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ABSTRACT: Treatment of human placenta membranes a t  pH 8.5 in the presence of 2.0 mM dithiothreitol 
(DTT) for 5 min, followed by the simultaneous removal of the DTT and pH adjustment to pH 7.6, resulted 
in the formation of a functional aj3 heterodimeric insulin-like growth factor 1 (IGF-1) receptor complex 
from the native a& heterotetrameric disulfide-linked state. The membrane-bound aj3 heterodimeric complex 
displayed similar curvilinear lZ5I-IGF- 1 equilibrium binding compared to the a2j32 heterotetrameric complex. 
Triton X-100 solubilization of the alkaline pH and DTT-pretreated placenta membranes, followed by Bio-Gel 
A- 1.5m gel filtration chromatography, was found to effectively separate the a2j32 heterotetrameric and a0 
heterodimeric IGF- 1 receptor species. lZ51-IGF- 1 binding to both the isolated a2flz heterotetrameric and 
aj3 heterodimeric complexes demonstrated a marked straightening of the Scatchard plots, compared to the 
placenta membrane-bound IGF- 1 receptors, with a 2-fold increase in the high-affinity binding component. 
Similar to the membrane-bound IFG-1 receptor species, the lZ5I-IGF-l binding properties between the a2& 
heterotetrameric and aj3 heterodimeric complexes were not significantly different. IGF- 1 stimulation of 
IGF- 1 receptor autophosphorylation indicated that the ligand-dependent activation of afl heterodimeric protein 
kinase activity occurred concomitant with the reassociation into a covalent heterotetrameric state. These 
data demonstrate that (i) a combination of alkaline pH and DTT treatment of human placenta membranes 
results in the formation of an aj3 heterodimeric IGF-1 receptor complex, (ii) unlike the insulin receptor, 
high-affinity homogeneous IGF- 1 binding occurs in both the a2P2 heterotetrameric and a0 heterodimeric 
complexes, and (iii) IGF- 1 -dependent autophosphorylation of the aj3 heterodimeric IGF- 1 receptor complex 
correlates with an IGF- 1 -dependent covalent reassociation into an a2P2 heterotetrameric disulfide-linked 
state. 

Insulin and insulin-like growth factor 1 (IGF-1)’ are struc- 
turally related polypeptide hormones with a high degree of 
amino acid homology as well as overlapping biological activities 
(Rinderknecht & Humbel, 1976, 1978; Van Wyk & Under- 
wood, 1978; Zapf et al., 1978; Froesch et al., 1985). Each 
of these hormones binds with high affinity to its own specific 
cell-surface receptor but can also bind to the heterologous 
receptor albeit with a substantially reduced binding affinity 
(Van Wyk et al., 1980; Bhaumick et al., 1981a; Kasuga et al., 
1981; Massague & Czech, 1982). Human placenta mem- 
branes are rich in both the insulin and IGF-1 (type 1) receptors 
which, similar to insulin and IGF- 1, also share structural and 
functional properties (Marshall et al., 1974; Jacobs et al., 1980; 
Massague et al., 1980; Bhaumick et al., 1981b; Chernausek 
et al., 1981; Kasuga et al., 1981, 1982; Jacobs & Cuatrecasas, 
1981; Massague & Czech, 1982). These receptor species are 
both composed of two nonidentical subunits with approximate 
molecular weights of 135 000 ( C Y )  and 95 000 (p)  disulfide- 
linked into an a2P2 heterotetrameric complex (Czech, 1985; 
Kahn, 1985; Jacobs, 1985; Rechler & Nissley, 1985). The 
a subunit(s) contain(s) the high-affinity ligand binding do- 
main(s) and exist(s) exclusively on the extracellular face of 
the plasma membrane (Ebina et al., 1985; Grunfeld et al., 
1985; Ullrich et al., 1985, 1986; Pilch et al., 1986). The a 
subunits are covalently anchored to the cell surface by disulfide 
bonds with the transmembrane fl  subunits which encode for 

the intracellular tyrosine-specific protein kinase domain, ATP 
binding site(s), and several phosphotyrosine acceptor sites 
(Avruch et al., 1982; Kasuga et al., 1982b,c; Jacobs et al., 
1983; Roth & Cassell, 1983; Rubin et al., 1983; Shia & Pilch, 
1983; Van Obberghen et al., 1983; Zick et al., 1984; Sasaki 
et al., 1985; Fujita-Yamaguchi et al., 1986; Yu et al., 1986). 
Although extensive structural information has been accumu- 
lated for both the insulin and IGF-1 receptors, the molecular 
mechanism by which extracellular ligand binding to the a 
subunit results in the transmembrane activation of the @- 
subunit intracellular protein kinase domain has not been 
elucidated to date. Recently, a method has been developed 
to obtain functional insulin receptor a@ heterodimers from the 
a2p2 heterotetrameric disulfide-linked complex using a com- 
bination of alkaline pH and DTT (Boni-Schnetzler et al., 1986, 
1987; Sweet et al., 1987a,b). Several studies examining the 
properties of the ap heterodimeric insulin receptor complex 
have demonstrated homogeneous insulin binding (linear 
Scatchard plot) whereas the typically observed high-affinity 
curvilinear insulin binding apparently required the presence 
of the adz  heterotetrameric complex (Deger et al., 1986; Koch 
et al., 1986; Boni-Schnetzler et al., 1987, Sweet et al., 1987a). 
Further, the (YO heterodimeric insulin receptor complex was 
found to be relatively kinase inactive and insulin independent 
(Shia et al., 1983; Boni-Schnetzler et al., 1986) but displayed 
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insulin-stimulated protein kinase activity when accompanied 
by covalent reassociation into a disulfide-linked a2P2 hetero- 
tetrameric state (Boni-Schnetzler et al., 1986; Sweet et al., 
1987b). 

