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Retinoic Acid Receptor Belongs to a Subclass of Nuclear Receptors That Do Not 
Form “Docking” Complexes with hsp90t 
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ABSTRACT: We have recently reported that, in contrast to the glucocorticoid receptor, the thyroid hormone 
receptor does not bind to hsp90 when the receptor is translated in rabbit reticulocyte lysate [Dalman, F. 
C., Koenig, R. J., Perdew, G. H., Massa, E., & Pratt, W. B. (1990) J.  Biol. Chem. 265, 3615-36181, All 
of the steroid receptors that are known to bind hsp90 are recovered in the cytosolic fraction when hormone-free 
cells are ruptured in hypotonic buffer. In contrast, unliganded thyroid hormone receptors and retinoic acid 
receptors are tightly associated with nuclear components. In this paper, we translated the human estrogen 
receptor and the human retinoic acid receptor in reticulocyte lysate and then immunoadsorbed the [35S]- 
methionine-labeled translation products with the 8D3 monoclonal antibody against hsp90. The estrogen 
receptor is bound to hsp90, as indicated by coimmunoadsorption, but the retinoic acid receptor is not. 
Translation and immunoadsorption of chimeric proteins containing the DNA binding domain of one receptor 
and the N-terminal and COOH-terminal segments of the other show that the DNA binding finger region 
of the estrogen receptor is neither necessary nor sufficient for hsp90 binding. These observations suggest 
that there are two classes within the steroid receptor family. In one class (e.g., glucocorticoid, mineralo- 
corticoid, sex hormone, and dioxin receptors), the receptors bind to hsp90 and remain in some kind of inactive 
“docking” mode until hormone-triggered release of hsp90 occurs. In the retinoic acid/thyroid hormone class, 
the unligated receptors do not bind to hsp90, and the receptors appear to proceed directly to their high-affinity 
nuclear acceptor sites without entering the “docking” state. 

%e steroid-thyroid hormone superfamily of receptors (Ev- 
ans, 1988) can be divided into two general subclasses according 
to the partitioning of the unliganded receptor in the cell. The 
first class of receptors, which is recovered in the cytosolic 
fraction after hypotonic cell rupture, includes the gluco- 
corticoid, mineralocorticoid, progesterone, estrogen, androgen, 
and dioxin receptors (Pratt, 1987). Receptors in this group 
bind to hsp90 (Joab et al., 1984; Catelli et al., 1985; Sullivan 
et al., 1985; Schuh et al., 1985; Sanchez et al., 1985; Perdew, 
1988) and remain in some kind of inactive “docking” complex, 
either in the cytoplasm (glucocorticoid receptor) or in loose 
association with the nucleus (e.g., estrogen and progesterone 
receptors), until binding of hormone triggers progression of 
the receptor to a high-affinity association with nuclear com- 
ponents where the primary events involved in transcriptional 
activation presumably occur. 

In contrast to these receptors, the thyroid hormone receptor 
becomes tightly associated with the nucleus in hormone-free 
cells, and in its unliganded state, the thyroid hormone receptor 
can in some instances act as a transcriptional inhibitor (Koenig 
et al., 1989). Buffers containing high concentrations of salt 
are required to extract the unliganded thyroid hormone re- 
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ceptor from nuclear binding sites (Samuels et al., 1974; 
Spindler et al., 1975; Casanova et al., 1984). We recently 
reported that thyroid hormone receptors translated in a re- 
ticulocyte lysate system are not associated with hsp90 (Dalman 
et al., 1990). This stands in contrast to the in vitro translated 
glucocorticoid receptor which binds to hsp90 at the termination 
of translation (Dalman et al., 1989). These observations led 
to the proposal that binding of an unliganded receptor to hsp90 
determines its retention in a docking complex that is recovered 
in the cytosolic fraction on cell rupture. 

To test if this proposal applies in a more general manner, 
we have examined hsp90 binding by the retinoic acid receptor. 
It has recently been shown that the retinoic acid receptor is 
tightly associated with the nucleus of the hormone-free cell 
and high salt is required for its extraction from nuclear binding 
sites (Nervi et al., 1989). In this paper, we have translated 
the human retinoic acid receptor, the human estrogen receptor, 
and chimeras of the two receptors in rabbit reticulocyte lysate. 
We demonstrate that the estrogen receptor is bound to hsp90 
while the retinoic acid receptor is not, suggesting that there 
are two subclasses of nuclear receptors that behave differently 
in their nuclear association in a manner that is determined by 
their ability to bind to hsp90. 

