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A phosphatidyl-myo-inositol-4,5-bisphosphate phosphohydrolase (phosphatidyl-inositol-bisphosphate phos- 
phatase, EC 3.1.3.36) was detected in human erythrocytes and partially purified from the cytosol. Hemoglobin 
was removed by (NH4)2SO4 fractionation and chromatography on CM-Sepharose CL-6B. A 27 000-fold purifica- 
tion was achieved following gel f'dtration, ion-exchange chromatography and hydrophobic chromatography. 
Although the preparation was not homogeneous, the molecular mass of the enzyme was estimated to be 105 000 
by gel f'dtrafion. The activity was stabilized by a non-ionic detergent (Triton X-100). The enzyme was active with 
PI-P 2 and, to a lesser extent, myo-inositol 1,4,5-trisphosphate but not with PI-P nor a variety of other lipid and 
non4ipid phosphate esters. In the presence of both cationic and non-ionic detergents, the effects of divalent 
cations were independent of substrate concentration. Mg 2÷ was required ('apparent'K m = 12 gM). The 'apparent' 
Km for the substrate was 0.27 mM and the specific activity was 765 _+ 191 (S.D.) umol/min per mg protein. 
Inhibition by Ca 2÷ ('apparent' K 1 = 50 ;zM) was competitive with Mg 2÷. Neomycin was an inhibitor at 10 -6-10  -~ 
M but only in the absence of Triton X-100. The phosphatase was inhibited by hemoglobin at concentrations 
h~gher than 1% (w/v) and by agents which react with sulfhydryl groups, but was unaffected by dithioerythritol 
and F-. 

Introduction 

PI-P and PI-P2 are metabolically active but quanti- 
tatively minor components of the plasma membranes 
from a variety of mammalian cells and eukaryotic 
microorganisms [ 1 ]. Synthesis by the step-wise phos- 
phorylation of PI is catalysed by specific kinases. In 
erythrocytes the kinases are located on the cytoplas- 
mic surface of the plasma membrane [2,3]. Degrada- 

Abbreviations: PI, 1-(3-sn-phosphatidyl)-D-myo-inositol; 
PI-P, 1-(3-sn-phosphatidyl)-D.myo-inositol 4-phosphate; 
PI-P2, 1-(3-sn-phosphatidyl)-D-myo4no~tol 4,5-his(phos- 
phate); CTAB, cetyltrimethylammonium bromide; Hepes, N- 
2-hydroxyethylpiperazine-N' 2-ethanesulfortic acid; SDS, 
sodium dodecyl sulfate; EGTA, ethyleneglycol bis(g-amino- 
ethyl ether)-N,N'-tetraaeetic acid. 

tion is by specific phosphatases and/or phosphodi- 
esterases. 

A Ca2÷-activated phosphatidyl-inositol phosphate 
phosphodiesterase was described in rabbit and human 
erythrocyte membranes [4,5]. However, it seems un- 
likely that the hydrolysis of PI-P and PI-P2 by the 
diesterase would occur in normal erythrocytes. Per- 
turbed phosphoinositide metabolism in ionophore- 
treated human erythrocytes has been observed at 
Ca 2÷ concentrations above 10 #M [6], but the intra- 
cellular concentration is lower than this [7]. Further- 
more, it is generally believed that mature erythro- 
cytes can neither synthesize the precursor PI [8] nor 
obtain it from plasma lipoproteins [9]. Absence of 
32p labelling in the diester phosphate of all the phos- 
phoinositides indicates that resynthesis from phos- 
phatidic acid does not occur [6,10]. Therefore, ery- 
throcytes could not replace PI-P and PI-P2 once the 
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meagre supply of precur~..c in the membrane was 
depleted. Irreversible loss of PI-P and PI-P~ may occur 
in aging [ 11 ] or energy depleted erythrocytes which 
accumulate Ca 2+ (30-70 /.tM) or in abnormal ery- 
throcytes which exhibit increased permeability to 
Ca 2+ (I 10-300 ~M in homozygous sickle cell disease 
[7]). Altered phosphoinositide metabolism has been 
detected in sickle cells and hereditary pyropoikilo- 
cytes [6]. 

It is more likely that a phosphatase acting on PI-P 
and PI-P2 and the two kinases are responsible for the 
turnover of the monoesterified phosphate groups. 
Specific phosphatases which act on these lipids have 
been described in some detail from several mam- 
malian tissues and a species of protozoa [12]. The 
enzyme has been purified to homogeneity from rat 
brain [13]. In spite of the indirect evidence for its 
presence [14,15], a similar enzyme has not been 
reported in erythrocytes. In this paper we describe 
the properties and partial purification of a phosphati- 
dyl-inositol-bisphosphate phosphatase (phosphatidyl- 
myo-inositol.4,5-bisphosphate phosphohydrolase, EC 
3.1.3.36) which is present in the cytosol of human 
erythrocytes. 

Materials and Methods 

Materials 
PI-P2 was isolated from bovine brain [16]. PI-P 

was prepared from PI-P2 enzymatically [17]. The 
sodium salts of PI-P and PI-P2 were stored in chloro- 
form at -20°C. myo.Inositol-l,4-bisphosphate and 
myo-inositol-l,4,5-trisphosphate were prepared from 
PI-P and PI-P2 respectively, using the Crithidia 
fasciculata triphosphoinositide phosphodiesterase 
[12]. Yeast PI and other phospholipids were pur- 
chased from Serdary Research Laboratories, London, 
Canada. Cross-linked Sepharose and its derivatives 
(Pharmacia Fine Chemicals, Uppsala, Sweden) were 
used for column chromatography. Triton X-100 and 
CTAB were purchased from the Sigma Chemical Co., 
St. Louis, MO, U.S.A. 

