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SUMMARY 

The insulin receptor of the turkey erythrocyte has previously been shown to be 
very similar to that of the mammalian insulin receptors. As a first step in the isolation 
of this receptor a highly purified plasma membrane fraction has been prepared. The 
binding characteristics of the purified membrane-bound receptor were identical ~o 
those found with intact erythrocytes, but the membrane preparation had very little 
insulin-degrading activity. Isolation of the membrane by the methods described gave a 
100-fold purification of the insulin receptor with 67 ~o yielcL 

INTRODUCTION 

The insulin receptor of the turkey erythrocyte is a good model system for 
studying insulin-receptor interactions [1 ]. The affinity of porcine insulin is identical 
for the turkey and mammalian receptors over the entire range of insulin covcentr~- 
tions, as is the affinity of each of three in,,ulin analogues which differed 300-fold in 
biological potency. Insulin-induced acceleration of dissocia.tion (i.e. the negatively 
cooperative site-site interaction) is indistin~;uishable over a 106 range of insulin coe- 
centratioos. The sharp pH dependence of binding as well as tile effects of temperatur~ 
on association, dissociation and steady-stale binding are also identical fo.~: the turkey 
and mammalian receptors. Thus, the manunalian and avian insulin receptors cannot 
be distinguished on the basis of their binding properties. 

The avian erythrocyte is less complicated than mammalian lymphocytes, liver, 
fat or placental cells and therefore has some of the properties of an ideal cell from 
which to purify the insulin receptor. Avian erythrocytes are readily available in large 
quantities and are normally found in suspension, avoiding the necessity of enzymatic 
digestion or complex membrane purification. The cells although nucleated, do not 
synthesize macromolecules [2] and lack much of the cellular machinery of previously 
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studied cells. Highly purified plasma membrane is thus simple to prepare in large 
quantities and further purification of the insulin receptor rendered less difficult. 

Previous schemes for producing highly purified avian erythrocyte plasma mem- 
brane have been reported [3]. However, these methods yielded membranes which had 
lost most insulin-binding activity. In the present communication we report a scheme 
for the production of large quantities of highly purified plasma membrane of ~',vian 
erythrocytes and a characterization of the binding properties of the insulin receptor of 
this membrane. 

MATERIALS A N D  METHODS 

Polypep~.ide hormones and 12SI-labeled insulin preparation were described 
previously [9]. Buffer A consisted of 85 mM Tris • HCi, pH 7.8, 30 mM NaCI, 10 mM 
glucose, I mg/ml bovine serum albumin. This buffer was also used diluted 1/10 (buffer 
A/10). Buffer B consisted of 150 mM Tris" HCI, pH 7.8, 125 mM NaCI, 100 mM 
glucose, and 2.5 mg/ml bovine serum albumin. 

Turkey erythroeyte membranes were prepared by a modification of the method 
of Bilezikian and Aurbach [3]. 40 ml of buffer A/10 containing 2 mM MgCI2 were 
added to 40 ml of washed, fresh turkey erythrocytes (3 • I09/ml). The lysate 
was sedimented at 3000×g for 10 min, the hemoglobin-containing supernatant 
discarded, and the pellet resuspended in 40 ml of the same buffer. Sedimentation and 
resuspension were performed until the supernatant was clear, usually about eight 
times. The light pink pellet was then taken up in 40 ml of buffer A/10 containing 
0.2 mM MgCI2 and homogenized in a Dounce homogenizer with a tight pestle. This 
process was continued until 60-80 % of the nuclei wele extruded, as deter'mined by 
phase contrast microscopy. This homogenate was sediraented at 5000 ×g for 10 min, 
forming a two-layered pellet. The upper layer of the pellet, which contained mem- 
brane vesicles witk a few nuclei, was resuspended by gently rocking the tube. The 
gelatinous lower layer of the pellet which contained nuclei and unbroken cells, was 
discarded. The membrane fraction was further purified by sedimentation at 15 000 × g. 
The remaining nuclei formed a tight pellet which was not easily resuspended, while 
the membrane vesicles were readily resuspended in buffer A/10. This 15 000 ×g sedi- 
mentation was repeated twice more, the pellet taken up in a final volume of 20 ml of 
buffer A/10, and frozen at - 2 0  °C. Some membrane prepara:tions showed an increase 
in binding after the first thaw, but thereafter insulin binding was stable for up to 5 
months of storage. 