In this paper, we have further extended these studies to 
determine the IGF- 1 binding properties and protein kinase 
activity of the a@ heterodimeric IGF-1 receptor complex 
isolated from human placenta membranes. The relationship 
between IGF- 1 binding, IGF- 1 stimulation of auto- 
phosphorylation, and IGF- 1 -dependent covalent reassociation 
of the a@ heterodimeric complex into an a& heterotetrameric 
state has been examined. 
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of 0.1% bovine y-globulin and 0.5 mL of 25% poly(ethy1ene 
glycol) at 4 OC, followed by microcentrifugation at 13000g 
for 10 min. The supernatant was aspirated off, and the pellets 
were washed with 1.0 mL of 10% poly(ethy1ene glycol). 
Nonspecific binding was determined in the presence of 100 
nM unlabeled IGF-1 in the binding assays. Competition of 
1251-IGF-l binding was generated by incubating the various 
IGF- 1 receptor samples with 0.5 nM IZ5I-IGF- 1 plus increasing 
concentrations of unlabeled IGF-1 (0.1-30 nM) or unlabeled 
insulin (0.1-1000 nM). Scatchard analysis (Scatchard, 1949) 
was performed by using a modification of the computer pro- 
gram LIGAND provided by the Diabetes and Endocrinology 
Research Center, The University of Iowa. The concentration 
of Triton X-100 in all the soluble IGF-1 binding assays was 
maintained at 0.025%. 

Bio-Gel A-I .5m Gel Filtration Chromatography. Solubi- 
lized IGF-1 receptors, after various treatments as described 
in the figure legends, were resolved on separate Bio-Gel A- 
1.5m (1.6 X 46 cm) gel filtration columns equilibrated with 
50 mM Tris-HC1, pH 7.6,0.1% Triton X-100, 150 mM NaCl, 
and 0.02% NaN, at 4 "C. The columns were run at a flow 
rate of 15 mL/h, and 18 mL was voided before collecting 
0.4-mL fractions. Fractions from the Bio-Gel A-1.5m gel 
filtration columns were then assayed for IZ5I-IGF- 1 binding 
and affinity cross-linking. 

ZGF-1 Affinity Cross- Linking. IGF- 1 receptor samples 
(membranes, solubilized or gel filtered) were incubated for 
16 h at 4 OC in the presence of 0.5 nM lZ5I-IGF-l in KRH 
buffer plus 0.1 mg/mL bacitracin and 0.1% bovine serum 
albumin. Affinity cross-linking was initiated by the addition 
of 5.0 mM DSS in 10% dimethyl sulfoxide/45% ethanol to 
yield a final DSS concentration of 0.1 mM. The samples were 
then incubated for 5 min at 4 OC followed by the serial addition 
of 1.0 M Tris, pH 10.5, 0.5 mL of 0.02% bovine y-globulin 
plus 0.1% bovine serum albumin, and 0.5 mL of 25% poly- 
(ethylene glycol). The samples were centrifuged, washed as 
described earlier for IGF- 1 binding assays, resuspended in 
water, and subjected to SDS-polyacrylamide gel electropho- 
resis under nonreducing conditions. 

Autophosphorylation of the IGF-J Receptors. The Bio-Gel 
A-1.5m column isolated IGF-1 receptor complexes were in- 
cubated for 1 h at 23 OC in the absence or presence of 100 
nM IGF-1 or 100 nM insulin in 50 mM Hepes, pH 7.8, 10 
mM MnC12, and 10 mM MgClZ. The autophosphorylation 
reactions were initiated by the addition of [ Y - ~ ~ P I A T P  (100 
pM, 3 pCi/nmol) and terminated after 5 min by the addition 
of Laemmli sample buffer (50 mM Tris-HC1, pH 6.9, 10% 
glycerol, 0.05% bromophenol blue, and 1 .O% SDS). 

SDS-Polyacrylamide Gel Electrophoresis. IGF- 1 affini- 
ty-cross-linked and [y-32P]ATP-autophosphorylated samples 
were run under nonreducing conditions using 3-10% linear 
gradient SDS-polyacrylamide gels containing a 3% stacking 
gel [acrylamide:bis(acrylamide) ratio of 37.5: 1 .O] according 
to the procedure of Laemmli (1970). 1251-IGF-l affinity- 
cross-linked and 32P-autophosphorylated receptors were mixed 
with Laemmli sample buffer and applied to the 3-10% gels 
without heating. The gels were stained with Coomassie 
Brilliant Blue R, dried, and autoradiographed with Kodak 
XAR-5 film using Cronex lightning-plus intensifying screens. 

RESULTS 
It has been previously established that treatment of human 

placenta membranes at pH 8.5 (Boni-Schnetzler et al., 1987), 
but not at pH 7.6 (Sweet et al., 1986, 1987), in the presence 
of 1-2 mM DTT results in the formation of a functional a@ 
heterodimeric insulin receptor complex upon detergent solu- 

EXPERIMENTAL PROCEDURES 

Materials 
Bovine serum albumin, bacitracin, protease inhibitors, and 

DTT were purchased from Sigma Chemical Co. [T-,~P]ATP 
(3000 Ci/mmol) was purchased from New England Nuclear. 
Triton X- 100, Bio-Gel A- 1.5m resin, and electrophoresis 
reagents were obtained from Bio-Rad. DSS, XAR-5 film, and 
Cronex lightning-plus intensifying screens were obtained 
through Pierce, Kodak, and Du Pont Chemical Co., respec- 
tively. Molecular weight SDS-polyacrylamide gel standards 
were obtained from Bethesda Research Laboratories. Porcine 
insulin was graciously provided by Dr. R. Chance, Eli Lilly 
Co., and recombinant IGF-1 was purchased from Toyobo. 
1251-IGF-l (100-150 Ci/g) was prepared by the Diabetes and 
Endocrinology Research Center, The University of Iowa. 

Methods 
Membrane Preparation. Human placenta membranes were 

prepared from freshly obtained human placentas by the pro- 
cedure of Harrison and Itin (1980). Placental membranes (10 
mg/mL) were stored at -70 "C in 250 mM sucrose, 10 mM 
Tris-HC1, pH 7.6, 2 mM EDTA, 1 mM phenylmethane- 
sulfonyl fluoride, 25 mM benzamidine hydrochloride, 10 pM 
leupeptin, 50 trypsin inhibitor units of aprotinin, 1 mM 
1,lO-phenanthroline, and 1 pM pepstatin A. Protein con- 
centration was determined by a modification of the method 
described by Lowry et al. (1951). 