Enzymic assays 
The phosphatidyl-inositol-bisphosphate phos- 

phatase reaction mixture contained 50 mM Hepes 
(pH 7.2), 0.2% (w/v) Triton X-IO0, 0.4 mM MgC12, 
0.1 mM EGTA, 1 mM PI-P2 and 2.5 mM CTAB in a 

total volume of 0.15 ml. Enzyme preparations were 
preincubated for 10 min at 37°C with all the con- 
stituents except PI-P2 and CTAB. After the 
chloroform was evaporated under N~, the PI-P2 was 
suspended in water by vigorous agitation on a vortex 
mixer and brief sonication. CTAB was added to the 
clear lipid suspension while agitating on a vortex 
mixer. Aliquots (0.06 ml) of the PI-P2/CTAB mixture 
were used to start the reactions. After incubation at 
37°C the reactions were terminated by adding 0.35 
ml 5% (w/v) SDS containing 40 mM EDTA, and the 
inorganic phosphate was measured directly by the 
automated method of Hegyvary et al. [ 18]. 

Non-specific phosphatase activities were measured 
by observing the hydrolysis of p-nitrophenylphos- 
phate at pH 4.8 in 25 mM citrate buffer at pH 7.7 in 
25 mM Tris-HC1 and at pH 10.5 in 50 mM glycine 
[191. 

Analyses 
Aliquots of reaction mixtures and other phos- 

pholipid samples were spotted directly on oxalate- 
treated Silica Gel HR plates and developed as 
described before [17]. Phospholipids were located 
with a molybdate-sulfuric acid spray reagent [20] 
and scraped from the thin-layer plate, and total 
phosphorus was determined by the method of 
Bartlett [21] after digestion in perchloric acid. 
Protein was measured by the method of Bradford 
[22] using the commercially prepared reagent and 
globulin standard (Bio-Rad Laboratories, Richmond, 
CA, USA). Samples containing detergent or having 
less than 0.2 mg protein/ml were analysed by the 
fluorescamine method [23] using bovine serum 
albumin as the standard. 

Phosphatidyl-inositol-bisphosphate phosphatase 
preparation 

The packed-cell fraction of outdated human blood 
(type O ÷, stored in acid-citrate-dextrose) was 
obtained from the Red Cross Transfusidn Service. 
Residual plasma was removed by centrifugation 
(4 500 ×g, 10 min) and the cells were washed three 
times in 3 vol. ice-cold 0.15 M NaC1. All subsequent 
steps were done at 4°C. The washed cells were lysed 
in 21 vol. 5 mM phosphate buffer (pH 7.2) containing 
10 mM NaC1 and 0.05 mM EDTA [24]. The mem- 
branes were removed by centrifugation. (NH4)2SO4 
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was added to the membrane-free hemolysate (4-10 1) 
to give 60% saturation at 0*C (360 g/l). After 1 h, 
the precipitated protein was recovered by centrifuga- 
tion (lO000Xg, 10 min) and redissolved in 10 mM 
imidazole-HC1 buffer (pH 7.0) containing 25 mM 
NaCI (25 ml buffer per 1 original hemolysate). 
Saturated (NH4)2SO4 solution was added to give 
20% saturation. After 30 min, the precipitate was 
removed by centrifugation (10000 ×g, 10 min)and 
discarded. More saturated (NH4)2SO4 solution was 
added to give a 50%-saturated solution. The precipi- 
tate was recovered by centrifugation and resuspended 
in less than 5 ml 50 mM imidazole buffer (pH 7.0) 
containing 0.5 mM EGTA, and dialysed against the 
same buffer. 

The dialysed 20-50% saturated (NH4)2SO4 frac- 
tion (15-20 ml) was applied to a short, wide column 
(3.5 X 5.5 cm) of CM-Sepharose CL-6B prepared in 
50 mM imidazole buffer, pH 7.0, containing 0.5 mM 
EGTA. Protein passing through the column in this 
buffer was recovered and concentrated to less than 5 
ml by ultraffdtration in Minicon B15 disposable con- 
centrators (Amicon Corp., Lexington, MA, U.S.A.). 
Adsorbed protein, including residual hemoglobin was 
stripped from the column with 500 mM NaCI. 

A 2.5 × 85 cm column of Sepharose CL-6B was 
prepared in 50 mM imidazole buffer (pH 7.0) con- 
taining 100 mM NaC1, 0.5 mM MgC12 and 0.5 mM 
EGTA. The concentrated hemoglobin-free eluate 
from the CM-Sepharose was applied to the column 
with an on-line sample applicator SA-50 (Pharmacia, 
Sweden) and elution continued at 0.8 ml/min using a 
peristaltic pump. Fractions (4.8 ml) were monitored 
for protein, phosphatidyl-inositol-bisphosphate phos- 
phatase activity and non-specific phosphatase activ- 
ities. Those fractions containing the center of the 
phosphatidyl-inositol-bisphosphate phosphatase peak 
were combined (50-60 ml) and pumped onto a 1.5 × 
30 cm column of DEAE-Sepharose CL-6B prepared 
in the same buffer. Fractions of 4.3 ml were collected 
at a flow rate of 0.5 ml/min. Elution with the starting 
buffer was continued to fraction 20 followed by a 
linear gradient of NaCI (100-400 raM) in the same 
buffer (fractions 21-80). Fractions were monitored 
for protein and enzymic activities. 

A 0.9 × 15 cm column of Phenyl-Sepharose CL-4B 
was prepared in 50 mM imidazole buffer (pH 7.0) 
containing 0.5 mM MgC12 and 0.5 mM EGTA. The 

column was eluted at 0.6 ml/min. The Phenyl- 
Sepharose was first saturated with detergent by 
pumping 50 ml 4% (w/v) Triton X-100 in the 
imidazole buffer through the column followed by a 
flush (35 ml) of detergent-free buffer. The combined 
fractions (20-25 ml) from the DEAE-Sepharose 
(center of the phosphatidyl-inositol-bisphosphate 
phosphatase peak) were pumped onto the column 
with the fraction collector set for 4 min (2.3 ml) frac- 
tions. The column was then eluted with detergent- 
free buffer up to fraction 15, followed by 0.5% 
Triton X-100 in the same buffer (fractions 16-30). 
The eluate was assayed for phosphatidyl-inositol- 
bisphosphate phosphatase activity and analysed for 
protein by the fluorescamine method. 