Binding experiments were performed by adding 12SI-labeled insulin (25-50 pg) 
to 250 pl buffer B, then adding 25-750/~g of membrane protein in 10-50 t~l of buffer 
A/10. Deionized water was added to bring the final volume to 500/d, Non-specific 
binding control tubes also contained 1 tzg per 0.5 ml of unlabeled insulin. After 
incubation for 150 min at 15 °C, 200-#1 aliquots were added to 200 ~! of cold buffer A 
in a microfuge tube (duplicate tubes for each sample), sedimented for 90 s in a 
Beckman microfuge and the radioactivity in the pellet determined as previously 
described [12]. 

Protein was determined by the method of Lowry et al. [,4,] and DNA by the 
method of Burton [5]. 
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RESULTS 

Characterization of membrane purity. The avian erythrocyte membranes  were 
highly purified by a number  o f  criteria. When  viewed by phase  contrast  microscopy 

Fig. I. E~e.:tron micrographs of turkey erythroc, 're preparations. Turkey erythrocytes were lysed and 
washed, then homogenized and purified as de~¢r)bed in Materials and Methods. Pellets of the washed 
lysate anal purified membranes wero fixed in glu :araldehyde. The top panel is the washed lysate and 
the bottom panel is the purified membranes. Of ginal magnification :× l0 000. 
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TABLE II, 

CH&RACTEKISTICS OF I UKKEY ERYTHROCYTE MEMBRANES 

Parameter Method o f  preparation 

Present method At~rbach method 

Insulin binding (pmol/mg membrane protein) 6 
Catec~.~lamine binding (pmol/mg membrane protein) 0.3 s 
Bas~ adenylate cyclase (pmol/10 rain per mg) 0 
(Nt, +, K+)-ATPuse ~iitol PlWh per mg membrane protein) 0.8 c 
DI~fA ~ug]pmol insulin-bindiJtg capacity) 1.4 

0 
0.3 b 

12 • 
0.7 d 

s Kindky performed by Dr. E. Brown and Dr. G. Aurbach by the method of Aurbach and co- 
workers [3, 6l. 

b From Bi[ezikian and Aurb~ch [3] 
c Kimlly performed by Dr. J. Wolff [8]. 
d Value fo~ human erythrocy es [7]. 

the purifi,~d preparation contained only membrane vesicles. No highly refractile 
nuclei we re seen. Similarly electron micrographs (Fig. I) showed that while the washed 
lysate co~tained nuclei ~:nveloped by the plasma membrane, the purified fraction 
containe(L only membran.~ vesicles. The DNA content of the membrane preparation 
was low,~ about 1.4/~g DNA/pmol insulin-bindin~ capacity; compared to about 
I000 pg DNA/pmol insulin bound for the intact cells. Although there was no adeny- 
late cycla~e activity, the catecholamine binding of these membranes was about the 
same as those prepared b2 the method of Aurbach et~d. (ref. 6, Table II). The loss of 
adenyiate cyclase activity has been previously noted when membranes are prepared in 
the absence of dithiothrei ;oi. On the other hand, membrane preparations made in the 
presence of dithiothreitol (20 mM) did not bind insulin (Table It). The purified mem- 
branes possess considerat,le ouabain-inhibitable ATPase, 0.8 pmol/h per mg protein, 
which is similar to the value obtained with the human erythrocyte ghost [7]. Most 
importanl, the specific insulin-binding activity of the membrane fraction was 100-fold 
higher than that of the cells (Tables I and II) and 5-fold higher per mg protein th~:,t 
the erythtocyte ghost prel:aration ("washed lysate',). The specific insulin-binding acti- 
vity (vide infra) was the same as that found for otl~r insulin receptors of highly 
purified luembrane prep~'ations. 