Treatment of Membranes with DTT. Placenta membranes 
(10 mg/mL) were incubated at 23 "C for 25 min at pH 8.5 
by the addition of the appropriate amount of 1.0 M Tris. 
Membranes were then incubated for 5 min at 23 O C  in the 
presence or absence of freshly prepared 2.0 mM DTT in water. 
The placenta membranes were immediately diluted with a 
10-fold excess of 50 mM Tris-HC1, pH 8.5, 150 mM NaCl, 
2 mM EDTA, and 0.02% NaN, (TEN buffer) at 4 "C and 
centrifuged for 20 min at 48000g. The supernatant following 
centrifugation was aspirated, and the membrane pellets were 
washed with the corresponding TEN buffer, pH 8.5. The 
membrane pellets were then resuspended with TEN buffer. 
This procedure effectively brings the DTT concentration below 
detectable levels (data not shown). Samples of the resuspended 
pellets were solubilized with 1.0% Triton X-100 and 10 pM 
leupeptin for 30 min at 4 OC followed by microcentrifugation 
at 13000g for 30 min at 4 O C .  

ZGF-J Binding. IGF-1 binding to placenta membranes, 
Triton X-100-solubilized membranes, or Bio-Gel A-1 S m  gel 
filtration column fractions was performed by the addition of 
0.5 nM Iz5I-IGF-l for 16 h at 4 OC in a final volume of 0.2 
mL with KRH buffer (50 mM Hepes, pH 7.6, 130 mM KC1, 
1.3 mM CaCI2, and 1.3 mM MgS04) plus 0.1 mg/mL ba- 
citracin and 0.1% bovine serum albumin. Free lZ5I-IGF-l was 
separated from the bound hormone by the addition of 0.5 mL 
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FIGURE 1 : Time course of la1-IGF- 1 binding to placenta membranes 
and solubilized membranes. Placenta membranes (10 mg/mL) were 
incubated at pH 8.5 in the absence or presence of 2.0 mM DTT at 
23 OC for the times indicated. The reaction was stopped by dilution, 
centrifugation, and resuspension of the membranes as described under 
Experimental Procedures. Aliquots of the membranes (40 pg) were 
either used directly (0) or solubilized (0) in I.Wo Triton X-100 prior 
to 1251-IGF- 1 binding. 

bilization. In contrast, in the absence of detergent solubili- 
zation, the membrane environment was found to maintain 
a@-a@ heterodimeric subunit interactions despite reduction 
of the class I disulfide bonds responsible for the covalent 
assembly of the af12 heterotetrameric insulin receptor complex 
(Boni-Schnetzler et al., 1987). In order to characterize the 
DTT-dependent formation of an a@ heterodimeric IGF-1 re- 
ceptor complex, we initially examined the time dependence 
of IZ5I-IGF-l binding to placenta membranes and deter- 
gent-solubilized placenta membranes pretreated with 2.0 mM 
DTT at pH 8.5 (Figure 1). Placenta membranes were in- 
cubated for various times with 2.0 mM DTT at pH 8.5, and 
the DTT was removed by dilution, centrifugation, and re- 
suspension. Aliquots of these pretreated membranes were then 
subjected to detergent solubilization with 1 .O% Triton X-100. 
The combination of alkaline pH and DTT treatments was 
observed to initially increase tracer 1251-IGF-l binding to both 
the placenta membranes and the detergent-solubifized mem- 
branes by approximately 30% within 5 min. However, after 
longer incubation times (30 min), the IZSI-IGF-l binding was 
found to progressively decrease and returned to the initial 
binding activity observed in the absence of DTT. 
To determine the molecular identities of the IGF-1 binding 

species present after the alkaline pH and DTT treatments, 
IZ51-IGF-l affinity cross-linking was performed on both the 
placenta membranes and the detergent-solubilized membranes 
(Figure 2). IZSI-IGF-l labeling of placenta membranes 
(Figure 2A, lanes 1-3) and detergent-solubilized membranes 
(Figure 2B, lanes 1-3) incubated at pH 8.5 in the absence of 
DTT demonstrated the presence of the Mr 400000 a& 
heterotetrameric IGF- 1 receptor complex. The affinity la- 
beling of the two lower molecular weight bands of approxi- 
mately Mr 350 000 and 300 000 reflects the presence of the 
proteolytic receptor products a2@4 and a2(&)2, respectively. 
IZ51-IGF-l affinity cross-linking performed in the presence of 
50 nM unlabeled insulin (lanes 2,5, and 8) was unable to 
compete for the specific labeling of these receptor bands 
whereas 50 nM unlabeled IGF-1 (lanes 3,6, and 9) completely 
inhibited the IZ51-IGF-l cross-linking. Pretreatment of the 
placenta membranes and detergent-solubilized membranes for 
5 min (lanes 4-6) or 30 min (lanes 7-9) at alkaline pH in the 
presence of DTT demonstrated the appearance of the Mr 
210000 a@ heterodimeric IGF-1 receptor complex with a 
decrease in the amount of the M, 400000 a$I2 heterotetram- 
eric complex. In several experiments, near-maximal formation 
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FIGURE 2 Effect of DTT treatment on '%IGF- 1 afhity cmss-linking 
of placenta membranes and solubilized membranes. (A) Placenta 
membranes (10 mg/mL) were incubated at pH 8.5 in the absence 
(lanes 1-3) or presence of 2.0 mM DTT at 23 OC for 5 min (lanes 
4-6) or 30 min (lanes 7-9). The reaction was stopped by dilution, 
centrifugation, and resuspension of the membranes. Aliquots of the 
membranes (40 pg) were affinity cross-linked after incubation with 
1251-IGF-l for 16 h at 4 OC in the absence (lanes I ,  4, and 7) or 
presence of 50 nM unlabeled insulin (lanes 2, 5, and 8) or 50 nM 
unlabeled IGF-1 (lanes 3.6, and 9) as described under Experimental 
Procedures. (B) The placenta membranes incubated as above (A) 
were solubilized with 1.0% Triton X-100 prior to IZSI-IGF-I affinity 
cross-linking in the absence (lanes 1,4, and 7) or presence of 50 nM 
unlabeled insulin (lanes 2-5, and 8) or 50 nM unlabeled IGF-1 (lanes 
3, 6, and 9). 

of the a@ heterodimeric IGF-1 receptor complex with complete 
preservation of IGF-1 binding activity occurred when the 
placenta membranes were Triton X-100 detergent solubilized 
subsequent to the 5-min DTT' treatment at pH 8.5. Reducing 
SDS-polyacrylamide gel electrophoresis demonstrated that 
all the ItSI-IGF-l affinity-cross-linked bands migrated with 
the expected mobility of the M, 135 000 a subunit (data not 
shown). 

