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A Single Receptor Binds Both Insulin-Like Growth 
Eactor I1 and Mannose-6-Phosphate 

Amino acid sequences deduced from rat complementary DNA clones encoding the 
insulin-like growth factor I1 (IGF-11) receptor closely resemble those of the bovine 
cation-independent mannose-6-phosphate receptor (Man-6-P receptorc'), suggesting 
they are identical structures. It is also shown that IGF-I1 receptors are adsorbed by 
immobilized pentamannosyl-6-phosphate and are specifically eluted with  an-6-I!. 
Furthermore, Man-6-P specifically increases by about two times the apparent aflinity 
of the purified rat placental receptor for '25~-labeled IGF-11. These results indicate that 
the type I1 IGF receptor contains cooperative, high-aflinity binding sites for both IGF- 
I1 and Man-6-P-containing proteins. 

T H E  INSULIN-LIKE GROWTH FAC- of our deduced rat IGF-I1 receptor sequence 
tors (IGF) I and I1 exhibit substan- with other proteins contained within a labo- 
tial sequence homology to the hor- ratory protein data bank revealed a remark- 

mone insulin, which regulates important ably high degree of identity (79%) with the 
metabolic effects in humans and other ani- recentlv described seauence of the bovine 
mals ( I ) .  The IGF peptides mimic insulin 
action on cellular transport and metabolic 
pathways and, in many-cell types, enhance 
cell proliferation more potently than insulin 
( I ) .  Three major cell surface receptors bind 
these peptides with overlapping specificities 
(2). Insulin and IGF-I receptors, denoted as 
type I, bind their respective ligands with 
high affinity (dissociation constant, Kd = 1 
I-&), but also bind both heterologous pep- 
tides with lower affinity. The type I recep- 
tors possess heterotetrameric azPz subunit 
structures (3 )  and intrinsic ligand-activated 
tyrosine kinase activities (4) that are essen- 
tial for their biological functions (5). In 
contrast, the type I1 IGF receptor preferen- 
tially binds IGF-I1 (Kd = 1 nn/i) with high- 
er zfinity than IGF-I, but has no affinity for 
insulin. This receptor consists of a single 
polypeptide chain-(2, 6) lacking detectable 
kinase activity (7), and its physiological role 
is unclear. 

In this study of IGF-I1 receptor function, 
we obtained amino acid sequences of 14 
tryptic peptides derived from the affinity- 
purified rat placental receptor and synthe- 
sized oligonucleotide probes based on two 
of these sequences (8). Several overlapping 
clones encoding the receptor were isolated 
from a complementary DNA (cDNA) li- 
brary prepared from total polyadenylated rat 
placental RNA (9). The composite sequence 

cation-independent mannose-6-phosphate 
receptor (Man-6-P receptorc') (10). 

Several interesting structural features are 
revealed upon comparison of the deduced 
amino acid sequences of the putative cyto- 
plasmic domains of the rat IGF-I1 receptor, 
the human IGF-I1 receptor ( I I ) ,  and the 
bovine Man-6-P receptorc' ( lo) .  These se- 
quences are 167, 164, and 163 amino acids 
long, respectively, with an overall 58% se- 
quence identity (Fig. 1). Five regions (Fig. 
1, boxed and numbered 1 to 5) show a high 
degree of sequence conservation among the 
three species (91% identity compared with 
38% for the remaining segments). The five 
highly conserved regions contain sequences 
that suggest important hc t iona l  domains. 
Region 1, adjacent to the transmembrane 
sequence, is highly charged as expected for a 
cytoplasmic stop transfer sequence. Region 
2 contains a sequence with the potential to 
be a substrate for protein kinase C or adeno- 
sine 3',5'-monophosphate (CAMP)-depen- 
dent protein kinase, or both. Region 3 is a 
highly acidic domain analogous to those of 
several other receptors [for example, the low 
density lipoprotein (LDL), transferrin, and 
asialoglycoprotein receptors] that occur at 
about the same distance from the transmem- 
brane domain (12). This region also con- 
tains potential tyrosine and serine phospho- 

bf 7470 bp contains a 6180-bp open read- 
R. G. MacDonald, M. A. Tepper, C. M. Brocklebank, J .  