MATERIALS AND METHODS 
Materials 

~-[~~S]Methionine (1 100 Ci/mmol) was supplied by Du- 
Pont-New England Nuclear. The riboprobe transcription 
system, SP6 and T7 RNA polymerases, plasmid pGem4, and 
rabbit reticulocyte lysate were obtained from Promega. A 
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plasmid containing the complete coding sequence for the rat 
glucocorticoid receptor (pT3.1118) was kindly provided by Dr. 
Keith Yamamoto (Miesfeld et al., 1986), and plasmids for the 
human estrogen receptor (HEGO) and the a!- and P-retinoic 
acid receptors were constructed as previously described (Tora 
et al., 1989; Brand et al., 1988). Construct A (ER-RAR- 
a!.CAS) is a chimeric receptor in which the DNA binding 
cassette of the estrogen receptor (HE28) (Green & Chambon, 
1987) was replaced with the corresponding region of the a!- 
retinoic acid receptor. Thus, residues 185-250 were removed 
from HE28 and replaced with residues 88-153 of the a!-retinoic 
acid receptor. In making this construct, the insertion of unique 
KpnI and XhoI sites introduces two (Gly and Thr) and three 
(Ala, Arg, and Glu) amino acids as previously described 
(Green & Chambon, 1987). Construct B (RAR-@-ER.CAS) 
is a chimeric receptor in which the DNA binding cassette of 
the 8-retinoic acid receptor was replaced with the corre- 
sponding region (residues 185-205) of the human estrogen 
receptor (HE28) (Green & Chambon, 1987) as described 
(Brand et al., 1988). The 8D3 IgM monoclonal antibody 
against hsp90 has been described previously (Perdew, 1988). 

Met hods 

In Vitro Transcpiption and Translation. The cDNA clone 
for the glucocorticoid receptor was inserted into a pGem4 
plasmid, linearized, and transcribed with SP6 polymerase. The 
cDNA clones for the retinoic acid, estrogen, chimeric receptors 
were cloned into the expression vector pSG5 (Green et al., 
1988), linearized, and transcribed with T7 polymerase. 
Transcription and translation were carried out according to 
standard Promega protocols as described previously (Dalman 
et al., 1989). Following translation, translation products were 
diluted 5-fold into a solution of 10% glycerol, 1 mM EDTA, 
10 mM Hepes, pH 7.4, and 5 mM DTT (HEGD) plus 20 mM 
molybdate. Aliquots (50 pL) of the diluted translation 
products were then boiled in 2 X SDS sample buffer, and 
one-fourth of each sample was subsequently analyzed by 
SDS-PAGE and autoradiography. Alternatively, translation 
products were assayed for association with hsp90 by using the 
following immunoadsorption protocol. 

Immunoadsorption. Goat anti-mouse IgM was rotated at 
4 OC with protein A-Sepharose in HEGD for 1 h. The Se- 
pharose beads were then washed twice with 1-mL aliquots of 
HEGD and rotated for another hour with either 8D3 antibody 
or nonimmune IgM. The pellets were subsequently washed 
twice with I-mL aliquots of HEGD, and once with 1 mL of 
HEGD plus 20 mM molybdate and 2.5% bovine serum al- 
bumin. For each immunoadsorption condition, the pellets 
consisted of 25 pL of ascites fluid and either 8D3 from 100 
pL of ascites fluid or an equivalent amount of nonimmune 
IgM. To immunoadsorb translation products, the pellets were 
resuspended in 0.5 mL of HEGD plus molybdate and bovine 
serum albumin and mixed with 50-pL aliquots of 5-fold-diluted 
translation products. The suspension was rotated for 45 min 
at 4 OC, and pellets were washed 3 times with ice-cold HEGD 
plus molybdate. Immunoadsorbed proteins were eluted from 
the pellets by boiling in 2 X SDS sample buffer, and one-fourth 
of each sample was subsequently analyzed by SDS-PAGE and 
autoradiography. 

Gel Electrophoresis and Autoradiography. SDS-poly- 
acrylamide gel electrophoresis was performed in 10% slab gels 
as previously described (Dalman et al., 1989). Following 
electrophoresis, proteins were stained with Coomassie blue, 
the gels were incubated in Amplify and dried, and autoradi- 
ography was performed at -70 "C. 

GR ER RARa 
T 8D3 NI T 8D3 NI T 8D3 NI T 8D3 NI 

FIGURE 1: In contrast to the glucocorticoid (GR) and estrogen (ER) 
receptors, the a (RARa) and p (RARP) forms of the retinoic acid 
receptor are not associated with hsp90 after translation in rabbit 
reticulocyte lysate. Aliquots of reticulocyte lysate containing 
[ 35S] methionine-labeled receptor as indicated above each panel were 
immunoadsorbed by the 8D3 monoclonal antibody against hsp90 or 
by nonimmune IgM, and the immunoadsorbed protein was resolved 
by SDS-PAGE and autoradiography. In each panel, T denotes the 
lane that contains the total translation products before immunoab- 
sorption, 8D3 denotes the lane containing the material immunoad- 
sorbed by 8D3, and NI denotes the lane containing material immu- 
noadsorbed by the nonimmune antibody. 