Electrophoresis 
A mixture of phosphorylase B, bovine serum albu- 

min, ovalbumin, carbonic anhydrase, soybean trypsin 
inhibitor and a-lactalbumin (Pharmacia) was used for 
molecular size calibration. Triton X-100 was removed 
from samples purified on Phenyl-Sepharose by 
readsorbing the protein onto DEAE-Sepharose CL-6B 
(0.9 X 1 cm column). The detergent was flushed away 
with buffer (5 ml) and the protein eluted with 0.5 
M NaC1. This product was desalted on a small column 
(0.9 × 8 cm) of Sephadex G-25, lyophilized and redis- 
solved in 0.1-0.2 ml electrophoresis buffer (100 mM 
phosphate, pH 7.2, containing 0.2% SDS). All 
samples were heated at 60°C for 5 min prior to 
electrophoresis in 6% polyacrylamide gels (0.4 X 8 
cm tubes) at 6 mA/tube [25]. The gels were fixed 
and stained with Coomassie blue [26]. Stained gels 
were photographed and the negatives scanned with a 
densitometer. 

Remits 

In preliminary experiments no phosphatidyl-ino- 
sitol-bisphosphate phosphatase activity was observed 
with either intact or detergent solubilized membranes 
from rabbit and human erythrocytes. However, a very 
low activity was detected in the crude cytosol frac- 
tion. This activity was measured reliably only after 
the cytosol had been dialysed to remove inorganic 
phosphate and concentrated 25-30-fold in dispos- 
able Minicon B-15 concentrators which have an 
absorbant-backed membrane (Amicon Corp., Lexing- 
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ton, MA, U.S.A.). UltraFfltration in pressurized 
systems was not successful due to the high protein 
concentration. 

Only 1-2% of the protein was precipitated by the 
initial addition of (NH4)2SO4 (60% saturation) to the 
crude cytosol. The supernatant contained most of the 
hemoglobin but no phosphatidyl-inositol-bisphos- 
phate phosphatase activity. The redissolved precipi- 
tate, now in a much smaller volume, was fractionated 
again. A small amount of very red material having no 
phosphatidyl-inositol-bisphosphate phosphatase activ- 
ity was precipitated at 20% saturated (NH4)2SO4. 
Raising the concentration to 50% saturation precipi- 
tated the phosphatase activity and left more hemo- 
globin in the supernatant. Both EDTA and pH were 
important factors in limiting the precipitation of 
hemoglobin by (NH4)2SO4. Much greater amounts 
were precipitated if the cells were hemolysed in either 
phosphate buffer (pH 7.4) without EDTA [27] or 
CO2-saturated water (pH 5.0) [28]. Removal of 
hemoglobin was the most likely cause of the 2-fold 
increase in phosphatidyl-inositol-bisphosphate phos- 
phatase activity observed after (NH4)2SO4 precipita- 
tion (Table I). Hemoglobin, that was recovered from 
the 60%-saturated (NH4)2SO4 supernatant by precipi- 
tation at 75% saturation and further purified on 
DEAE-Sepharose CL-6B [29] inhibited the phos- 
phatase. Activity was reduced more than 60% by 
hemoglobin concentrations comparable to those 
present in assays of concentrated crude cytosol frac- 
tions (6 -10  mg/assay). The possibility that another 

inhibitor was co-purified with the hemoglobin cannot 
be excluded. 

The proteins precipitated by 50% saturated 
(NI-I4)2SO4 were completely dissolved after brief 
analysis to yield a red-brown solution. When this 
material was passed through a column of CM- 
Sepharose CL-6B most of the phosphatidyl-inositol- 
bisphosphate phosphatase (70% of applied activity) 
was not adsorbed. Some of the phosphatase activity 
(20%) and the residual hemoglobin adhered to the 
column and were always eluted together in salt gra- 
dients. In most experiments a short wide column of 
CM-Sepharose was used and the adsorbed material 
was removed with 0.5 M NaC1. The possibility that 
the adsorbed phosphatase was simply binding to the 
hemoglobin was excluded. None of the hemoglobin- 
free phosphatase which initially passed through could 
be adsorbed onto the CM-Sepharose when mixed with 
an excess of hemoglobin, and partial removal of 
hemoglobin from the adsorbed phosphatase by 
repeated (NH4)2SO4 precipitation did not reduce its 
readsorption to the CM-Sepharose. The unadsorbed 
fraction was hemoglobin-free and represented a 
greater than 300-fold purification of the phosphati- 
dyl-inositol-bisphosphate phosphatase activity over 
the crude cytosol (Table I). 

Prior to gel filtration, the preparation was con- 
centrated to a small volume (less than 5 ml) in the 
disposable Minicon concentrators. Less than 10% of 
the activity and protein was lost if the concentrator 
cells were carefully rinsed out. The elution profile 

TABLE I 

PURIFICATION OF HUMAN ERYTHROCYTE CYTOSOL PHOSPHATIDYL-INOSITOL-BISPHOSPHATE PHOSPHATASE 

% Recovery of activity Specific activity a Purification b 
at each step nmol/min per mg protein (-fold) 

Cytosol - 0.028_+ 0.006 (5) - 
60% (NI-I4)2SO4 ppt. 166_+ 26 (5) 3.6 + 0.1 (5) 129 
20-50% (NI-I4)2SO4 ppt. 115 _+ 18 (6) 9.9 _+ 2.0 (6) 354 
CM-Sepharose 72 + 10 (4) 9.1 _+ 4.1 (4) 325 
Sepharose peak 85 + 14 (4) 13.1 _+ 3.3 (4) 468 
DEAE-Sepharose peak 62 _+ 8 (5) 118 _+ 23 (5) 4 210 
Phenyl-Sepharose peak 54 _+ 16 (3) 765 _+ 191 (3) 27 300 

a Data are mean  _+ S .D.  (n) .  
b Based o n  mean  specif ic  activities.  
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Fig. 1. Gel f'fltration of the hemoglobin-free concentrate on 
Sepharose CL-6B. Fractions were assayed for protein (o) by 
the Bradford method [22], for phosphatidyl-inositol-bisphos- 
phate phosphatase activity (o) and for nonspecific phos- 
phatase activity at pH 4.8 (o) and at pH 7.7 (,). 