ing frame for 2060 acids E. Mole, J.  K. Anderson, M. P. Czech, Department o f  
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~h~ c D N ~  sequence encodes 11 of the 14 ter, 55 ~ a k ;  Avenue North, Worcester, M A  01655. 
S. R. Pfeffer, Department o f  Biochemisty, Stanford 

chemically identified receptor peptides, but University School o f  Medicine, Stanford, CA 94305. 

is still incomplete because the reading frame L. Coussens, E .  Chen, A. UUrich, Department o f  Devel- 
opmental Biology, Genentech, Inc., 460 Point San Bru- 

extends to the extreme 5' end. Comparison no Boulevard, South San Francisco, CA 94080. 
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Fig. 1. Alignment of the cyto- 
plasmic domains of the rat, hu- 
man, and bovine IGF-IIIMan- 
6-P receptors. The deduced 

hIGF-2-R 

2288 M:R tL$j-l rIGF-2-R 1895 KKERR TVINKLT CRRS G YKYSKVSKEEETDENETEWLMEE 
bM-6-P-R 1299 

amino acid sequences corre- ~IGF-2-R 2334 L P  Q E s -- - st- 
spending to theAputative ,-+@ rIGF-2-R 1941 IQVPAPRLGKDGQENGHITTKTVKAEALTS- HGDDQDSEDEVLTIP 

bM-6-P-R 1346 P P E 
vlasmic domains of the rat (this 

VAA S R ADTL $ E L 1 
;eport), human [Morgan 2 d. s GA H v A SNA Q DD v 
(ll)], and bovine [Lobel et d. :3978: EVKVHT-GRGAEVESSQPLRNPQRKVLKE-REGERMGLVR 

(10)l recevtors have been bM-6-P-R 1392 RPP APGA GGP PLP APPPL ADD V 

&i&ed for' optimal sequence 
identity. Only differences with ~IGF-2-R 241 6 K SSSA Q TVSST 

bM-6-P-R 1432 P RP AAA---- I--- T 
gions of highly conserved se- 
quence are boxed and numbered 1 to 5 (see text for details). 

rylation sites and one conserved threonine 
that might serve as a casein kinase I sub- 
strate. 

Regions 4 and 5 (Fig. 1) contain multiple 
acidic residues surrounding single serines 
that should be excellent substrates for casein 
kinases I and I1 (13). These conserved phos- 
phorylation sites may relate to the mecha- 
nism whereby rapid redistribution of IGF-I1 
receptors from intracellular membranes to 
cell-surface membranes occurs in response 
to insulin (14, 15). Associated with this 
redistribution, insulin causes a rapid de- 
crease in the 3 2 ~  specific activity of the 
receptor present in plasma membranes de- 
rived from 32~-labeled adipocytes (7, 16). 
Although indirect evidence suggests that the 
insulin-regulated phosphorylation sites on 
the IGF-I1 receptor are specific for casein 
kinase I1 or a similar kinase (17), it is not 
known whether these phosphorylation sites 
are critical for regulation of IGF-I1 receptor 
sorting by insulin. 

The high degree of sequence identity be- 
tween the rat and human IGF-I1 receptor 
and bovine Man-6-P receptorc' observed by 
us and Morgan e t  al. (11) suggests that the 
same receptor binds both IGF-11- and Man- 
6-P-containing proteins. We therefore sub- 
jected IGF-I1 receptors in a Triton X-100 
extract of rat placental plasma membranes to 
chromatography on immobilized pentaman- 
nosyl-6-phosphate (Fig. 2). Over 70% of 
the 1251-1GF-~1 binding activity was retained 
by the affinity resin and was specifically 
eluted by 5 mM Man-6-P but not by the 
related sugar phosphates Man-1-P or Glu-6- 
P. Analysis of the Man-6-P-eluted material 
in fractions 13 to 16 by affinity-cross-link- 
ing with 1 2 5 ~ - ~ G ~ - ~ ~  confirmed the presence 
of the M, 250,000 type I1 IGF receptor 
(Fig. 2, top). Thus, binding sites for both 
IGF-I1 and Man-6-P oligosaccharides coex- 
ist in a single receptor. 