The ability of unlabeled IGF-1 and insulin to compete for 
IZSI-IGF-l binding to placenta membranes incubated at pH 
8.5 in the presence or absence of DTT for 5 min is presented 
in Figure 3. Competition of lxI-IGF-l binding by unlabeled 
IGF-1 for both membrane preparations demonstrated saturable 
binding with half-maximal inhibition occurring at approxi- 
mately 1.5 nM IGF-I and with maximal inhibition requiring 
30 nM IGF-1. In contrast, insulin was only able to partially 
compete for IZSI-IGF- I binding, with half-maximal inhibition 
occurring at 500 and 800 nM insulin for the untreated (Figure 
3A) and DTT-treated (Figure 3B) placenta membranes, re- 
spectively. Thus, the ability of unlabeled IGF-1 and insulin 
to compete for tracer IZSI-IGF-l binding was similar whether 
or not the placenta membranes were pretreated with DTT at 
pH 8.5 and are analogous to previous studies performed in the 
absence of DTT (Marshall et al., 1974). Similarly, no dif- 
ferences were observed between placenta membranes incubated 
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FIGURE 3: Competition of lZSI-IGF-l binding by unlabeled IGF-1 and insulin to control and DTT-treated placenta membranes. Placnta membranes 
(10 mg/mL) were incubated at pH 8.5 in the absence (A) or presence (B) of 2.0 mM DTT for 5 min as described in Figure 1. 1251-IGF-l 
(0.5 nM) was then added to the placenta membranes (40 p g )  for 16 h at 4 OC in the presence of increasing concentrations of unlabeled IGF-1 
(e) or unlabeled insulin (0). The specific binding of 12sI-IGF-1 was determined as described under Experimental Procedures. The maximal 
percent specific binding in these experiments was 26.3% and 29.0% in the absence and presence of DTT, respectively. 
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FIGURE 4: Scatchard analysis of 1Z51-IGF-l binding to control and 
DTT-treated placenta membranes. Placenta membranes (10 mg/mL) 
were incubated at pH 8.5 in the absence (0) or presence of 2.0 

binding by unlabeled IGF-1 was then analyzed by the method of 
Scatchard as described under Experimental Procedures. 

in the presence or absence of DTT at pH 7.6 (data not shown). 
Scatchard analysis of the competition of 1251-IGF- 1 binding 

by unlabeled IGF- 1 generated curvilinear binding isotherms 
for both the untreated and DTT-treated placenta membranes 
(Figure 4). Although the IGF-1 Scatchard plots deviated 
significantly from linearity, they were never observed to be 
as concave as the corresponding insulin binding curves in 
human placenta membranes (Harrison & Itin, 1980). 
Scatchard analysis of IGF-1 binding to the untreated and 
DTT-treated membranes revealed identical (0.28 nM) high- 
affinity IGF-1 dissociation constants. However, the total 
number of IGF-1 binding sites was found to be consistently 
increased approximately 20% by the DTT treatment. This 
apparently occurred due to an increase in the number of 
low-affinity binding sites subsequent to DTT treatment. The 
ability of DTT at pH 8.5 to enhance 1251-IGF-l binding to 
human placenta membranes is similar to that previously ob- 
served at pH 7.6 (Jonas & Harrison, 1986). 

Recent studies have demonstrated that although alkaline 
pH and DTT treatment of placenta membranes results in the 
reduction of the disulfide bonds necessary for the covalent 
attachment between the a@ heterodimeric insulin receptors, 
the a@ heterodimers remain associated and can still func- 
tionally interact (Boni-Schnetzler et al., 1987). In order to 
examine the properties of the a@ heterodimeric IGF-1 receptor 
complex, we next employed Bio-Gel A- 1.5m gel filtration 

mM DTT as described in Figure 3. The competition of I ’  51-IGF-l 
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FIGURE 5: Bio-Gel A-l.5m gel filtration column profiles of IGF-1 
binding to placenta membranes incubated in the absence or presence 
of DTT. Placenta membranes (10 mg/mL) were incubated in the 
absence (0) or presence (e) of 2.0 mM DTT as described in . igure 
3. The membranes were then solubilized with 1.0% Triton X-100 
and applied to Bio-Gel A-1.5m gel filtration columns (1.6 X 46 cm). 
Approximately 18 mL was voided before 0.4-mL fractions were 
collected. Aliquots (50 pL) of column fractions were then assayed 
for Iz5I-IGF- 1 binding activity as described under Experimental 
Procedures. 

chromatography to ensure separation of the az[ heterotet- 
rameric and a@ heterodimeric IGF-1 receptor species in the 
Triton X- 100 solubilized placenta membranes (Figure 5). 
Triton X- 100 solubilized placenta membranes incubated at 
pH 8.5 in the absence of DTT migrated in the Bio-Gel A-1.5m 
gel filtration columns as a single broad symmetrical peak with 
a K,, of approximately 0.1 8. Placental membranes incubated 
at pH 8.5 in the presence of DTT prior to Triton X-100 
solubilization migrated with a decreased mobility in these 
columns with a K,, of approximately 0.33. A peak of lZ5I- 
IGF- 1 binding activity was also consistently observed at the 
void volume in the Bio-Gel A-1.5m columns and probably 
reflects the presence of a small amount of aggregated IGF- 1 
receptors. 