Characterieation of x 2Si.labeled insulin binding to turkey erythrocyte membranes. 
The time course of binding of lzSI-label~d insulin to turkey erythrocyte membranes 
was similar to that found with the intact erythrocyte [1 ]. Incubation of the mem- 
branes (~0/q,/ml of mentbrane protein)with labeled insulin (24 pM) for 2 h at 
15 °C led to ~;he specific l,inding of 2.5 ~o of the labeled hormone (Fig. 2). Specific 
binding w ~  constant front 2 to 5 h, suggesting that there was little or no degradation 
of the lab~.qed insulin (vide infra). Non-specific binding appeared to increase slowly 
with time. Addition of exo:;ss unlabeled insulin (340 nM) led t~ a rapid dissociation of 
the labeletl hormone (Fig. 2, lower panel). Incubation at other temperatures (Fig. 3) 
demonstrated that, while ~he initial rate of association was proportional to tempera- 
ture, the l~.wel of steady-state binding was higher at 4 and 15 °C tha~ at 37 °t~. The 
lower leve~ of steady-state binding at 37 °C was also found with the whole cells. The 
difference i~ steady-state ~inding, i.e. increased binding at lower temperatures, was 
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Fig. 2. Time course of  binding of  J 2: I*labeled insulin to turkey erytl~ocyte membranes. Upper panel: 
l=Sl.iabeled insulin (18 pM) was in~:ubated at 15 °C in 5 ml with 400pg of membrar~e protein, with 
and without unlabeled insulin (340 ~IM). Duplicate 200.pl aliquots were withdrawn from ,:ach at the 
indicated times and sedimented, ar*d the 1=51-labeled insulin bound to the pellet was determined 
(see Materials and Methods). Lowe~' panel: Z=Sl-labelcd insulin was incubated with membrane in the 
absence of unlabeled insulin, as described above. After incubation for 2.5 h at 15 °Co exces.~ unlabeled 
insulin (340 riM) was added. Duplkcate 200-pl aliquots were withdrawn and treated as described 
above. The specific binding decreased after addition of the unlabeled insulin (O-C)). 

related to the marked temperature dependence of dissociation (Fig. 4). At  37 °C the 
dissociation of 12SI-labeled insulin from membranes was aimos~ complete in 15 rain, 
while at  0 °C less than 25 °/o of the label dissociates after 2 h of incubation. 

The amount of 12SI-labeled insulin bound at steady state was proportional to 
the membrane concentration. At membrane protein levels of 600 pg/ml, the bound/ 
free ratio of  insulin was 0.2 (F'ig. 5) and this linear relationship of binding to mem- 
brane concentration has been s~town up to a bound/free ratio of 0.8 with a membrane 
concentration of 2.4 mg/ml (data not shown). 

The specificity and relative affinity of the insulin receptor of  the erythrocyte 
membrane for polypeptide hormones was similar to that  seen with the intact cells 
(Fig. 6). Half  maximal displacement of  12Sl-labeled insulin by porcine insulin 
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Fig. 3. Association of insulin with. turkey erythrocyte membranes as a function c,f temperature. 
=2SI-labeled insulin (18 pM) was incubated with 400/tg of membrune protein with and without ex.cess 
unlabeled insulin (340 riM), in a total volume of 5 ml at 4,15, 22 and 37 °C. Duplicate 200-pl aliqucts, 
withdravra at the indicated times, were sedimented and specific bindint: was determined as described 
in Materials and Methods. 

. . . . .10  

occurred at 4 ng/ml (0.7 nM), by proinsulin at 26 ng/ml (2.9 nM), by desalanine- 
desasparagine insulin at 300 ng/ml (55 nM) and by multiplication stimulating actiwty 
at 200 ng/ml (20 riM). In addition, chicken insulin, which has twice the biological 
activity of porcine insulin [10], displaced 12Sl-labeled insulin with twice the potency of 
porcine insulin. Although all of these concentrations were about one half the amount 
required to get half maximal displacement of lzSI-labeled insulin on the intact erythro- 
cytes, the relative potencies of I : 0.15 : 0.013 : 0.013 found with insulin, proinsulin, 
desalanine~desasparagine insulin and multiplication stimala.tjng activity with mem- 
branes were almost identical to the values found with intact cells and bioassay in vitro 
[9]. Polypeptide hormones unrelated to insulin, such as adrenocorticotropin, soma- 
totropin and glucagon did not compete with t2SI-labeled insulin for receptor binding. 

