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A plasma menihrane-enriched fraction was prepared from homogenized rat 
pancreatic islets by a one-step sucrose gradient centrifugation. Using I z 5  I-wheat 
germ agglutinin as a plasma membrane probe, a fraction was obtained a t  a 
sucrose density of about  1.10 that  was enriched in 5'-nucleotidase, Mg2+- 
ATPase and  alkaline phosphatase.  The fraction contained little. if any ,  
monoamino oxidase activity. insulin or  DNA. Hydrolysis of 3-0-methyl- 
fluoresceinphosphate was stimulated by K +  ( IOniMj a t  a pH op t imum of pH 
8.2. Hydrolysis of A T P - Y - ~ ~ P  in the pi-esence of MgClz was of high specific 
activity and was op t imum at pH 7.0 and 8.2. K +  did not affect ATP-hydrolysis. 
At pH 8.2. a small fraction of the total  Mg'+-ATPase activity was inhibited by 
ouabain in the presence of Na+ and K f .  Since K+-stimulated phosphatase 
activity does not  correlate with R.lg2+-ATPase, the two  assay systems define 
separate enzymatic processes. 
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The process of  insulin secretion seems to  be  dependent  011 the cation-composition of 
the extracellular medium. Insulin release in vitro is increased during conditions that would 
either increase the sodium permeability of tlie cells or inhibit a hypothetical  sodium p u m p  
in tlie 0-cell plasma membrane [ 1 ] . Ouabain or a 1.;' -free medium, modifications that both 
would inhibit a sodium pump, mimick the stirnulatory effect o f  glucose on the electrical 
activity of 0-cells iinpaled with microelectrodes "1. It has  also been found tha t  glucose, 
b u t  not  non-insulin releasing sugars, inhibits efflux of  radioactive potassium or rubidium 
from isolated islets [3, 41 . This suggests that  the depolarization seen after glucose-stimula- 
tion may he mediated by  a decrease in potassium periiie:ibility which, in turn,  would 
require the presence of a inonovalent cation-pump t o  establisli a cation-gradient across the 
0-cell plasma nienibrane [3 .4] .  
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The demonstration of an ouabain-sensitive uptake of radioactive potassium or 
rubidium in isolated islets [5, 61 support the hypothesis of a sodium pump in the 0-cells. 
In many different cell types the ouabain-sensitive (Na+ plus K+)  Mg2+-ATPase is considered 
to  be the enzymatic basis of the “sodium pump” activity. In honiogenates or crude sub- 
cellular fractions of isolated islets this enzyme activity is low or hardly detectable [7-91. 
Enzymes catalyzing cation-dependent cleavage of certain organophosphate indicators are, 
however, also implicated in cation transport in many cells. 

contain a ouabain-sensitive K+-activated p-nitrophenyl phosphatase [ 101 . The K+-activated 
phosphatase activity was markedly inhibited by ATP. but not other nucleotides. Since 
organophosphate indicators represent artificial substrates it was suggested that catalysis 
of monovalent cation flow in pancreatic 0-cells may be coupled to a phosplioryl-transfer 
reaction with ATP as a natural regulator [ 101 . To test this hypothesis we liave therefore 
studied the hydrolysis of ATP in tlie presence of potassium, sodium and ouabain, in a 
plasma membrane enriched fraction of isolated rat islets. 

In tlie present study, we also describe a modification of our method of isolating 
plasma membranes from isolated islets [ 8 ] .  Thus it will be shown that a fraction enriched 
in plasma membranes can be isolated from a few niilligranis of total islet liomogenate 
protein by  a one-step sucrose gradient centrifugation procedure. 