To confirm that the materials migrating in the Bio-Gel 
A-1.5m gel filtration columns with the K,, = 0.18 and 0.33 
were the aZp2 heterotetrameric and a@ heterodimeric IGF- 1 
receptor complexes, respectively, 1251-IGF- 1 affinity cross- 
linking was performed on these column fractions (Figure 6 ) .  
lZ5I-IGF-l affinity cross-linking of the Bio-Gel A-1.5m gel 
filtration column fractions from the detergent-solubilized 
placenta membranes incubated at alkaline pH in the absence 
of DTT only identified the M, 400 000 aZp2 heterotetrameric 
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FIGURE 6: I2wGF-l affinity cross-linking of the Bio-Gel A-1.5m 
gel filtration column fractions. Aliquots (50 HL) from the fractions 
obtained by Bio-Gel A-1.5m gel filtration chromatography (Fi ure 
5 )  were incubated for 16 h at 4 OC in the presence of 0.5 nM H251- 
IGF-I. The samples were then affinity cross-linked with 0.1 mM DSS 
and subjected to nonreducing SDS-polyacrylamide el electrophoresis 

cross-linking profiles from placenta membranes previously incubated 
in the absence of DIT, followed by detergent solubilization and Bio-Gel 
A-l.5m gel filtration chromatography. (B) '251-IGF-1 cross-linking 
profiles from placenta membranes previously incubated in the presence 
of 2.0 mM DTT, followed by detergent solubilization and Bio-Gel 
A-1 .5m gel filtration chromatography. 

IGF- 1 receptor complex by nonreducing SDS-polyacrylamide 
gel electrophoresis (Figure 6A). The maximal amount of 
IZI-IGF-1 affinity labeling occurred in fractions corresponding 
to the peak position (Kav = 0.18) of the arB2 heterotetrameric 
complex in the Bio-Gel A-1.5m gel filtration columns (Figure 
5). In contrast, 12%IGF-l affinity cross-linking of the Bio-Gel 
A-1 S m  gel filtration column fractions from the detergent- 
solubilized placenta membranes previously incubated at al- 
kaline pH in the presence of 2.0 mM DTT identified both the 
arg2 heterotetrameric and a@ heterodimeric complexes (Figure 
6B). Under these conditions, the peak of 1251-IGF-I labeling 
occurred in the column fractions corresponding to the mobility 
of the a@ heterodimeric complex (Kav = 0.33) observed by 
lZSI-IGF-l binding (Figure 5B). Surprisingly, almost no arB2 
heterotetrameric complex was detected in the fractions cor- 
responding to the mobility of the a& heterotetramers (Kav  
= 0.18) even though 12SI-IGF-1 aftkity cross-linking identified 
both the heterotetrameric and a@ heterodimeric com- 
plexes in the fractions with the mobility of the arf? heterodimers 
(Kav = 0.33). Similar to Figure 2, the material migrating with 
an increased mobility compared to the arf? heterodimeric 
complex was due to the presence of proteolyzed a& complexes. 

We next determined if the appearance of the IZ5I-IGF-l 
affinity cross-linked arB2 heterotetrameric complex in the peak 
af? heterodimeric fractions from the Bio-Gel A-1.5m gel fil- 

as described under Experimental Procedures. (A) 4 %IGF-I affinity 

200K - -aB- 0.m 
- -  

-a- 
97K - 
68K- 

IANmM o 1 10 0 1 10 

FIGURE 7: Effect of sulfhydryl alkylation on the I2%IGF-l affinity 
cross-linking of the a#2 heterotetrameric and a;B hetdimeric IGF-1 
receptor complexes. Aliquots (50 pL) of the pooled  CY#^ hetero- 
tetrameric (A) and a6 heterodimeric (B) peak fractions from Bio-Gel 
A-l.5m gel filtration chromatography, as described in Figure 5, were 
incubated in the absence (lane 1) or presence of 1 .O mM (lane 2) and 
10 mM (lane 3) IAN for 30 min. The samples were then incubated 
with 0.5 nM 12SI-IGF-I for 16 h at 4 OC followed by DSS affinity 
cross-linking and nonreducing SDS-polyacrylamide gel electrophoresis 
as described under Experimental Procedures. Quantitation of labeling 
intensity was determined by scanning laser densitometry. 

tration columns (Figure 6B) was.due to the presence of a small 
amount of contaminating heterotetrameric complex or 
occufted as a result of an IGF-1-induced covalent reasmiation 
of the arfl heterodimeric complex. To address these possi- 
bilities, the isolated aB2 heterotetrameric and a@ hetero- 
dimeric complexes were 12SI-IGF-1 affinity cross-linked in the 
presence or absence of the specific sulfhydryl alkylating agent 
IAN (Figure 7). As previously observed in the absence of 
IAN (Figure 6B), I2%IGF-l affinity cross-linking of the a@ 
heterodimer preparation resulted in the affinity labeling of the 
arg2 heterotetrameric complex (Figure 7B, lane 1). In con- 
trast, IZ51-IGF-l affinity cross-linking of the af? heterodimeric 
preparation preincubated with 1.0 (lane 2) or 10 (lane 3) mM 
IAN significantly blocked the appearance of the '251-IGF-I- 
labeled arB2 heterotetrameric complex. IZSI-IGF- 1 affinity 
labeling of the control arB2 heterotetramer preparation, either 
untreated or pretreated with IAN, uniquely identified the Mr 
4OOOOO arB2 heterotetrameric complex (Figure 7A, lanes 1-3). 
Similar results were also obtained when the specific sulfhydryl 
agent N-ethylmaleimide was used (data not shown). These 
data demonstate that the appearance of the IZSI-IGF-l af- 
finity-labeled a#2 heterotetrameric complex in the ar@ het- 
erodimer preparation was due to an IGF- 1 -induced covalent 
reassociation of the a@ heterodimer and not a result of 
cross-contamination with the heterotetrameric complex. 