RESULTS AND DISCUSSION 
To ask if the retinoic acid receptor associates with hsp90, 

we translated the a! and P forms of the retinoic acid receptor 
in reticulocyte lysate and immunoadsorbed the [35S]- 
methionine-labeled products with the 8D3 antibody. The 8D3 
is a monoclonal IgM antibody that immunoadsorbs recep- 
tor-hsp90 complexes (Perdew, 1988). Figure 1 shows the 
immunoadsorption by 8D3 and nonimmune IgM of 35S-labeled 
glucocorticoid and estrogen receptors as well as the a! and p 
forms of the retinoic acid receptor following their translation 
in rabbit reticulocyte lysate. By comparing the 8D3 lane with 
the nonimmune (NI) lane in each panel, it is clear that the 
glucocorticoid and estrogen receptors are immune specifically 
absorbed whereas the retinoic acid receptors are not. 

We have shown previously (Dalman et al., 1989) that nearly 
all of the glucocorticoid receptors can be immunoadsorbed 
after translation in vitro if a high enough concentration of 8D3 
antibody is added to the sample. In order to conserve antibody 
in this work, we have immunoadsorbed 50-60% of the total 
glucocorticoid receptor as determined by cutting out and 
counting the bands of full-length translation product from gels 
such as that of Figure 1. Thirty to forty percent of the 
full-length estrogen receptor is immunoadsorbed by 8D3 under 
the same conditions. The lower yield may reflect a weaker 
association of hsp90 with the newly translated estrogen re- 
ceptor than with the glucocorticoid receptor. The absence of 
immune-specific absorption of the a- and p-retinoic acid re- 
ceptors demonstrates that they do not form a stable complex 
with hsp90. 

Both genetic (Pratt et al., 1988) and biochemical (Denis 
et al., 1988; Bresnick et al., 1989) studies have demonstrated 
that hsp90 binds to the hormone binding domain of the glu- 
cocorticoid receptor. In the case of the estrogen receptor, 
however, it has been reported (Baulieu et al., 1989) that a 
mutant receptor [HE4 in Kumar et al., (1987)l lacking the 
DNA binding domain does not form the 8 s  receptor-hsp90 
complex. This has led to a model in which both the DNA 
binding zinc fingers and hormone binding domain of the es- 
trogen receptor are critical for forming a stable complex with 
hsp90 (Baulieu et al., 1989). 

The construction of chimeric proteins in which the DNA 
binding domain of the estrogen or retinoic acid receptor has 
been replaced with the DNA binding domain of the other 
(Kumar et al., 1987) provides a system in which to test this 
model. Accordingly, we translated the two chimeras diag- 
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FIGURE 2: Zinc finger region of the estrogen receptor DNA binding 
domain is neither necessary nor sufficient for the estrogen rece tor 

methionine-labeled construct B were immunoadsorbed by 8D3 or by 
nonimmune antibody, and the immunoadsorbed protein was resolved 
by SDS-PAGE and autoradiography. Lanes in each panel are as 
noted in the legend to Figure 1 .  Above the two panels, the domain 
maps of the estrogen receptor, the retinoic acid receptor, and the 
chimeras A and B are presented. As the shading indicates, chimera 
A is an estrogen receptor containing the DNA binding domain of the 
retinoic acid receptor, and chimera B is a retinoic acid receptor 
containing the zinc finger region of the DNA binding domain of the 
estrogen receptor (see Materials for the details of each construction). 

rammed in Figure 2 and immunoadsorbed them with the 8D3 
antibody. It is clear that construct A (ER-RAR-a.CAS), 
which contains the hormone binding domain of the estrogen 
receptor and the DNA binding domain of the retinoic acid 
receptor, binds hsp90. In contrast, construct B (RAR-P- 
ER.CAS), which contains the hormone binding domain of the 
retinoic acid receptor and most of the DNA binding domain 
of the estrogen receptor, does not bind hsp90. The region of 
the DNA binding domain inserted into the retinoic acid re- 
ceptor in construct B contains residues 185-250 of the human 
estrogen receptor, a region that spans both zinc fingers (Green 
& Chambon, 1988). 