(Fig. 1) revealed a broad peak of protein covering 
almost the entire fractionation range of the Sepharose 
CL-6B. A varying quantity of aggregated protein, 
often appearing as a hazy precipitate, was eluted in 
the void volumn (Fraction 25-26). The peak of phos- 
phatidyl-inositol-bisphosphate phosphatase activity 
was displaced from the center of the protein peak. 
The nonspecific phosphatase activity in fractions 63-  
67 exhibited the characteristic acid pH optimum and 
inhibition by copper (over 90% inhibition by 2 mM 
Cu 2+) of the erythrocyte acid phosphatase [30]. Elu- 
tion at the end of the fractionation range is also con- 
sistent with the small molecular mass (44000) 
reported for this enzyme [31 ]. The nonspecific phos- 
phatase activity localized in fractions 52-58 was 
active over a wide pH range with the optimum at pH 
7.5. Apparent alkaline (not shown) and acid phos- 
phatase activities present in these fractions were 
attributed to the limited activity of this neutral phos- 
phatase at pH 10.5 and 4.8, respectively. This is con- 
sistent with reports that normal human erythrocytes 
are devoid of alkaline phosphatase activity [32]. Up 
to 85% of the applied phosphatidyl-inositol-bisphos- 
phate phosphatase was recovered from the center of 
the activity peak (fractions 49-56). 

A 7-11-fold purification was achieved by chro- 
matography on DEAE-Sepharose CL-6B. When 
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loaded onto the column in buffered 100 mM NaC1 
most of the protein in the sample was not adsorbed 
(Fig. 2). The neutral phosphatase either passed 
through the column or was eluted at the beginning of 
the salt gradient. The phosphatidyl-inositol-bis- 
phosphate phosphatase was eluted as a discrete peak 
later in the gradient by 200-250 mM NaC1. The prep- 
aration at this stage was colourless, exhibited no non- 
specific phosphatase activity and represented a 
4 200-fold purification over the crude cytosol. The 
activity was very stable when stored in the elution 
buffer containing NaC1. Very little activity was lost at 
either 4 or -20°C for up to 3 weeks. 

Further purification was obtained by hydrophobic 
chromatography on columns of detergent-saturated 
Phenyl-Sepharose CL-6B. Ammonyx LO (dodecyl- 
dimethylamine oxide), a detergent used in an earlier 
study [33] inactivated the erythrocyte phosphatidyl- 
inositol-bisphosphate phosphatase and was replaced 
by Triton X-100. When the sarriple from the DEAE- 
Sepharose column was applied to the Triton X-IO0- 
pretreated hydrophobic gel, a major portion of the 
protein was not adsorbed (Fig. 3). Although some 
activity occasionally passed through, most of the 
phosphatidyl-inositol-bisphosphate phosphatase was 
adsorbed and could be eluted with low concentra- 
tions of Triton X-IO0 (0.5%, w/v). In Fig. 3, the 
activity corresponds with a protein peak. How- 
ever, this was not always the case. The activity was 
consistently eluted in the same fractions but the pro- 
rein prof'fle varied considerably. The additional 5-8- 
fold purification resulted in an overall purification of 
about 27 000-fold (Table I). The activity was stable 
only in the presence of 0.5% Triton X-100. After 
removal of detergent these preparations were com- 
pletely inactivated by freezing and had a half-life of 
about 1 day at 4°C. 

Molecular size and purity 
SDS-polyacrylamide gel electrophoresis of the 

preparations from the DEAE-Sepharose column indi- 
cated the presence of a number of proteins. Samples 
with higher specific activities obtained after hydro- 
phobic chromatography were less complex mixtures 
but were not homogeneous. A common feature of 
both preparations was the presence of two polypep- 
tides having molecular masses of 100000-105 000 
and 50000-53 000. The smaller polypeptide was 



328 

~ 180 

i 

20 40 
Fraction (43 ml ) 

g 
60 

7 ~ 
9 

~120 ~ 

80_~" o 4  Z ;-= 

~i e° ~sE 

60 

~_: 
c 

1 2 3 
CTAB / PI-P2 
(molar rat io) 

9 
60 

30 

i i 

10 20 
Fraction (23 ml) 

q 
~40  

1 5  ~ "7 

o 
o 2 0  
"7 >, 

> 

20 40 
CaCI2 (m~4) 

Fig. 2. (Upper left.) Ion-exchange chromatography on DEAE-Sepharose CL-6B. Fractions 49-57 from the Sepharose CL-6B 
column were combined and applied to the column of DEAE-Sepharose CL-6B in buffer containing 0.1 M NaCI. A linear gradient 
(0.1-0.4 M NaC1) was begun at fraction 21. Fractions were assayed for protein (o) by the Bradford method [22], for phosphati- 
dyl-inositol-bisphosphate phosphatase (e) and for neutral phosphatase (=). 

Fig. 3. (Lower left.) Hydrophobic chromatography on detergent-saturated Phenyl-Sepharose CL-4B. Fractions 53-60 from the 
DEAE-Sephaxose CL-6B column were combined and applied to the prepared column. Unadsorbed protein was eluted with deter- 
gent-free buffer. Elution with 0.5% (w/v) Triton X-100 was begun at fraction 16. Fractions were assayed for protein (o) by the 
fluorescamine method and for phoshatidyl-inositol-bisphosphate phosphatase (o). 