Islet cell plasma membranes [8] prepared from ob/ob mouse islets were found to 

METHODS 

Islets of Langerlians were isolated by collagenase digestion of the pancreas from 
8-12 rats as described [ 8 ] .  After separating tlie islets from the pancreatic digest by Ficoll- 
gradient centrifugation they were individually chosen under a stereomicroscope and homo- 
genized at  4°C in Mg-borate buffer (10 mM borate buffer, pH 8.0. containing 0.2 niM 
MgCI2) supplemented with 3% (w/w) sucrose. Tlie honiogenate (1.8 nil) was layered on 
top of a sucrose gradient in Mg-borate buffer supplemented with 1 niM EGTA with tlie 
following composition from top to bottom: 4 nil 6-14% (w/w) linear sucrose gradient, 
6 nil 23-43% (w/w) linear sucrose gradient, and 1 nil 50% (w/w) sucrose. Tlie gradient 
was layered in 1 4  X 94 mm cellulose nitrate tubes and centrifuged at 4°C for 2 ti a t  25,000 
rpm in a SW40 rotor with the Becknian L5-65 ultracentrifuge (Becknian Spinco, Palo Alto, 
California). The gradient was sampled from the top  by a density gradient fractionator 
(Model 184,  Instrumentation Specialities Company, Lincoln, Nebraska) into about 30 
fractions. Sucrose densities were determined i n  an Abbe’s refractonieter (Erma Optical 
Works, Tokyo, Japan). Intact islets were labeled with 
homogenization and sucrose gradient centrifugations as described previously [8] . 
Determinations of S’-nucleotidase, insulin. protein and DNA have also been given elsewhere 
[8] . Monoamino oxidase activity was determined by tlie method of Wurtman and Axelrod 
[ I  I ] .  The conditions for the assays of 3-0-metliylfluorescein phospliatase [ 121 and adeno- 
sine triphosphatase (ATPase) are given in Table I and in the legends t o  figures and tables. 
Sigma Cliemical, St. Louis, Missouri supplied 3-0-methylfluorescein phosphate, 3-0-methyl- 
fluorescein, used as standard, as well as Na and Tris salts of ATP. Adenosine-5’-tripliosphate, 
tetra ( t r i e t I i y l a m i i i o ~ i i u n i ~ - ~ - ~ ~  P (25-35 Ci/mniol) was from New England Nuclear, 
Boston. 

1-wheat germ agglutinin before 
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TABLE 1. Conditions for Assays of 3-0-Methylfluoresceine Phosphatase and Adenosine Triphosphate 
Activities 

Enzyme activity Substrate Buffer volume determination References 
Final Product 

3-0-methyl- 0.8-1 pM 3-0-methyl 40mM Tris-acetate 200 PI 3-0-methyl [ 1 2 ,  131 
fluoresceine fluoresceine 5 m M  MgCI? fluoresceine 
phosphatase phosphate (tluorimetric) 

triphosphatase 5'-triphosphate-y3'P 5 mM MgClz 
Adenosine- 0.5-1 mM adenosine- 40  mM Tris-acetate 50 pl Liberated 3 2 P 0 4  [ 141 

or 
0.25 mM adenosine- 1 0  mM Imidazole-HCI 50 111 as above [ 1 4 , 1 5 1  
5 ' - t r i p l i o ~ p I i a t e 7 - ~ ~ P  0.1 mM EDTA 

0.2 mM MgCI2 

All incubations were carried out  in duplicate determinations a t  37°C in the presence of 25-60 ng islet 
membrane protein. During these conditions hydrolysis of 3-0-methylfluoresceine phosphate and 
ATP-y3'P was linear for up  to 60  min of incubation. 

RESULTS 

Fractionation of Islet Hornogenate 

protein. Figure 1 shows the absorbance at 254 nm of an islet honiogenate after centrifuga- 
tion on the compound linear sucrose gradient. Four niajor peaks were found, two at 
sucrose concentrations lower than 10% (w/w) and two at concentrations higher than 25%. 
A similar absorbance pattern was obtained at 280 nm (not shown). 

sucrose concentration are shown in Figs. 2-6. When Figs. 1 and 2 are compared it  can 
be seen that the distribution of protein generally followed that of the absorbance at 254  
nm. There was a small but consistent absorbance peak at a sucrose density of about 1.03 

A total homogenate of islets isolated from 8-12 rats usually yielded about 1.5-3 mg 

The distribution of various subcellular markers in relation to  fraction number and 
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Fig. 1. Sedimentation of total rat islet cell homogenate on  the compound sucrose gradient composed 
from bot tom t o  top of 1 ml 50% (w/w) sucrose, 6 nil 23-4355 (w/w)  linear sucrose gradient and 4 ml 
6-1456 (w/w) linear hucrost: gradient. The liomogenate (1.8 ml) in 3% (ui/\v) sucrose was added to the 
gradient and centrifuged at  4°C for 2 hours at 25,000 rpm in B Becknian SW 4 0  rotor. Absorbance at 
254 nin was measured when the gradient was sampled from above. 
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Fig. 2. Dictribution of protein and K+ activated methyl fluorescein phosphatase activity on the coin- 
pound sucrose gradient after centrifugation of rat islet homogenates. There was an 80-85'/"0 recovery 
o f  protein added to  the gradient. The methyl fluorescein pl io~phatase activated by 10 mM-K+ was 
measured a l  pII 8.2 as described in Table I .  
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Fig. 3. Dictribution o f  insulin and MgZ+-ATPase activity on the compound sucrose gradient after 
centrifugation of rat  Islet cell liomogenates. There was an 70.75% recovery o f  insulin added to the 
pradicnt. The Mg*+-ATPase activity was measured at pH 7.0 in medium supplemented with 40 mM-Tris- 
acetate and 5 niWhlg<'l 
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Fig. 6 .  Effect of pH o n  hydrolysis of methyl fluorescein phosphate catalyzed by the plasma membrane 
fraction of rat islets or human erythrocyte ghosts. Parallel incubations were performed in medium 
without (e-e) or with 10 iiiM-K+ (0 -0) .  The upper part of the figures shows the pH-dependency 
of the K+-activated enzyme activity. The ordinates in the upper panels are expanded compared with 
the lower panels. 

