca ++ I0 68 " 1 93 ADP or GDP I 12 
" 1 97 Pi 10 2 AMP or GMP 1 71 

Mn ++ I0 28 " 1 39 Adenosine 1 I I0 
" I 86 " 0. I 95 Ribose-5-P I 80 

EGTA 1 97 PPi I0 0 2,3-DPG 5 12 
EDTA i 106 " 1 0 " I 52 

" 0.1 I0 " 0.5 85 

Phosphoprotein phosphatase was assayed by Method i .  Erythrocyte cytoplasm 
(overal l  d i l u t i on ,  1:12000) was incubated with 42 ~g [32p]spectrin in 0.05 ml 
mixtures containing 20 mM HEPES (pH 7.0)--0.1 M KCI--4 mM DTT--1 mM EDTA. 
Cation chlor ides, sodium sal ts of anions, or other agents were added at the 
concentrations indicated. In examining ef fects of EGTA and divalent  cat ions,  
EDTA was omitted from the incubation mixtures. Release of 32Pi did not exceed 
25% of the tota l  rad ioac t i v i t y  in the assay mixture. Ac t i v i t y  is expressed 
as percent release of 32pi re la t i ve  to controls incubated without addit ions. 
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DISCUSSION 

Erythrocyte cytoplasm clearly contains a protein phosphatase capable of 

acting on phosphorylated band 2, whether in aqueous suspension or on the 

erythrocyte ghost membrane. Under optimal conditions in v i t ro ,  [32p]spectrin 

is rapidly dephosphorylated in the presence of minute amounts of erythrocyte 

cytoplasm. However, the limited data available indicate that turnover of 

32p in band 2 in intact red cells is quite slow (G. Fairbanks and J. Avruch, 

unpublished observations). This suggests that the act iv i ty  of the phospho- 

protein phosphatase is inhibited in the intact erythrocyte. The present data 

point up several possible sites of regulation. FirSt, our preliminary 

experiments indicated that the rate of 32p release from membrane-bound 

[32p]spectrin is much slower than release from [32P]spectrin in aqueous 

suspension (at comparable concentrations of polypeptide 2 and phosphatase), 

This difference might ref lect a cr i t i ca l  structural feature of membrane-bound 

spectrin or might be due to more t r i v ia l  factors, such as art i factual 

permeability barriers between enzyme and substrate or mild denaturation of 

the eluted spectrin. Similarly, the factors controll ing the binding of the 

cytoplasmic phosphatase to i ts  membrane-bound substrate are unknown. In 

addition to these topologic considerations, i t  is apparent that the sodium 

salts of ATP, 2,3-DPG and Pi are strongly inhibi tory at concentrations of 

these anions in erythrocyte cytoplasm. A number of protein phosphatases from 

other sources are simi lar ly inhibited by compounds containing phosphate and 

pyrophosphate groups (21). However, the effects of these compounds may vary 

depending on the phosphoprotein substrate employed and in some cases are 

altered greatly by the presence of a divalent cation. In view of these 

complexities, further study wi l l  be required to c lar i fy  both the si te of 

action and regulatory role of ATP, Pi, and 2,3-DPG in spectrin dephosphoryla- 

tion. The present studies serve to identi fy spectrin phosphatase and 

suggest that the regulation of i ts  ac t iv i ty  may be subject to several types 

of control. 
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