Competition of '251-IGF-l binding to the Bio-Gel A-l.5m 
gel filtration column peak fractions of the arB2 heterotetram- 
eric and arf? heterodimeric IGF- 1 receptor complexes is shown 
in Figure 8. Unlabeled IGF-1 (30 nM) completely inhibited 
tracer IZSI-IGF- 1 binding with half-maximal inhibition oc- 
curring at 0.8 nM IGF-1 for the isolated afl2 heterotetrameric 
complex (Figure 8A). In contrast, half-maximal inhibition 
by unlabeled insulin oocurred at approximately 70 nM, similar 
to that reported for the purified IGF-1 receptor (Casella et 
al., 1986). lZSI-IGF-l binding to the isolated o@ heterodimeric 
IGF-1 receptor complex also was completely inhibited by 30 
nM unlabeled IGF-I with half-maximal inhibition occurring 
at approximately 1 nM (Figure 8B). Similar to the control 
and DTT-treated placenta membranes (Figure 3B), unlabeled 
insulin was able to half-maximally displace lZSI-IGF-I binding 
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FIGURE 8: Competition of Iz5I-IGF-1 binding by unlabeled IGF-1 and insulin to the Bio-Gel A-l.5m gel filtration column isolated az@2 
heterotetrameric and a@ heterodimeric IGF- 1 receptor complexes. The a2Pz heterotetrameric and ab heterodimeric receptor complexes were 
isolated as described in Figure 5. (A) 1251-IGF-l (0.5 nM) in the presence of unlabeled insulin (0) or unlabeled IGF-1 (0) was incubated 
for 16 h at 4 OC with the isolated a& heterotetrameric complex. (B) lZ51-IGF-l (0.5 nM) in the presence of unlabeled insulin (0) or unlabeled 
IGF-1 (0) was incubated for 16 h at 4 OC with the isolated ab heterodimeric complex. The amount of specifically bound lZSI-IGF- 1 was determined 
as described under Experimental Procedures. The maximal percent specific binding in these experiments was 10.9% and 9.9% in the absence 
and presence of DTT, respectively. 
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FIGURE 9: Scatchard analysis of lZ5I-IGF-l binding to the Bio-Gel 
A-1.5m gel filtration column isolated a2b2 heterotetrameric and ab 
heterodimeric IGF-1 receptor complexes. The ad2 heterotetrameric 
and a@ heterodimeric complexes subjected to competition of Iz5I-IGF- 1 
binding by unlabeled IGF-1 (Figure 8) were analyzed by the method 
of Scatchard as described under Experimental Procedures. 

to the a@ heterodimers with an approximate 3 log unit shift 
to the right compared to unlabeled IGF-1. 

Scatchard analysis of lZ51-IGF- 1 binding to the Bio-Gel 
A-1 .5m gel filtration column isolated ab heterodimeric IGF-1 
receptor demonstrated a linear (homogeneous) binding iso- 
therm (Figure 9). Similarly, lZ51-IGF-l binding to the isolated 
a2P2 heterotetrameric complex also displayed a marked 
straightening of the binding isotherm compared to the placenta 
membrane bound IGF- 1 receptor complexes (Figure 9). The 
high-affinity dissociation constant was increased approximately 
2-fold in both the a2P2 heterotetrameric (0.45 nM) and a/3 
heterodimeric (0.62 nM) complexes isolated by Bio-Gel A- 
1.5m gel filtration chromatography compared to the placenta 
membrane bound receptor complexes (0.28 nM). No sig- 
nificant differences were observed in the overall IGF- 1 binding 
affinity or number of IGF-1 binding sites between the Bio-Gel 
A- 1.5m gel filtration column isolated a2P2 heterotetrameric 
and a@ heterodimeric IGF- 1 receptor complexes. 

A summary of the IGF- 1 binding parameters to the placenta 
membrane bound and Bio-Gel A-1.5m gel filtration column 
purified a& heterotetrameric and aP heterodimeric complexes 
is presented in Table I. Although it was possible to fit the 
membrane binding data to both a one- and a two-site model, 
the analysis would only accept a one-site model for the Bio-Gel 
A- 1.5m gel filtration column purified a2Pz heterotetrameric 

Table I: IGF-1 Binding Parameters‘ 
Two-Site Binding Model 

dissociation constant binding sites 

1JKtt IlKn, RI R, 
(nM) (pmollmg) 

placenta membranes 
-DTT 0 . 2 8 f 0 . 1 1  8 . 7 f 4 . 1  1 . 0 i 0 . 2  2 . 7 f 0 . 3  
+DTT 0.28 fO.10 7.1 f 2 . 1  1.1 f 0 . 2  3.3 f 0 . 2  

One-Site Binding Model 
dissociation binding sites 

constant (nM) (pmollmg) 
1lKll Rl 

placenta membranes 
-DTT 0.57 i 0.08 1.6 f 0.1 
+DTT 0.69 f 0.09 2.0 f 0.1 

-DTT 0.45 f 0.16 3.2 i 0.5 
+DTT 0.62 f 0.10 3.3 f 0.3 

Bio-Gel A- 1.5m 

“Analyzed by both a two-site and a one-site binding model (Munson 
& Rodbard, 1980) for the control and DTT-treated placenta mem- 
branes (Figure 4) and by a one-site model only for the Bio-Gel A-1.5m 
gel filtration column isolated a2p2 heterotetrameric and a@ hetero- 
dimeric IGF- 1 receutor comulexes (Figure 9). 

and a@ heterodimeric complexes. 
Autophosphorylation of the isolated a2P2 heterotetrameric 

complex in the presence of 100 nM IGF-1 demonstrated an 
approximate 3-fold increase in the initial rate (5 min) of IGF-1 
receptor self-phosphorylation (Figure 10A, lane 2 ) .  Since these 
fractions also contain the ad2 heterotetrameric insulin receptor 
complex, 100 nM insulin was observed to stimulate the initial 
rate of the insulin receptor self-phosphorylation approximately 
4-fold (Figure 10A, lane 3). Autophosphorylation of the 
Bio-Gel A-1.5m gel filtration column isolated a@ heterodimers, 
in the absence of ligand, demonstrated not only the phos- 
phorylation of the ap heterodimeric complex but also the 
presence of a trace amount of the 32P-labeled a2P2 hetero- 
tetrameric complex in three experiments (Figure 10B, lane 1). 
Autophosphorylation of the a@ heterodimeric preparation in 
the presence of 100 nM IGF-1 had essentially no effect on the 
extent of ab heterodimer phosphorylation but markedly in- 
creased (4-fold) the amount of 32P-labeled a2P2 heterotet- 
rameric complex present (Figure IOB, lane 2 ) .  On the other 
hand, 100 nM insulin increased the amount of a@ heterodimer 
phosphorylation approximately 5-fold as well as increasing the 
extent of 32P-labeled azPz heterotetrameric complex 5-fold 
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FIGURE 1 0  IGF-I- and insulindepmdemt autophosphorylation of the 
Bio-Gel A-l.5m gel filtration column peak fractions of the a& 
heterotetrameric and a@ heterodimeric receptor complexes. The 
isolated a& heterotetrameric (A) and a@ heterodimeric (B) receptor 
complexes, as described in Figure 5,  were incubated in the absence 
(lane 1) or presence of 100 nM IGF-I (lane 2) or 100 nM insulin 
(lane 3) for 1 h at 23 OC. The autophosphorylation reaction was 
initiated by the addition of 100 pM [y3*P]ATP (3 pCi/nmol) for 
5 min and terminated with Laemmli sample buffer. The samples were 
then separated by nonreducing 3- 10% SDS-polyacrylamide gel 
electrophoresis. Quantitation of the labeling intensity was determined 
by scanning laser densitometry. 