that did not seem to have a counterpart in any of the markers tested. Figure 2 demonstrates 
that about 30% of the total islet homogenate protein remained on top  of the gradient, 
probably representing soluble proteins and material of low density. Some of these seein t o  
represent immunoreactive insulin that is assumed t o  have leaked from damaged or broken 
secretion granules. Up to  40% of the total amount of the homogenate insulin remained at 
sucrose concentrations lower than 8% (Fig. 3). 

before being homogenized and fractionated by sucrose gradient centrifugation. Apart 
from the radioactivity of the free lectin remaining at the top of the gradient, Fig. 4 shows 
that the plasma membrane probe was recovered in a major peak corresponding to a sucrose 
density of about 1 . lo.  For comparison, human erythrocyte ghosts were labeled with 
12’ I-WGA and centrifuged on the sucrose gradient. The labeled ghosts were recovered as a 
sharp labeled band at  a sucrose density of about 1.15 (not shown). After centrifugation 
of islet homogenate the major peak of b o u ~ i d ’ ~ ’  I-WGA radioactivity was found in a 
region of the gradient which contained only 2-4% of the total homogenate protein. This 
peak of 
Mg2+-ATPase (Fig. 3 ) ,  5’-nucleotidase and alkaline pliospliatase (Fig. 51, and the specific 
activities of these markers were 15-20-fold higher than in the initial whole islet honiogenate. 
The relative enrichment of plasma membrane marker activities was comparable t o  that 
reported previously using a somewhat more cpmbersome two-gradient system [ 8 ]  . 

Figure 3 shows the distribution of insulin on gradients. The hormone (pg imniuno- 
reactive insulin) comprised about 4-8% of the total protein in the plasma membrane en- 
riched fraction. However, as shown in Fig. 4 we were unable to detect monoainino oxidase 
activity, a mitochondria1 outer membrane marker, in this fraction. Measurements of DNA 
indicated a major recovery of nuclear material a t  sucrose densities higher than 3870 while 
less than 0.5% was found in the plasma membrane fraction (data not shown). 
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Measurements of 3-0-Methylfluorescein Phosphatase 

test the possibility that rat islet cell membranes contain a K+-activated phosphatase. The 
hydrolysis of 3-0-methylfluorescein phosphate was high below pH 6 and at pH 8 in the 
isolated membrane fraction (Fig. 6). While the enzyme activity was stimulated by K+ over 
a wide pH-range in human erythrocyte ghosts, there was a distinct peak of K+-dependent 
activity at pH 8 in the rat islet membrane preparation. Ouabain ( 2  mM) inhibited the 
K+-dependent enzyme activity in rat islet membranes and in human erythrocyte ghosts by 
about 25% and 60% respectively. Figure 2 indicates that the K+-dependent phosphatase 
activity at pH 8.2 was mainly recovered in the plasma membrane fraction while hydrolysis 
of the phosphate indicator at pH 7.8 was apparent in low as well as high density regions 
of the sucrose gradient (Fig. 5). 