Fig. 4. (Upper right.) The effect of non-ionic detergent on phosphatidyl-inositol-bisphosphate phosphatase activity. Reaction mix- 
tures were as described with 1 mM phosphatidyl-inositol-bisphosphate and 0.4 mM MgC12. CTAB/phosphatidyl-inositol-bisphos- 
phate mixtures were added to the other components to start the reactions. Triton X-100 was absent (A) or present at either 0.1% 
(w/v) (-) or 0.2% (w/v) (o). 

Fig. 5. (Lower right.) The effect of Ca 2+ on the phosphatidyl-inositol-bisphosphate phosphatase activity in the presence (e) and 
absence (,) of 2.5 mM CTAB. EGTA derived from the enzyme preparation was present at 0.1 mM. The reaction was otherwise as 
described with 1 mM phosphatidyl-inositol-bisphosphate and 0.4 mM MgCI2. 

usually present in greater quantity. The molecular 
size of the phosphatidyl-inositol-bisphosphate phos- 
phatase was also estimated on a calibrated column of 
Sepharose CL-6B in the absence of SDS. The activity 
eluted as a single sharp peak with an estimated molec- 
ular mass of 104 000. 

Reaction characteristics 
The preparations obtained after DEAE-Sepharose 

chromatography were used for all characterization 
studies. In the absence of non-ionic detergent there 
was an almost absolute requirement for CTAB (Fig. 
4) with the activity, occurring over a narrow range of 



CTAB/PI-P2 molar ratios. Triton X-100 stimulated 
the activity in both the presence and absence o f  
CTAB and reduced the dependence upon a specific 
CTAB/PI-P2 ratio. Concentrations of  Triton X-100 
above 0.2% were not more effective. There was an 
absolute requirement for added Mg 2+. Concentrations 
above 0.1 mM gave maximum activity. Assay mix- 
tures contained 0.4 mM Mg 2÷, a concentration which 
mimics the in vivo environment [34]. When the 
CTAB/PI-P2 ratio was held constant at 2.5 the 
apparent Km for the substrate was 0.27 raM. Under 
optimum conditions, the reaction rate was propor- 
tional to both protein and time until about 25% of  
the monoesterified phosphate had been hydrolyzed. 
The activity exhibited a broad fiat pH optimum (pH 
6.8-8 .0) .  The enzyme was heat-sensitive and the 
activity declined sharply at assay temperatures above 
37°C. 

The phosphatidyl-inositol-bisphosphate phos- 
phatase preparation was inactive with other lipid sub- 
strates having a monoesterified phosphate group 
(Table II), including PI-P, when present alone or as 
mixtures with CTAB. Thin-layer chromatography of  
the reaction mixture showed the hydrolysis o f  PI-P2 
to PI-P to be complete in 2.5 h. Conversion of  PI-P to 
PI was not detected even after 6 h. Human erythro- 
cyte cytosol is known to contain specific phos- 
phatases which act on 2,3-diphosphoglycerate and 
phosphoglycolate acid [35,36]. Very low activity 
(near the limit of  detection) was observed with phos- 
phoglycolic acid. Some activity was observed with 
myo-inositol 1,4,5-trisphosphate. Other myoqnositol 
phosphates and a variety of  other phosphate esters 
were not hydrolysed. 

Inhibition studies 
EGTA and o-phenanthroline, chelating agents 

which have a low affinity for Mg 2÷, had no effect 
while EDTA was a potent inhibitor. The effect o f  
Cu 2+, an inhibitor of  the erythrocyte acid phos- 
phatase, could not be evaluated due to precipitation 
in the assay mixture. F- had no effect. Reagents 
which react with sulfhydryl groups inactivated the 
enzyme, p-Ch.ioromercuribenzoate and p-chloro- 
mercuriphenylsulfonate were most effective, even at 
low concentrations (0.01 mM). Dithioerythritol, a 
sulfhydryl protecting agent, had no effect on the 
activity when added either to the assay mixture or to 
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TABLE II 

SPECIFICITY OF THE HUMAN ERYTHROCYTE CYTO- 
SOL PHOSPHATIDYL-INOSITOL-BISPHOSPHATE PHOS- 
PHATASE 

Activity 
(nmol • m1-1 • 
min -1 ) 

Lipid substrates a 
PI-P 2 26.9 
PI-P <2 b 
Phosphatidic acid (dipalmitoyl) <2 b 
Phosphatidic acid (egg lecithin) <2 b 
Lysophosphatidic acid (palmitoyl) <2 b 

Water-soluble phosphate esters 
p-Nitrophenyl phosphate pH 4.8 <1 c 
p-Nitrophenyl phosphate pH 7.7 <1 c 
p-Nitrophenyl phosphate pH 10.5 <1 c 

Inositol 2-phosphate <2 d 
Inositol 1,4-phosphate <2 d 
Inositol 1,4,5-triphosphate 7.4 d 

Glucose 1-phosphate <2 d 
Glucose 6-phosphate <2 d 
Fructose 6-phosphate <2 d 
2,3-Diphosphoglycerate <2 d 
Phosphoglycolate 4.2 d 

ATP <2 d 
ADP <2 d 
AMP <2 d 

a Substrate concentration was 1 raM. Other conditions were 
as described in Materials and Methods for the phosphatidyl- 
inositol-bisphosphate phosphatase assay. 

b Assayed at CTAB to lipid ratios of 0, 1.0 and 2.5.2 nmol • 
m1-1 - min -I is the lower limit of activity detection. 

c Assayed as described in Materials and Methods. 1 nmol. 
ml-1 • min-1 is the lower limit of activity detection. 

d Assayed at substrate concentration of 2 mM in the presence 
of 50 mM Tris-HCl (pH 7.1) and 0.5 mM MgC12. 2 nmol • 
m1-1 - min -1 is the limit of activity detection. 

the buffer during storage of  the enzyme. 
Neomycin did not affect the erythrocyte phos- 

phatidyl-inositol-bisphosphate phosphatase when 
added to the complete reaction mixtures containing 
both CTAB and Triton X-100 (Table III). Concentra- 
tions above 10 -a M caused precipitation of  the reac- 
tion mixture. If  Triton X-100 were omitted, neo- 
mycin did cause inhibition without significant precip- 
itation over the range 10 -6 to 10 -3 M. 