The presence of binding sites for different 
ligands on the IGF-IIIMan-6-P receptor 
suggests the possibility that occupancy by 
one of the ligands alters binding of the other 
ligand. We therefore measured 1 2 5 ~ - ~ G ~ - ~ ~  
binding to receptor in plasma membranes, 

microsomes, or Triton X-100 membrane 
extracts, in the presence or absence of Man- 
6-P or related sugars (Fig. 3A). Man-6-P (2 
rnM) almost doubled the binding of a sub- 
saturating concentration of ' 2 5 ~ - ~ ~ ~ - ~ ~  to 
the receptor, whereas several other sugar 
derivatives had no such effect. 

One possible explanation for these results 
is that Man-6-P displaces endogenously 
bound lysosomal enzymes that might steri- 
cally block the IGF-I1 binding site. To test 
this hypothesis, we incubated plasma mem- 
branes with Man-6-P, then washed them 
three times and assayed them for 1 2 5 ~ - ~ G F - ~ ~  
binding (Table 1). Washing the membranes 
to remove Man-6-P and possible endoge- 
nous Man-6-P-containing proteins readily 
reversed the effect of Man-6-P on ' 2 5 ~ - ~ ~ ~ -  

I1 binding. Addition of Man-6-P to the 
washed membranes again stimulated lZ5I- 
IGF-I1 binding. Thus, enhancement of lZ5I- 
IGF-I1 binding depends on the presence of 
Man-6-P. 

To determine whether Man-6-P stimu- 
lates IGF-I1 binding by direct interaction 
with the receptor, we examined its effect on 
rat placental IGF-IIIMan-6-P receptors that 
had been affinity-purified on immobilized 
IGF-11. Figure 3B depicts l Z 5 ~ - ~ G F - I ~  bind- 
ing isotherms obtained by incubating the 
partially purified receptor with increasing 
concentrations of 1 2 5 ~ - ~ ~ ~ - ~ ~  (2 to 500 
nM). The data were analyzed by the method 
of Scatchard (18). Man-6-P at a concentra- 
tion of 4 mM reduced the apparent equilib- 
rium dissociation constant for 1 2 5 ~ - ~ G ~ - ~ ~  
binding to the receptor without changing 
the apparent number of available IGF-I1 
binding sites. Dissociation constants calcu- 
lated from three experiments were 2.4 2 0.2 
(& SEM) nM for control as opposed to 
1.2 & 0.2 nM for Man-6-P-treated recep- 
tor. These results provide further evidence 
that the two ligands bind to independent 
sites on the same receptor and suggest posi- 
tive cooperativity between these sites. 

The conclusion that the authentic IGF-I1 
receptor and Man-6-P receptorc' are the 
same glycosylated polypeptide is consistent 
with biochemical analyses of these receptors 

4"1 4, , \ 
.- 
P 
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Fig. 2. Chromatography of the type I1 IGF 
receptor on immobilized pentamannosyl-6-phos- 
phate. Rat placental plasma membranes were sol- 
ubilized in 50 mM Hepes, pH 7.4, 0.15M NaCI, 
5 mM P-glycerophosphate, 0.05% Triton X-100 
(1.5 mg of protein in 3 ml). This extract was 
incubated for 1 hour at 3°C with 1 ml of penta- 
mannosyl-6-phosphatesepharose (26). After 
collecting the flow-through material, the column 
was washed with 1 ml of buffer and then eluted 
sequentially with four 1-ml portions each of buff- 
er containing 5 mM mannose-1-phosphate (Man- 
1-P), glucose-6-phosphate (Glu-6-P), or Man-6-P 
(see bar). Fractions (1 ml) were collected, and 
duplicate 0.1-ml portions were assayed for '251- 
IGF-I1 binding activity (8). (Top) Affinity-cross- 
linking of '251-IGF-II to material eluted from the 
column. Portions (50 pl) of pooled fractions 1 to 
4 (wash, lanes A to C), fractions 5 to 8 (Man-1-P, 
lanes D to F), fractions 9 to 12 (Glu-6-P, lanes G 
to I), or fractions 13 to 16 (Man-6-P, lanes J to L) 
were incubated for 2 hours at 3°C with 3 nM '251- 
IGF-I1 alone (lanes A, D, G, and J) or with 300 
nM unlabeled IGF-I1 (lanes B, E, H, and K) or 
300 nM insulin (lanes C, F, I, and L). The 
samples were treated with 0.25 mM disuccinimi- 
dyl suberate for 30 minutes at 3°C and then 
subjected to electrophoresis on SDS-PAGE. An 
autoradiogram of the dried gel shows the M, 
250,000 band specifically eluted by Man-6-P. 
Labeling of this band is displaced by excess IGF- 
I1 but not insulin, consistent with the properties 
of the high-affinity type I1 IGF receptor (2) .  