(Figure IOB, lane 3). On the basis of the competition of 
1251-IGF-I binding by unlabeled IGF-1 and insulin (Figures 
3 and 8), the concentrations of IGF-I and insulin used in these 
phosphorylation reactions were specific for their homologous 
receptors. 

DISCUSSION 
It has previously been observed that reduction of both the 

class I and class I1 disulfide bonds necessary for the covalent 
assembly of the heterotetrameric insulin receptor complex 
does not result in receptor subunit dissociation under normally 
used nondenaturing buffer conditions (Sweet et al., 1986). 
However, it has been recently observed that a simultaneous 
treatment of the human placenta afl2 heterotetrameric insulin 
receptor complex with 1-2 mM DTT at pH 8.5 results in the 
formation of a functional a@ heterodimeric complex (Boni- 
Schnetzler et al., 1987). In this study, we have examined the 
ability of this procedure to generate IGF-1 receptor a8 het- 
erodimers from the human placenta a& heterotetrameric 
disulfide-linked IGF- 1 receptor complex. Preincubation of 
placenta membranes at alkaline pH in the presence of DTT 
was found to initially increase (30%) the extent of tracer 
IZSI-IGF- 1 binding to both membranes and detergent-soh- 
bilized membranes (Figure 1) similar to that observed by Jonas 
and Harrison ( 1986). This is presumably due to a direct effect 
on the IGF-1 receptor since the membranes are incubated with 
DTT and subsequently washed to remove the reducing agent 
before the addition of I2%IGF-l. Longer incubation times 
with DTT (30 min) were found to decrease the amount of 
tracer IZ5I-IGF-l binding to approximately the same level as 
observed in the absence of DTT. These data indicate that the 
IGF-1 receptor at alkaline pH is stable to short-term exposure 
to DTT but upon longer incubation the receptor apparently 
begins to undergo denaturation presumably as a result of 
disulfide bond reduction. Thus, although the DIT treatment 
may reduce additional disulfide bonds not directly involved 

in IGF-I receptor subunit assembly, this can be effectively 
minimized by short-term incubation with reductant. 

IZSI-IGF-1 affinity cross-linking of the DIT-treated placenta 
membranes demonstrated that the reduction of the class I 
disulfide bonds responsible for the maintenance of the covalent 
ad2 heterotetrameric structure had occurred under these 
conditions (Figure 2). However, the formation of the a$ 
heterodimeric complex was only partially efficient, and a 
significant amount of the ~ ~ $ 3 2  heterotetrameric complex was 
present. In contrast, a greater proportion of the a@ hetero- 
dimeric complex was generated when the pretreated mem- 
branes were initially detergent solubilized before I2%IGF-l 
affinity cross-linking was performed. These data are consistent 
with the ability of the membrane-bound CY@ heterodimeric 
IGF-1 receptors to more easily reassociate into a covalent afi2 
heterotetrameric complex in an IGF-1 -dependent manner, as 
has been observed for the a8 heterodimeric insulin receptor 
complex (Boni-Schnetzler et al., 1986; Sweet et al., 1987b). 
Further, IZSI-IGF-l binding to the DTT-treated and control 
placenta membranes was similar, suggesting no functional 
alterations of the interactions between the a@ heterodimers 
to generate high-affinity curvilinear binding (Figure 3). 
Similarly, high-affinity curvilinear insulin binding has also 
recently been observed to require subunit interaction between 
the a@ heterodimeric insulin receptor complexes which can 
be maintained by the plasma membrane environment despite 
reduction of the class I disulfides (Boni-Schnetzler et al., 1987). 

Physical separation of the a& heterotetrameric and a8 
heterodimeric complexes was readily achieved by Triton X-100 
solubilization and Bio-Gel A-1 .5m gel filtration chromatog- 
raphy. IGF-1 binding to the Bio-Gel A-l.5m gel filtration 
isolated a@ heterodimeric complex yielded a straight-line 
Scatchard plot (Figure 9). Scatchard analysis of IGF-1 
binding to the ad2 heterotetrameric complex also resulted in 
a straightening of the binding isotherm compared to the 
membrane-bound a& heterotetrameric IGF- 1 receptor 
(Figure 9). IGF-1 binding to membrane-bound, partially 
purified, and purified IGF-1 receptors has been previously 
reported to generate both linear (Bala et at., 1983; Baxter & 
Williams, 1983; Casella et al., 1986) and also curvilinear 
(Jonas & Harrison, 1985) Scatchard plots similar to those 
observed in Figures 4 and 9. 

These results are similar to several studies demonstrating 
heterogeneous insulin binding in the afl2 heterotetrameric 
insulin receptor complex whereas homogeneous linear insulin 
binding occurred in the a@ heterodimeric insulin receptor state 
(Deger et al., 1986; Koch et al., 1986; Boni-Schnetzler et a]., 
1986, 1987; Sweet et al., 1987a). Insulin binding to the a@ 
heterodimeric complex was also observed to have an inter- 
mediate binding affinity, compared to the high and low binding 
affinities of the a@* heterotetrameric insulin receptor complex, 
with a 2-fold increase in the number of insulin binding sites 
(Sweet et al., 1987a). In contrast to the insulin receptor, both 
the binding affinities (0.45 versus 0.62 nM) and also the 
number of IGF-1 binding sites (3.2 versus 3.3 pmol/mg) be- 
tween the afl2 heterotetrameric and ar@ heterodimeric IGF- l 
receptor complexes were found to be similar (Figure 9, Table 
I). These data suggest either that the aZg2 heterotetrameric 
IGF- 1 receptor complex contains two equivalent noninteracting 
IGF-1 binding sites or that the af12 heterotetrameric complex 
is composed of nonidentical a@ heterodimers. This latter 
possibility would be consisent with the observation that the 
purified IGF-1 receptor displays high-affinity IGF-2 binding 
which is immunologically distinct from the IGF-I binding site 
(Casella et al., 1986). 
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It is interesting to note that the a2p2 heterotetrameric IGF-1 
receptor displays increased affinity for insulin (approximately 
7-fold) following detergent solubilization and Bio-Gel A-1.5m 
gel filtration chromatography of the control placenta mem- 
branes (compare Figure 3A with Figure 8A). In contrast, no 
significant difference in the binding affinity for insulin was 
observed between the DTT-treated placenta membrane bound 
and the detergent-solubilized ab heterodimeric IGF- 1 receptor 
complexes (compare Figure 3B with Figure 8B). Although 
we do not have an explanation for this phenomenon at the 
present time, similar results have previously been observed by 
others for the a2P2 heterotetrameric IGF- 1 receptor complex 
(Marshall et al., 1974; Casella et al., 1986). 