Quantitative analysis and cooperativity. The ~:atchard. plot [1 ! ] of insulin 
binding to the turkey erythrocyte membrane, like that with the intact erythrocytes, 
was curvilinear (Fig. 7). In the turkey e~ythtocyte [1] and other cells [12, 13] this 
curvilinearity has been shown to be due to site-site interactions of the negative 
cooperative type. Experiments to directly demonstrate negative cooperativity by 
kinetic methods have been designed and discussed by De Meyt~ et al. [13]. In the 
present study, we find that the i~sulin receptor of the turkey ery~b.~ocyte membrane 
has negatively cooperative site-site interactions. Thus the d~sso~-iation rate of 125[~ 
labeled ins~in from the membrane after dilution from steady" ~:atc was increased by 
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Fig. 4. Dissociation o f  insulin from the turkey erythro,:yte membrane as a function o f  temperat;,re. 
taSI.labeled insulin (18 pM) was incubated for 2.3 h in 5 ml with 400/~g o f  menbrane  protein a t  
15 °C. Aliquots o f  the incuba6on ~i.-.turc v'ere ~ c n  i~la~ed in water baths a t  3~. 22, l~ ~unt 4 ~C 
and  unlabeled insulin was added to a concentration of 340nivl. Duplicate 200.all aliquots were 
withdrawn at  the indicated times and  the ~a~l-la~le,l insulin bound determined as described in 
Materiels and  Methods. 

insulin over that caused by dilution alone (Fig. :3). The dependerce of fltis ~ooperative 
phenomenon on the insulin concentration w~ls hientical for the ~em~.:a~e (Fig. 9) and 
the intact er~hrocyte [1 ]. 

The specific binding capacity of the membrane obtainett from the Scatchard 
plot (Fig. 7) was 300 fmol per 50/tg proteitl, or 6 pmol/mg me~tbr~ne protein. This 
value is si;nilar to that found with the highly purified r~tt and mouse liver membranes 
[12, 14] isolated by the procedure of Nevill~ [15]. 

!rfuence of  ionic environment on in~ulit,, bir~lino. The d:pendence of insulin 
binding on ionic environment was similar for the turlu;y erytbr~yte membrane and 
the intact cell [1 ]. The pH cptimum of 7.8 (Fig. 10) was the sa1~e for both and both 
showed a marked decrease i .  binding at low~;r and hlgh~;r pH. ¢~ttions ~ o  influenced 
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Fig. 5. Effect of membrane concentration on binding. ~2Sl.labeled insulin 03-25 pM) was incubated 
at ! 5 °C in 0.5 ml with the indicated amount of membrane protein, with and without unlabeled insuli~l 
(340 nM). After 2.5 h duplicate 200-,~d aliquots were withdrawn and the ra~i:) of speciticaUy bound 
insulin/free insulin determined as described in Materials and Methods. Different preparations of 
membrane are ropre~nted by different symbols. 

the amount of  steady-state binding to the membrane, but  to a lesser degree than was 
found with the intact cell [l]. Ca 2+ and Mg z+ increased binding by 50 and 35~o, 
respectively. Maximal effects were seen at 8 mM. Mn z+ decreased binding to  about  
55 ~ of  control at 20 ~ M  (Fig. I l).  

Degradation of insulin and loss of receptor. The purified turkey erythrocyte 
membrane demonstrated only a very small amount of  insulin-degrading acdvity. 
After a 2 h incubation of 12SI-labeled insulin with membranes at  4, 15, 22 or 37 °C 
there was less than 3 ~o increase in trich'!oroacetic acid solubility ,,rid less than 4 
loss i,~ the amount which could be bound by intact cells (Fig. 12B). In contrast, 
receptor loss did occur. Preincubation of  membranes in the absence of  insulin led to a 
di:creas¢ in the amount of  l~SI-la'~eled insulin which could subsequently be bound to 
the membranes (Fig. 12A). After incubation of  membranes ~or 2 h at  37 °C, about 
35 ~o of the binding activity was lost; under the normal incubation conditions of 15 °C 
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Fig, 8. Effect of insulin on rate of  disu)ciation of saSI-labeled insulin fzom membranes, t 2~I-labeled 
insulin (20 pM) was incubated at  15 °C in 3 ml with 300 pg/ml of  me;~brane protein. After 2.5 h, 
100 pl were diluted to 10 ml with buffer or buffer plus I pg/ml of unlabeled insulin. This dilution was 
performed into sapped SW 27 tubes (cellulose nitrate, Beckmam). After the indicated incubation 
time at  15 °C the, entire tuba was centrifuged at  20 000 × g  for 2 rain it, a Sorvall SS-2 at  4 °C. The 
sttpernatant wa~ removed and the bets:ore of  the tube, including the small pellet was cut off and 
counted. The residual r~dioactivity in the pellet was expressed as a percentage of  that t~und immedia- 
tely after dilution. 