in many laboratories that have yielded simi- 
lar results in terms of molecular size, electro- 
phoretic mobility, disulfide bridge content, 
primarily intracellular location, and wide- 
spread occurrence in many cell types (6,19- 
21). Furthermore, antibody-induced down- 
regulation of the Man-6-P receptorc' has 
been shown to lead to secretion of lysosomal 
hydrolases (22), consistent with its pre- 
sumed biological function. Similarly, we 
showed that enhanced cellular uptake and 
degradation of IGF-I1 is associated with 
modulation of IGF-I1 receptor recycling by 
insulin (14). Morgan e t  al. (1 1 ) and we have 
also observed that antibodies raised against 
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Table 1. Reversibility of the Man-6-P effect on IZ5I-IGF-I1 binding to plasma membranes. Membranes 
were incubated initially for 30 minutes at 22°C with or without 5 rnM Man-6-P as described in the 
legend to Fig. 3. The membranes were collected by centrifugation, resuspended in wash buffer with or 
wlthout Man-6-P, then incubated for 1 hour. This step was repeated twlce. Binding of '251-IGF-II was 
then assayed in the samples as described (14). Values are mean t SEM, n = 3. 

facilitate new experimental approaches to- 
ward clarifying the biological roles of this 
multiligand binding receptor. 

Initial Man-6-P Man-6-P '251-IGF-II binding 
treatment in wash in assay ( C P ~ )  

Control 
Man-6-P 
Man-6-P 
Man-6-P 

Fig. 3. (A) Effect of Man-6-P on IGF-I1 binding 
to the rat IGF-IIIMan-6-P receptor in membrane 
preparations. Portions (0.2 mg of protein in 0.2 
mi) of rat placental microsomes (open bars) or 
plasma membranes (hatched bars) were incubated 
for 30 minutes at 22°C with the indicated sugar 
derivatives at a concentration of 2 &. Binding 
of 1251-IGF-II (2 nM) was measured in the pres- 
ence and absence of 200 nM unlabeled IGF-I1 for 
an additional 30 minutes at 22°C as described 
previously (14). Portions (0.15 mg of protein in 
0.2 mi) of a Triton X-100 extract of plasma 
membranes (stippled bars) were incubated with 
the sugar derivatives (2 mM) for 1 hour at 3"C, 
and then assayed for "'I-IGF-I1 binQng (8). 
Values for 1251-IGF-II specifically bound relative 
to controls are expressed as mean r SEM where 
n = 9 for microsomes or plasma membranes, and 
n = 6 for Triton X-100 extracts. (B) Scatchard 
analysis of IZ5I-IGF-I1 binding to affinity-purified 
IGF-IIIMan-6-P receptor. Rat placental IGF-I1 
receptor was purified by IGF-11-Sepharose 
chromatography as described (8). Portions (0.2 
kg of protein in 0.2 ml) were incubated with 
2 n M  IZ5I-IGF-I1 with increasing concentra- 
tions of unlabeled IGF-I1 (0 to 500 nM) for 16 
hours at 3°C in the presence (0) or absence (0) of 
4 &Man-6-P and assayed for "I-IGF-II binding 
as described (8). Equilibrium binding data were 
analyzed by the method of Scatchard (18). 

the respective affinity-purified receptors 
cross-react. However, it should be noted 
that the data we present here do not rigor- 
ously exclude the possibility that the IGF-I11 
Man-6-P receptor is a multimeric complex 
of two or more very similar but nonidenti- 
cal, noncovalently associated subunits. 