Examination of the IGF- 1 -stimulated autophosphorylating 
activity of the a@ heterodimeric complex demonstrated the 
formation of a 32P-labeled a2P2 heterotetrameric complex 
(Figure 10). Even though this preparation contains both the 
IGF- 1 and insulin a@ heterodimeric complexes, the patterns 
of IGF- 1- and insulin-dependent stimulation of @-subunit 
autophosphorylation were different. Insulin-dependent auto- 
phosphorylation resulted in increased 32P labeling of the .@ 
heterodimeric as well as the ( Y ~ @ ~  heterotetrameric complexes. 
In contrast, IGF- 1-dependent stimulation of auto- 
phosphorylation had no effect on the 32P incorporation into 
the a@ heterodimeric complex but resulted in the increased 
formation of the 32P-labeled a2@2 heterotetrameric complex. 
These data demonstrate that insulin and IGF-1 stimulation 
of the a@ heterodimeric receptor autophosphorylation activity 
occurs through their respective homologous receptors and not 
via heterologous interactions. 

Consistent with IGF- 1 inducing the covalent reassociation 
of the a@ heterodimeric complex into the a2p2 heterotetrameric 
state, '251-IGF-l cross-linking of the Bio-Gel A-1.5m gel 
filtration column isolated a@ heterodimers (Kav = 0.33) dem- 
onstrated the presence of the a2@2 heterotetrameric complex 
in these fractions (Figure 6). The a2P2 heterotetrameric 
complex was only observed in the a@ heterodimeric fractions 
and was not detected in the fractions corresponding to the 
mobility of the a2P2 heterotetrameric complex (Kav = 0.18). 
Further, pretreatment of the isolated a@ heterodimeric IGF- 1 
receptor complex with specific sulfhydryl alkylating agents 
prior to 1251-IGF- 1 affinity cross-linking decreased the ap- 
pearance of the a2P2 heterotetrameric complex by approxi- 
mately 50% (Figure 7). These results indicate that IGF-1 
induces the reassociation of the a@ heterodimers into a covalent 
a2@z heterotetrameric state and that IGF-1 stimulation of 
autophosphorylation is not due to cross-contamination with 
DTT-treated but nondissociated a2P2 heterotetrameric IGF- 1 
receptor complexes. The presence of the 32P-auto- 
phosphorylated a2P2 heterotetrameric complex (25%) in the 
isolated a@ heterodimeric preparation (Figure 10B, lane 1) 
probably results from a small amount of (Mn/Mg/-ATP- 
dependent covalent reassociation that occurs in the absence 

In summary, these studies have defined the methodology 
for isolating a functional a@ heterodimeric IGF- 1 receptor 
complex from the disulfide-linked human placenta cu2@2 het- 
erotetrameric state. The ability to isolate functional a@ 
heterodimeric IGF- 1 and insulin receptor complexes will allow 
us to further examine the role of subunit interaction in the 
high-affinity curvilinear binding and in the hormone-dependent 
transmembrane activation of protein kinase activity in these 
analogous growth factor receptors. 

of IGF- 1. 
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Ribonuclease T1 Is Stabilized by Cation and Anion Binding? 
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ABSTRACT: The stability of the folded conformation of ribonuclease TI is increased by 0.8, 1.8, and 3.3 
kcal/mol in the presence of 0.1 M NaC1, MgC12, and Na2HP04, respectively. This remarkable increase 
in the conformational stability results primarily from the preferential binding to the native protein of one 
Mg2+ or two Na+ ions a t  cation-binding sites and by the binding of one HP042- ion at  an anion-binding 
site. Only modest binding constants, 6.2 (Na'), 155 (Mg2+), and 282 M-' (HPOt-), are required to account 
for the enhanced stability. One important goal of the modification of proteins through genetic engineering 
is to increase their stability. Our results suggest that the creation of specific cation- and anion-binding sites 
on the surface of a protein through amino acid substitutions might be a generally useful way of achieving 
this goal. The design of these sites will be aided by the recent availability of detailed structural information 
on cation- and anion-binding sites. 

Ribonuclease TI  (RNase TI) is a small (104 amino acids), 
well-characterized enzyme excreted from Aspergillus oryzae 
that cleaves single-stranded RNA molecules at guanine res- 
idues (Heinemann & Saenger, 1982; Takahashi et al., 1970). 
The three-dimensional structure has recently been refined to 
1.9-A resolution (Arni et al., 1987). RNase TI  has many 
properties that make it an excellent model for studying various 
aspects of protein folding (Pace & Creighton, 1986). Ooba- 
take et al. (1979) first showed that RNase TI  is stabilized by 
NaCl. The melting temperature of RNase TI  is increased 20 
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OC in the presence of 2 M NaCl as compared to an increase 
of about 1.5 OC for ribonuclease A (RNase A) (von Hippel 
& Wong, 1965). The aim of the experiments reported here 
was to reach a better understanding of how salts stabilize 
RNase TI .  

We show that the marked stabilization of RNase TI at 
moderate salt concentrations results mainly from the relatively 
weak binding of cations and anions by the native, folded 
conformation of the protein. We suggest that constructing 
ion-binding sites on the surface of globular proteins through 
genetic engineering may be an easier way to increase their 
conformational stability than adding disulfide bonds or other 
stabilizing interactions. 
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