3-0-methylfluorescein phosphate was used as a substrate in a fluorimetric assay to 

Measurements of Mg2+-ATPase 

was highest at pH 7.0 or pH 8.2. The distribution on the compound sucrose gradient of 
Mg2+-ATPase activity at either pH showed that the highest specific activity was present 
in the plasma membrane enriched fraction (Fig. 8) .  The hydrolysis of A T P - Y - ~ ~  P was 
studied in 2-3 combined fractions of the plasma membrane peak (Table 11). Plasma mem- 
brane fractions were obtained from 14 different gradient centrifugations representing a 
specific activity of Mg2+-ATPase between roughly 10-30 nmol X h-' X pg protein-'. 
Although K+ (1 0 mM) stimulated hydrolysis of 3-0-methylfluorescein phosphate (Fig. 6), 
this cation (5-25 mM) did not affect the Mg2+-ATPase activity at either pH 7.0 or 8.2. 
In the presence of both Na+ and K+ a small fraction of the total Mg2+-ATPase activity was 
inhibited by ouabain (Table 11, Experimental series 3). The specific activity at pH 8.2 of 

The hydrolysis of ATP- -32P in relation to pH is shown in Fig. 7 .  The enzyme activity 

N 
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Fig. 7. Effect of' pH on  hydrolysis of ATP-r-"P catalysed by rat islet membranes. The hydrolysis of 
ATP was measured in medium supplemented with 40 mM-Tris-acetate and 5 mM-MgCl2 as described 
in Table I. 

TS:317 



334:JSS Lernmark, Nielsen, and Steiner 

FRACTION NUMBER 
Fig. 8. Distribution of specific activities of Mg2+-ATPase at either pH 7.0 or 8.2 on  the compound 
sucrose gradient after centrifugation of rat islet cell homogenates. 

ouabain-sensitive hydrolysis of A T P - Y - ~ ~ P  was 580 f 170 pmol/h per pg protein (mean 
value 
measured under similar conditions in other membrane preparations amounted to 14 * 4 
pmol/h per pg protein (mean value * SE for 8 determinations). For comparison, the 
activity of K+-dependent 3-0-n~ethylfluorescein phosphatase in human erythrocytes was 
0.75 * 0.09 pmol/h per Rg protein (12 determinations). The activity of (Na+ plus K+) 
Mg2+-ATPase, measured at pH 7.0, was 125 t 23 pmol/h per pg protein (3 determinations). 
In the presence of 0.1 mM ouabain this activity was reduced by 34%. 

SE for 6 determinations). K+-activated 3-0-methylfluorescein phosphatase activity 

DISCUSSION 

A wide variety of observations suggest that the 0-cell plasma membrane participates 
in many ways in the regulation of insulin release. The plasma membrane is likely to harbor 
recognition sites for modifiers of secretion such as glucose and other sugars, amino acids 
and hormones. It may also regulate the movements of cations important for stimulus- 
secretion coupling and the exocytosis process for insulin. A major obstacle to the study of 
these and related problems is the difficulty of obtaining sufficient amounts of islet 
material for subcellular fractionation and biochemical analyses. Relatively large scale 
isolation of islets, as employed here, yields only about 2-3 mg of total islet protein from 
8-12 rats. In the present study we describe an important modification of an earlier 
technique [8] demonstrating that the plasma membrane-enriched fraction can be obtained 
by a one-step sucrose gradient centrifugation. By external labeling of the cell surface with 
12’ I-wheat germ agglutinin before homogenization a membrane fraction can be identified 
and used for further experiments within three hours after isolating the pancreatic islets. 

The major peak of 12’ I-wheat germ agglutinin radioactivity had a density in sucrose 
of about 1.10 g/cm3, as found earlier [8] and also reported for a plasma membrane 
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TABLE 11. MgZ+-ATPase Activities in the  Rat Islet Cell Membrane Fraction 

E xper imen t al MgZ+-ATPaue 
series Agent s tested PH n (nmol X hVL X fig protein- ' )  

I None 
5-20 mM-KCI 
60-100 mM-NaC1 
KCI plus NaCl 

5-25 mM-KCI 
11 None 

111 10-25 inM-KCI and 
60 mM-NaCI 

KCI and NaCI 
plus 0.1 mM ouabain 

7.0 7 
7.0 I 
7.0 I 
7.0 7 

8.2 S 
8.2 5 

8.2 6 

8.2 6 

33.9 kS.4  
33.1 2 5.2 
30.9 * 4.5 
30.8 * 4.6 

21.8 2 6 . 5  
21.2  f 6.8 

9.8 * 0.8 

9.2 k 0.8'1 

"ffect o f  ouabain P < 0.02. Comparisons are made only within each esperimental series which 
represents 2-3 gradient fractions of the plasma membrane region from several gradient centrifugations 

enriched fraction of ob/ob mouse islets [ lo]  . This value probably represents a n  accurate 
estimate of the buoyant density of islet cell membranes since human erythrocyte ghosts 
were recovered as a sharp band at  the expected density of 1.15 [ 161 . The peak activity of 

I-wheat germ agglutinin on rat islet gradients coincided with that of otlier plasma 
membrane markers such as 5'-nucleotidase, Mg*+-ATPase and alkaline pliosphatase. These 
activities as well as that of '251-WGA radioactivity also appeared at  higher sucrose densities. 
This could be due to, eg particle aggregation or membrane particles with otlier physical 
properties. However, this observation underlines the necessity to utilize a number of 
appropriate markers. For example, there was little contamination of the membrane frac- 
tion hy insulin and DNA.  The fact that nionoamino oxidase activity was not detected in 
the plasma menibrane fraction indicates that contamination by smooth membranes derived 
from mitochondria is negligible. 