Addition of  Ca 2÷ to the assay mixture in the 
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TABLE III 

EFFECT OF NEOMYCIN ON PHOSPHATIDYL4NOSITOL- 
BISPHOSPHATE PHOSPHATASE ACTIVITY 

Neomycin  
(M) 

Activity (nmol  • m1-1 • min -1 ) 

0.2% Tri ton X-100 No Tri ton X-100 

0 48.5 16.7 
10-10 48.5 16.7 
10 -a 48.8 16.1 
10 -6 48.8 15.2 
10 -4 48.2 7.6 
10 -3 5.0 (ppt) a 4.0 
10 -2 0.6 (PP0 a 0.3 (ppt) b 

a Obvious precipitation o f  the  assay mixture  during incuba- 
t ion. 

b Complete precipitation of the assay mixture occurred upon 
addition of 5% SDS/40 mM EDTA solution to stop the 
reaction. 

presence of optimum Mg 2+ and CTAB resulted in 
marked inhibition (Fig. 5). In the absence of CTAB, 
the effect was much less striking. Significant precip- 
itation occurred at Ca 2+ concentrations above 0.5 and 
2 mM in the presence and absence of CTAB, respec- 
tively. In both cases the precipitation was very slight 
at first but became progressively heavier with increas- 
ing Ca 2+ concentrations. However, inhibition occur- 
red at non-precipitating concentrations and there was 

no break in the inhibition curves at the concentra- 
tions where precipitation became apparent. Further 
studies using the optimum assay system in which the 
substrate was provided at a constant PI-P2 : CTAB 
ratio revealed that the inhibition by Ca 2÷ was non- 
competitive with respect to substrate (Fig. 6a) but 
competitive with Mg 2÷ (Fig. 6b). The 'apparent' K i 
for Ca 2÷ was calculated to be 50 #M compared to an 
'apparent' Km value of 12/~M for Mg 2+. 

Discussion 

Phosphatidyl-inosit ol-bisphosphate phosphatase 
activity is found in both cytosol and membrane frac- 
tions from mammalian tissues. The presence and loca- 
tion of this activity in erythrocytes has beenqess cer- 
tain. Loss of PI-P2 and the concomitant rise in PI-P or 
PI that occurs during storage of mammalian erythro- 
cytes implies phosphatase activity [15,37]. The 
metabolic turnover of the monoesterified phosphate 
groups of both PI-P and PI-P: in isolated swine 
erythrocyte membranes incubated with ATP suggests 
a membrane location for both the phosphoinositide 
kinases and the phosphatases [14]. However, a similar 
turnover does not occur in human erythrocyte mem- 
branes [38], although both kinases are present [2,3]. 
Therefore, our finding of phosphatidyl-inositol-bis- 
phosphate phosphatase activity in human erythrocyte 
cytosol only, is compatible with these earlier studies. 
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Fig. 6. Double-reciprocal plot o f  the  effect  o f  Ca 2+ on phosphatidyl- inosi tol-bisphosphate phosphatase  activity as a func t ion  o f  (a) 
substrate concentra t ion  and (b) magnes ium concentrat ion.  The  reaction mixtures  were as described with the  CTAB/phosphat idyl-  
inositol-bisphosphate molar  ratio cons tan t  at 2.5. Saturat ion curves were determined in the  absence ( . )  and presence o f  0.4 mM 
(Q) and 0.75 mM (m) CaCI 2 . Lines were calculated by unweighted linear regression analysis and the  correlation coefficients were 
greater than  0.98. 
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Chromatography on CM-Sepharose suggests the 
possibility of two forms of the phosphatidyl-inositol- 
bisphosphate phosphatase activity. About 20% of the 
total activity adhered to CM-Sepharose. However, 
attempts to separate it from hemoglobin were only 
partially successful. A substantial purification of the 
phosphatidyl-inositol-bisphosphate phosphatase in. 
the non-adsorbed fraction was achieved. The highly 
active acid and neutral phosphatase activities were 
absent after chromatography on DEAE-Sepharose. 
The phosphatidyl-inositol-bisphosphate phosphatase 
at this stage (purified 4 000-fold) was very stable and 
therefore was used for the characterization studies. 
After hydrophobic chromatography, an average 
purification of 27000-fold was achieved but the 
specific activity of the product was variable. If the 
inhibition (60%) by hemoglobin in the assay of the 
cytosol is taken into account this represents an 
I1 000-fold purification overall, but only several 
hundred fold over the non-hemoglobin cytosol 
proteins. SDS acrylamide gel electrophoresis showed a 
number of bands, the most consistent and abundant 
band representing a polypeptide having an estimated 
molecular mass of 52 000. The molecular size of a 
minor component was 104 000, the same as the value 
for the phosphatase activity estimated by gel Filtra- 
tion in the absence of SDS. The purified phosphati- 
dyl-inositol-bisphosphate phosphatase from C. 
fasciculata has a molecular mass of 114 000, which is 
reduced to 55 000 by SDS [33]. It is likely that both 
enzymes exist as dimers. The molecular size of the 
purified rat brain cytosol phosphatase was said to be 
small but no value was given [13]. 