What might be the biological significance 
of a single receptor binding IGF-I-, IGF- 
11-, and Man-6-P-containing proteins? The 
general structure of the IGF-IIIMan-6-P re- 
ceptor is similar to that of other cell surface 
receptors having transport rather than sig- 
naling functions, such as the LDL receptor, 
the transferrin receptor, and the asialoglyco- 
protein receptor (12). All four receptor spe- 
cies recycle rapidly between intracellular 
compartments and the cell surface (21, 23). 
The primary intracellular destination of 
these receptors is an acidic endosome (23). 
Ligands segregate from their respective re- 
ceptors in this organelle and are ultimately 
directed to lysosomes for storage (Iysosomal 
enzymes) or degradation (LDL, asialoglyco- 
proteins). These observations are consistent 

Bound (pmollug protein) 

with our hypothesis that a major hnction of 
the IGF-IIIMan-6-P receptor is to mediate 
internalization and processing of IGF-I and 
IGF-I1 (14). It is likely that the routing of 
the IGF-ILIMan-6-P receptor among cellular 
compartments during recycling must fulfill 
the biological requirements of both IGFs 
and lysosomal enzymes. It will be important 
to test whether this receptor binds still other 
ligands. 

Could a multifunctional receptor play a 
major role in targeted sorting of IGFs and 
lysosomal hydrolases as well as transduce 
signals across the plasma membrane? The 
IGF-I1 receptor fails to mediate certain bio- 
logical responses in H-35 hepatoma cells 
and L6 myoblasts (24). However, other 
investigators claim modulation of cellular 
ion flux and glycogen synthesis by IGF-I1 
via the type I1 receptor (25). Thus, the issue 
of whether the type I1 IGF receptor medi- 
ates the biological effects of IGF-I1 through 
a signal transduction mechanism is unre- 
solved. The availability of IGF-IIIMan-6-P 
receptor cDNA clones reported here should 
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Estrogen-Dependent in Vitro Transcription from the lA)  Fu*ermore, transcription 
was at 1000 ng of specific template (Fig. 

Vitellogenin Promoter in Liver Nuclear Extracts 1 ~ ) .  T ~ U S  the ratio of protein to the DNA 
template in the reaction must be carefully 

BLAISE CORTHBSY, ROBERT HIPSKIND, I ~ N E  THEULAZ, maintained to obtain efficient transcription, 

WALTER WAHLI a requirement reported previously for other 
in vitro transcription systems (6, 7).  Vitello- 
genin transcriptiol~ was inhibited by a- 

One approach to analyzing the molecular mechanisms of gene expression in vivo is to amanitin (0.5 pglml) and was thus due to 
reconstitute these events in cell-free systems in vitro. Although there is some evidence LVA polymerase 11. 
for tissue-specific transcription in vitro, transcriptionally active extracts that mimic a The crucial question was whether the 
steroid1 hormone-dependent enhancement of transcription have not been described. In observed transcription from the vitellogenin 
the study reported here, nuclear extracts of liver from the frog Xempus laevis were promoter was dependent on the estradiol 
capable of estrogen-dependent induction of a homologous vitellogenin promoter that added to the assay. We therefore tested the 
contained the estrogen-responsive element. transcription of the same template as above 

in the absence or presence of hormone. We 

I N IFEMALE FROGS OF THE SPECIES Xen- amount of extract and the amount of DNA also analyzed a second template in which the 
opus laevzs, the vitellogel~in genes that in the transcription assays were optimized in ERE had been deleted (3) (Fig. 2B). As an 
encode the precursor of the yolk pro- the presence of 17P-estradiol (Fig. 1). The estrogen-independent internal control, we 