Fig. 6, Competition for SaSl-laheled insulin binding by insnlin anulogues and other polypeptide 
hormones, sasI-lebeled insulin (25 pM) was incubated at  15 °C in 0.5 ml with 150/~g of membrane 
protein and the indicated amount of each of  the polypeptide hormones (C~tiek¢~ insulin kindly 
sl~pplied by Dr. J. Simon). After 2,5 h duplicate 200-/~1 aliquots wet,; withdrawn ;rod the specific 
botmd/free ratio determined as described in Materials and M=theds. Results are expressed as a 
p=rcentage of the bound/free ratio found in the presence of labeled insulin alone (boutld/free ----- 0.06). 
"Ihe steeper slope of displacement by desalanine-desasparag/ne (DAis,) insulin was expected since 
this analogue doe~ not induce site-site interactions. 

Fig. 7. ficatchard anul3q;is of insulin binding to turkey erythrocyte nu:mbranes, zzSI-labekd insulin 
(] 8 pM) was incubated at  15 °C in 0.5 ml with v~ying  concentratio)ts of  tmlabele:! insulin. After 
2.5 h duplicate 200-/,1 aliquots were withdrawn and the bound//3~ee ratio determined as described in 
lVtaterials and Methods. The bound insulin wns determined by multiplying the fraction of t:Sl- 
labeled insulin specifically bound by the total insulin concentration. 
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Fig. 9. Effect of insulin concentration on cooperativity. Experimental conditions wer e identical to 
those of Fig. 8 except that the amount of unlabeled insulin in the dilution medium was varied. 
The data are expressed as the percent increase in l='~I-laheled insulin dissociation at 30 rain after 
dilution [13]. 

only 10 ~ o f  the binding activity was lost. At tempts  to  recover the lost activity in the  
supernatant  were unsuccessful. 

DISCUSSION 

Puri6ed plasma membrane o f  the a~4an erythrocyte binds insulin with a 
specific activity 100-fold higher than intact cell::. The membrane purification scheme is 
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Fig. 10. Effect of pl[ cn insulin binding. The buffer con=isted of 50 mM "fris • HCi, 50 mM Ar-2- 
hydroxyethylpiperazine,N'.2-ethanesulfonic acid. HCI, 60raM NaCI, 10raM glucose, ! mg/~l 
bovine serum albumin, with the pH adjusted as indicated, t 2SI-labeled insulin (18 pM) v:as incubat¢,l 
at 15 °C with 150/~g membrane protein in 0.5 ml, with and without unlabeled insulin (340 mM~. 
After 2.5 h duplicate 200-pl uliquots were withdrawn and the be und/free ratio determined as describe :l 
in Materials and Methods. 

technically easy and the yield of insulin receptor high. T ae simplicity of the isolation is 
possible because the plasma membrane need be sepm~t ~ from only two other major 
components: hemoglobin, which is removed by hypotonic lysis, and nuclei~ which ate 
extruded by Dounce homogenization. Magnesium at 2 ~nM is included in the hypotc- 
nic iysis buffer to prevent agglutination of  the cellul~x ghosts, and the Mg z+ concern- 
tration lowered to allow better extrusion of the nuclei by the Dounce homogenizer. 
The membranes thus purified contain no nuclei in pha~e contrast or electron micro- 
scopy and only 0.1% of the initial cellular DNA.  The.~ membranes also show high 
specific binding of insulin and catecholamines. This purification method is s'~ailat to 
that of  Bilezikian and Aurbach [3]. However, the hi;O dithiothreitol levels used in 
theirmethod resulted in  a loss of insulin binding. 