Like all phosphatidyl-inositol-bisphosphate phos- 
phatases the erythrocyte enzyme requires moderation 
of the large negative charge on the substrate. This is 
accomplished most effectively by a cationic amphi- 
pathic compound (CTAB). The optimum CTAB to 
PI-P2 ratio varies with the tissue. Non-ionic detergents 
have been reported to inhibit the kidney enzyme 
[39]. However, Triton X-100 stimulated the erythro- 
cyte phosphatase in the presence and absence of 
CTAB and the dependence upon a specific CTAB to 
substrate ratio was reduced. This may be the result of 
the formation of mixed micelles in which the sub- 
strate molecules are dispersed over the surface, giving 
a lowered surface charge density. The hydrophobic 
nature of the enzyme and its stabilization by Triton 

X-100 suggests that it may also prefer the hydropho- 
bic environment provided by the non-ionic detergent. 
Similar results were obtained in studies with the C. 
fasciculata enzyme [33]. The apparent K m of 0.27 
mM for PI-P2 is comparable to values reported for 
other phosphatidyl-inositol-bisphosphate phos- 
phatases when assayed in the presence of CTAB [12, 
33,39]. 

In the optimum reaction mixture containing both 
CTAB and Triton X-100, the erythrocyte phos- 
phatase required less Mg 2÷ for full activity ('apparent' 
K m = 12 ~M) than has generally been reported for 
preparations from other tissues [39,40]. Although 
not required for charge moderation of the substrate 
in the presence of CTAB, divalent cations can still 
interact with the PI-P2. However, Triton X-100 seems 
to reduce this interaction. It prevents the inhibition 
and/or substrate precipitation which occurs at higher 
Mg 2÷ concentrations [33]. Ca ~* has been reported to 
stimulate the phosphatidyl-inositol-bisphosphate 
phosphatase if no other provision is made to moder- 
ate the charge on the substrate, and to inhibit due to 
substrate precipitation [13,40]. In the maximally 
stimulated assay system used here inhibition by Ca 2÷ 
was observed without an interaction with PI-P2, as 
indicated by the absence of substrate precipitation at 
low concentrations and the lack of competition with 
the substrate. Under these conditions Ca 2+ was found 
to compete with Mg 2÷. Therefore, it is likely that the 
observed Mg 2÷ dependence represents the ion require- 
ment of the enzyme. 

Neomycin disrupts polyphosphoinositide metab- 
olism in neural tissues [41] and erythrocytes [10]. It 
is believed to act in vivo by specifically binding to 
PI-P and PI-P2 [41], although this interpretation has 
been questioned on the basis of membrane impermea- 
bility [42]. The erythrocyte phosphatidyl-inositol- 
bisphosphate phosphatase was inhibited by neomycin 
in vitro at concentrations one or two orders of magni- 
tude below that of the substrate, but only in the 
absence of Triton X-100. It is not apparent how this 
non-ionic detergent could interfere with the ionic 
interaction between this polyamine and the anionic 
lipids, although the effect is consistent with the 
reduced interaction with cations. 

Phosphatidyl-inositol-bisphosphate phosphatase 
activities in all mammalian tissues studied so far, 
either in crude or purified preparations, have also 
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been able to dephosphorylate PI-P. Both indirect 
metabolic studies and the direct hydrolysis of exo- 
genous PI-P indicate the presence of phosphatidyl- 
inositol-phosphate phosphatase activity in swine 
erythrocyte membranes [14], In stored erythrocytes 
from this and other species, PI-P2 is slowly degraded 
to PI [15]. The phosphatidyl-inositol-bisphosphate 
phosphatase isolated from human erythrocyte cytosol 
was unable to hydrolyse PI-P under a variety of con- 
ditions and, in this respect was similar to the proto- 
zoan enzyme [12,33]. This observation is consistent 
with the conversion of PI-P2 to PI-P in stored human 
erythrocytes [15]. A preferential hydrolysis of PI-P2 
has been invoked to explain some effects of neo- 
mycin on human erythrocyte polyphosphoinositide 
metabolism [11]. However, there may be a separate 
phosphatidyl-inositol-phosphate phosphatase located 
in the membrane as appears to be true in swine 
erythrocytes [14]. Few preparations, including the 
highly purified rat brain cytosol enzyme [13], have 
been extensively tested for other phosphatase activ- 
ities. The partially purified preparations from both 
bovine brain [40] and human erythrocyte cytosol 
exhibit considerable activity with myoqnositol-1,4,5- 
trisphosphate (the hydrophilic end of the substrate) 
but not with myo-inositol 1,4 bisphosphate. The C. 
fasciculata phosphatidyl-inositol-bisphosphate phos- 
phatase is also inactive with rnyo-inositol 1,4-bisphos- 
phate but exhibits only minimal activity with myo- 
inositol 1,4~5-trisphosphate [33]. The latter three 
preparations have all been inactive with a variety of 
sugar and nucleotide phosphates and with other phos- 
pholipids having a monoesterified phosphate group. 

It is difficult to predict in vivo activity from 
results obtained with the artificial conditions of the 
assay system. The enzyme itself would be saturated 
with Mg 2÷ at the in vivo concentration of 0.4 mM 
[34]. However, the substrate exists in the cell mem- 
brane as the Mg 2÷ and, to a limited extent, Ca 2÷ salts 
[43]. PI-P2 can also interact with anionic proteins 
through divalent cation bridges [24] and directly 
with cationic portions of membrane proteins such as 
glycophorin [44]. How these interactions might 
affect the access of the enzyme to its substrate is not 
known, since the activity of the partially purified and 
purified phosphatidyl-inositol-bisphosphate phos- 
phatases from erythrocytes and brain [13,40] have 
not been studied with naturally occurring, membrane- 

bound substrate. Hemoglobin, inhibited the phos- 
phatase in vitro. It is not known to what extent the 
very high in vivo concentration of hemoglobin 
(approximately 35% w/v) might interfere with the 
enzyme-substrate interaction at the membrane sur- 
face. The very low intracellular concentration of free 
Ca 2+ (probably less than 1 #M) [7,11] and the 
'apparent' K i value of 50 #M make it unlikely that 
Ca 2÷ plays a regulatory role in vivo, even in aging 
erythrocytes when the concentration may rise above 
100 mM [6]. In most studies using the ionophore 
A32178 the calcium influx would be sufficient to 
block phosphatase activity [10]. When much lower 
Ca 2+ concentrations were used [6], a transient 
increase in PI-P occurred. Presumably this represents 
the in vivo activity of the phosphatidyl-inositol-bis- 
phosphate phosphatase as does the slow hydrolysis of 
PI-P2 to PI-P observed in erythrocytes during storage 
of human blood [15]. 