Alkaline phosphatase activity as well as K+-activated p-nitrophenyl pliosphatase are 
enriched i n  several plasma membrane preparations of various tissues [ 141 . Using methyl- 
umbelliferonephosphate as tlie substrate we found an eightfold enrichment of the phospha- 
tase activity when measured at pH 8 in rat islet membranes [8] . Hydrolysis of p-nitrophenyl 
phosphate in a fraction enriched in plasma membranes from ob/ob mouse islets was stiniu- 
lated by K+ in tlie pH-range of 5-10 with a small peak of K+-induced activation between 
pH 7.5 and 8.0 [ l o ] .  Using a highly sensitive fluorimetric assay [ I 2 1  we now demonstrate 
that a K+-activated pliosphatase activity with a pH optimum around 8 is also present in 
plasma membrane enriched fraction of rat islets. Furthermore, in these membranes as well 
as in tlie human erythrocyte ghosts we found that the enzyme activity was sensitive to 
inliibition by oud~ai i i .  However. when measured during similar conditions the specific 
activity of the islet membrane enzyme appears to  be at least 20-fold that of t h e  erythrocyte 
ghosts (Fig. 6). Despite this and tlie fact that ATP was a powerful inhibitor of K+-activated 
phosphatase in other islet membranes [ 101 we were unable to detect cation-activated ATP 
hydrolysis in the rat membranes. Furthermore, hydrolysis of Mg2+-ATP in tlie presence of 
Na+ and K+ was only slightly inhibited by ouabain. Thus, as demonstrated earlier [8] 
ouabain-sensitive (Na+ plus K+)  Mg2+-ATPase activity represents only a minor fraction of 
tlie total islet membrane MgZ+-ATPase activity. With the present degree of purification the 
specific activity of the plasma membrane peak was in the same order of magnitude as 
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reported for highly purified membrane preparations of other rat tissues [14]. 
The relationship between K+-stimulated pliosphatase activity and (Na+ plus K+) 

Mg2+-ATPase is unclear [17, 181 . In human erythrocyte ghosts it was suggested (1 3) that 
the K+-activated 3-O-metliylfl~1orescein phosphatase activity was a partial reaction catalyzed 
by the (Na+ plus K+) hlg2+-ATPase since a )  K+-phosphatase activities seemed to  copurify 
with that of (Na+ plus K + )  Mg2+-ATPase, and b) that the relative inhibition of the two 
enzyme activities by ouabain was similar. However, when hydrolysis of 3-0-methylfluores- 
cein phosphate and ATP by rat islet membranes was assayed under the conditions used for 
3-0-metliylfluoresceine pliosphatase (Table I )  we were unable to  detect such relationship. 
Thus tlie rat islet membrane preparation resembles that [8] prepared from ob/ob niouse 
islets which contain a readily demonstrable ouabain sensitive K+-activated pliosphatase but 
not (Na+ plus K+) Mg2+-ATPase activity [ l o ] .  It is generally assumed that (Na+ plus K + j  
Mg2+-ATPnse is a plasma membrane constituent in most cells. However, ATP hydrolysis 
by rabbit leucocyte membranes was found to  be unaffected by sodium, potassium or  
ouabain [ 191 . These membranes contain, on the other hand, a potassium-sensitive. ouabain- 
sensitive p-nit roplienol phosphatase wliich was suggested to be part of an electrogenic 
potassium pump in the leucocyte [19. 901. The present plasma membrane preparation, 
readily isolated from rat pancreatic islets by one-step centrifugation, will allow a more 
detailed characterization of K+-activated 3-0-methylfluorescein phosphatase to test the 
possibility that it may be the enzymic counterpart for a monovalent cation pump in the 
islet cells. However, the relatively high specific activity of Mg2+-ATPase in the plasma nieni- 
brane fraction remains to be explained in relation to  functional characteristics of the 
insulin-producing 0-cells. 
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