teins are activated in the liver by estrogen, vitellogenin-specific extension product ap- included a chimeric gene in which the SV40 
whereas in the males the vitellogenil~ genes peared at a range of concentrations but the early promoter was linked to the CAT gene 
are normally silent (1). However, hormone optimum was at 1.4 mg of protein per (8) (Fig. 2B). Very little transcription of 
treatment of males leads to both an increase milliliter with three extracts tested (Fig. either vitellogel~in template occurred in the 
in estrogen receptor and a strong de novo 
activation of vitellogenin transcription (2). 
This activation can be mimicked in a varietv 
ofcell lines and inxenopus ooc!rtes, Fig. 1. Optimization of transcription conditions. (A) Effect 3 

of nuclear extract concentrations on transcription in vitro. @ e 0 0  
that the estrogen receptor and the Transcriptions were performed in a total reaction volume of 0~~~ z 2 x z  s a z ~  
XenopuJ target sequences, the estrogen-re- 20 p,I containing increasing amounts of the extract. Numbers A 
sponsive element (ERE), are present (3, 4).  at the top of the figure indicate the final protein concentra- 
since these earlier studies did not address tion in each reaction. The amount of specific DNA template 

the regulation of the gelIes in their lIatural was 750 ng per reaction. The template was the pBl(5'i 
-596+8)CAT8+ construct (Fig. 2B). The size (86 nucleo- 

we prepared extracts isO- tides) of the correctly initiated transcripts, measured by 
lated fi-om Xenopus liver and assayed their primer extension, is indicated. (B) Effect of specific template 
ability in vitro to sustaill hormone-depen- concentrations on transcription in vitro. Assays were per- 

delIt transcription from the vitellogenin B 1 formed with increasing amounts of pB 1(5'/- 596 + 8)  
CAT8+ DNA brought to a constant total amount of 1250 

cloned promoter (5). ng per reaction with plasmid DNA. The nuclear extract 
We first tested a lluclear extract (6) pre- concentration gave a find protein concentration of 1.4 mgi 1 2 3 4  1 2 3 4  

pared from adult female Xenopus livers, rnl in each reaction. The numbers above the lanes indicate 
which express the vitellogenin genes and the amount of specific template. Transcription was assayed by primer extension. Xenqus LaeYis adults 

thus are most likely to yield a transcription- were induced by two injections of 1 mg of 17P-estradiol into the dorsal lymph sac with an interval of 3 
days between the two injections, or they were left unstimulated. They were lulled 1 day after the final 

extract. The injection. Extracts of liver nuclei were prepared essentially as described ( 6 ) ,  except that the livers were 
the vitellogenin B1 gene 5' flanking se- perfused with 75% phosphate-buffered saline containing 0.5 mg of heparin per milliliter, and the 
quellces from - 596 to +8 fused to the homogenization buffer contained 2 . W  sucrose and 15 p,g of aprotinin per milliliter. Possible residual 

chloramphenicol aceqltransferase (CAT) re- estradiol in the extracts was eliminated during the dialysis in the final step of the preparation. For in 
vitro transcription the standard reaction consisted of the following components (final volume, 20 porter gene. This construct is by pI):33 mM Hepes (pH 7.9), 60 mMKCI,6 mMMgCI,, 5 mMcreatine phosphate, 0.6 d n u c l e o s i d e  

estrogen after transfer into a hormone-re- tri~hosphates, 10% glycerol, 0.6 mM dithiothreitol, 0.06 mM EDTA, 1 p,I RNAsin (Promega), and 
spol~sive h m a n  cell line (3). We assayed its 2.5 nM 17P-estradiol when not indicated otherwise. After 45 minutes at 30°C, the reaction was 
transcription by primer extension, ~h~ terminated by the addition of 180 p,I of STOP-mix [ l% SDS, 200 d NaCI, 25 d tris-HCI (pH 

7.5), 5 mM EDTA, and transfer RNA (20 p,girnl)], and nucleic acids were purified by extraction in 
phenol-chloroform and recovered by precipitation with ethanol. Primer extension analysis was 

Institut tle Biologie animale, Universitt de Lausanne, performed as described (12),  with 80,000 cpm of 3 2 ~  end-labeled CAT primer per reaction. Half of the 
BPtiment de Biologie, CH-1015 Lausanne, Switzerland. reaction product was denatured and analyzed on a 6% polyactylamide 7.5M urea sequencing gel. 
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