Acknowledgements 

The work was supported by a grant from the Medi- 
cal Research Council of Canada. 

References 

1 Michell, R.H. (1975) Biochim. Biophys. Acta 415, 81- 
147 

2 Redman, C.M. (1972) Biochim. Biophys. Acta 282,123- 
134 

3 Garrett, R.J.B. and Redman, C.M. (1975) Biochim. Bio- 
phys. Acta 382, 58-64 

4 Allan, D. and Michell, R.H. (1978) Biochirn. Biophys. 
Acta 508,277-286 

5 Downes, P, and Michell, R.H. (1980) Biochern. Soc. 
Trans. 8,127 

6 Pormappa, B.C., Greenquist, A.C. and Shohet, S.B. 
(1980) Biochim. Biophys. Acta 598,494-501 

7 Coetzer, T.L. and Zail, S,S. (1979) Br. J. Haematol. 43, 
375-390 

8 Pert,y, A.K., Schmell, E., Earles, B.J. and Lennarz, W.J. 
(1973) Biochemistry 12, 2 456-2 461 

9 Schohet, S.B. and Nathan, D.G. (1970) Biochirn. Bio- 
phys. Acta 202,202-205 

10 Lang, V., Pryhittca, G. and Buckley, J.T. (1977) Can. J. 
Biochem. 55, 1 007-1 012 

11 Allan, D. and Michell, R.H. (1979) Prog. Clin. Biol. Res. 
30,523-529 

12 Palmer, FJ3.St.C. (1976) Biochim. Biophys. Acta 441, 
477-487 

13 Nijjar, M.S. and Hawthorne, J.N. (1977) Biochim. Bio- 
phys. Acta 480,390--402 



14 Schneider, R.P. and Kirschner, L.B. (1970) Biochim. Bio- 
phys. Acta 202,283-294 

15 Verpoorte, J.A. and Palmer, F.B.St.C. (1974) Int. J. Bio- 
chem. 5,69-77 

16 Ditlmer, J.C. and Dawson, R.M.C. (1961) Biochem. J. 
81,535-540 

17 Palmer, F.B.St.C. (1977) Prep. Biochem. 7,457--465 
18 Hegyvary, C., Kang, K. and Bandi, Z. (1979) Anal. Bin- 

chem. 94,397-401 
19 Bauer, J.D., Ackerman, P.C. and Torn, G. (1974) Clinical 

Laboratory Methods, 8th edn., pp. 490-494, Mosby, St. 
Louis 

20 Gatelli, G.R., Stanf'tll, R.E., Kabra, P.M., Farina, F.A. and 
Martin, L.J. (1978) Clin. Chem. 24, 1 144-1 146 

21 Bartlett, G.R. (1959) J. Biol. Chem. 234,466-471 
22 Bradford, MM. (1976) Anal. Biochem. 72,248-254 
23 Bohlen, P., Stein, S., Dairman, W. and Udenfriend, S. 

(1973) Arch. Biochem. Biophys. 155,213-220 
24 Palmer, F.B.St.C. and Verpoorte, J.A. (1971) Can. J. Bio- 

chem. 49,337-347 
25 Weber, K. and Osborn, M. (1975) in The Proteins (Neu- 

rath, H. and Hill, R.L., eds.), 3rd edn., Vol. 1, pp. 179- 
233, Academic Press, New York 

26 Fairbanks, G., Steck, T.L. and Wallach, D.F.H. (1971) 
Biochemistry 10, 2 606-2 617 

27 Dodge, J.T., Mitchell, C. and Hannahan, D.J. (1963) 
Arch. Biochem. Biophys. 100, 119-130 

28 Parpart, A.K. (1942) J. Cell Comp. Physiol. 19, 248- 
249 

333 

29 Hinson, J.A. and McMeekin, T.L. (1969) Biochem. Bio- 
phys. Res. Commtm. 35,94-101 

30 Abul-Fadl, M~A2~I. and King, EJ. (1949) Bioehem. J. 45, 
51-60 

31 Kaezmarek, M2. (1976) Biochem. Med. 16,173-176 
32 Loftier, H. and Pralle, H. (1970) Klin. Woehenseht. 48, 

763-764 
33 Palmer, F.B.St.C. (1981) Can. J. Biochem., in the press 
34 Flatman, P. and Lew, V.L. (1977) Nature 267,360-362 
35 Sasaki, R., Tkura, K., Sugimoto, E. and Chiba, H. (1975) 

Eur. J. Biochem. 50,581-593 
36 Badwey, J~,. (1977) J. Biol. Chem. 252, 2441-2443 
37 Peterson, S.C. and Kirschner, L.B. (1970) Biochim. Bin- 

phys. Acta 202, 295-304.36 
38 Hokin, L.E. and Hokin, M.R. (1964) Bioehim. Biophys. 

Acta 84,563-575 
39 Cooper, P.H. and Hawthorne, J.N. (1975) Biochem. J. 

150,537-551 
40 Dawson, R.M.C. and Thompson, W. (1964) Bioehem. J. 

91,244-250 
41 Schacht, J., Lodhi, S. and Weiner, N.D. (1977) Membrane 

Toxicity (Miller, M.W. and Schamoo, A.E., eds.), pp. 
191-208, Plenum Press, New Yorl~ 

42 Griff'm, H J)., Sykes, M. and Hawthorne, J.N. (1980) J. 
Neurochem. 34,750-752 

43 Buckley, J.T. and Hawthorne, J.N. (1972) J. Biol. Chem. 
247, 7 218-7 223 

44 Verpoorte, J.A. and Palmer, F.B.St.C. (1977) FEBS Lett. 
84,159-162 