The insulin receptor of  the purified membran,',s appears to be identical to ~ttat 
of the whole cell in its al~aity for insulin, specificity for insulin analogues, kinetics of 
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Fig. 11. Effect of  cations on insulin binding. Z2Sl-labeled insulin (15 pM) was incubated for 2.5 h at  
15 °~ with 50/zi of membrane protein. The basic buffer consisted of  50 m;~ "Iris. HCI, pH 7.8, 
10 mM glucose and I mg/ml bovine serum albumin. The salt concentration of the mixture was varied 
by addition of the chloride salts of the cations. Sucrose was also added to maintain a constant osmolal- 
ity of  260 mosM. The specific bound/free ratio was determined in the presence of the added cation 
and expressed as a percentage of the bound/free with buffer alone. 

association and dissociation, cooperativity between receptor sites, and effects ofpH on 
binding. These binding properties were also identical to those seen with other cells 
~uch as the cultured human lymphocyte [16], cultured human placental cell [21 ] and 
circulating human monocyte (Bar, R. S., personal communication) and with other 
membrane preparations, such as the rat and mouse liver membrane [11, 13]. Thus the 
avian insulin receptor found on erythrocyte plasma membranes retains the binding 
properties found in the whole cell and those common to all insulin receptors. 

In the purification of polypeptide hormone receptors, membrane purification 
is a critical first step, since pure preparations with high specific binding activity facilitate 
further receptor purification. Various membrane preparations have been used as an 
initial step in receptor purification. Most workers, however, have used a simple 
"microsomal" fraction prepared by differential centrifugation. Such prepaxatio~ts 
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have low specific binding activity. Thus, Cuatrecasas [17], attempting to purify the 
insulin receptor of rat  liver, began with a particulate fraction which had a specific 
insulin binding capacity of  only 0.15 pmol/mg protein; Dufau end co-workers [18], 
studying the gonadotropin receptor of rat  ovaries used a pau~culate fraction which 
had a specific gonadotropin-binding capacity of 0.15 pmol/mg; and Shiu [19], 
studying the prolactin receptor of  rabbit  mammary tissue, used a particulate fraction 
which had a specific prolactin-binding capacity of only 0.05 pmolJmg. In contrast to 
these impure preparations, rat  liver plasma membranes, purified by the Neville 
procedure [15] have a specific insufin-binding capacity of 3 pmol]mg and the turkey 
erythrocyte membrane also has a high specific binding ;tctivity for" insulin of 6 pmol/ 
rag. These values are 20--40-fold higher than that  foun([ by C~tatrecasas in the crude 
l~ver microsomes and are comparable to the ~evel of purity that  was found after Triton 

Fig, 12, (A) Loss of in~sulin receptors. F.xythrocyt¢ membranes (500 Fg or protein) were preincul~aled 
in 4,5 In[ at the indicated temperatures. At the indicated times two al~quots of 0.5 mi were withd:awn 
from each. t 251-labeled insulin (18 pM) was ad&:d to both and un]ebel=d insulin (340 mM) to one. 
After an ~ncubation of 2.5 h the behind/free ratio was determined and (,'xpres~ed as a l:ercenta~ of 
the bound/free found after no preineubation. (B) Degradation ofias~in by membranes, t 25L.'a~led 
insu~lin (18 pM) was incubated at 37 °(3 in 3.5 .'hi, with and without 300,,~g/mt of membrane protein. 
At the indicated time~ a 0.75 ml aliquot was withdrawn and sedlmen~:ed at 10000×g for $ vain. 
The percent intact ~=~I-labeled insulin in the supernatant was detarn~ned by trichloroaceti¢ a¢i~t 
{TCA) precipitation and rebinding, as previously described [12]. 
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X-100 solubilization, a m m o n i u m  sulfate fract ionat ion and  DEAE-celluiose chromato-  
g raphy  o f  the  rat  liver insulin receptor [17]. Similarly, the  soluble g lucagon receptor 
d id  no t  reach this level o f  specific binding activity until several steps o f  purification 
[20]. 

In  summary ,  we have purified the  p lasma  membrane  o f  the  turkey erythrocyte 
a n d  have shown the membrane -bound  insulin receptor to be identical to tha t  foun¢[ in 
the  intact  cells. This  highly purified membrane  preparat ion will now serve as a source 
o f  insulin receptors for fur ther  purification. 
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