These results demonstrate that the zinc finger region of the 
estrogen receptor DNA binding domain is neither necessary 
nor sufficient for the estrogen receptor to bind hsp90. Con- 
struct B, however, does not contain a COOH-terminal segment 
of the DNA binding domain that extends from amino acid 251 
to amino acid 271 (Kumar et al., 1987). The HE4 mutant 
estrogen receptor that yields predominantly 4 s  estrogen re- 
ceptor (Chambraud et al., 1990) is deleted for amino acids 
199-264 (Kumar et al., 1987), and it is therefore possible that 
some feature between amino acid 250 and the COOH-ter- 
minus of the estrogen receptor DNA binding domain is re- 
quired for a stable receptor-hsp90 complex. This would be 
consistent with the data of Chambraud et al. (1990) impli- 
cating a feature between amino acids 251 and 271 in forming 
the 8-9s estrogen receptor complex. 

The fact that the unliganded retinoic acid and thyroid 
hormone receptors both form tight complexes with nuclei that 
require high salt conditions for receptor extraction (Samuels 
et al., 1974; Spindler et al., 1975; Casanova et al., 1984; Nervi 
et al., 1989) differentiates those receptors from the larger class 
of steroid receptors which are able to form cytosolic “docking” 
complexes. We have now shown that both the retinoic acid 

to bind hsp90. Aliquots of reticulocyte lysate containing [3 P SI- 

receptors (Figure 1) and thyroid hormone receptors (Dalman 
et al., 1990) do not bind hsp90. This stands in contrast to the 
receptors that can form “docking” complexes, all of which bind 
hsp90. Taken together, these observations suggest that the 
weak versus tight nuclear binding characteristics of the un- 
liganded receptors in the two subclasses may reflect their 
association with hsp90. 

It has been proposed (Pratt et al., 1988) that a short (20 
amino acid) region of the hormone binding domain that is 
highly conserved through all of the steroid-thyroid hormone 
family of receptors is the binding site for hsp90. We have 
recently shown, however, that mouse glucocorticoid receptor 
that is deleted for this region still binds hsp90 (Housley et al., 
1990). Thus, the major determinants for hsp90 binding must 
lie outside this region. The fact that hsp90 does not bind to 
retinoic acid and thyroid hormone receptors will be useful in 
defining the critical features required for hsp90 binding. 
Obviously, the structures required for hsp90 binding should 
be conserved in the glucocorticoid, mineralocorticoid, sex 
hormone, and dioxin receptors, but they should not be con- 
served in thyroid hormone and retinoic acid receptors. 

Registry No. Retinoic acid, 302-79-4. 
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ABSTRACT: Eleven structural analogues of human basic fibroblast growth factor (bFGF) have been prepared 
by site-directed mutagenesis of a synthetic bFGF gene to examine the effect of amino acid substitutions 
in the three putative heparin-binding domains on FGF's biological activity. After expression in Escherichia 
coli, the mutant proteins were purified to homogeneity by use of heparin-Sepharose chromatography and 
analyzed for their ability to stimulate DNA synthesis in human foreskin fibroblasts. Recombinant human 
bFGF 1-146 and [Ala69,Ser87]bFGF, an analogue where two of the four cysteines had been replaced by 
alanine and serine, were equipotent to standard bovine basic fibroblast growth factor. Substitution of aspartic 
acid-19 by arginine in the first heparin-binding domain yielded a molecule that stimulated a higher total 
mitogenic response in fibroblasts as compared to bFGF. In addition, replacement of either arginine- 107 
in the second domain or glutamine-123 in the third domain with glutamic acid resulted in compounds that 
were 2 and 4 times more potent than bFGF. In contrast, substitution of arginine-107 with isoleucine reduced 
the activity of the molecule by 100-fold. Combination of domain substitutions to generate the [ G ~ U ~ ~ J ~ I ~ F G F  
and [Arg'9,Lys'23*126] bFGF mutants did not show any additivity of the mutations on biological activity. 
Alterations in the biological activity of the analogues was dependent on both the site of and the type of 
modification. Increased positive charge in the first domain and increased negative charge in the second 
and third domains enhanced biological potency. The altered activities of the derivatives appear to be due 
in part to changes in the affinity of the analogues for heparin. We conclude that changes in all three of 
the putative heparin-binding domains result in altered mitogenic activity and heparin interaction of basic 
fibroblast growth factor. 

B a s i c  fibroblast growth factor is a member of a family of 
heparin-binding polypeptide growth factors that have been 
shown to be potent mitogens for a wide variety of cells of 
mesodermal and neuroectodermal origin (Gospodarowicz et 
al., 1987). In addition, basic FGF' has been shown to be a 
potent stimulator of angiogenesis in vivo (Gospodarowicz et 
al., 1979, 1984; Esch et al., 1985) and to stimulate collagenase 
and plasminogen activator secretion, chemotaxis, and mito- 
genesis in capillary endothelial cells in vitro (Presta et al., 
1986). The discovery of the strong affinity of FGF for heparin 
(Shing et al., 1984) has allowed the isolation and character- 
ization of a number of endothelial cell mitogens of 13 000- 
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18 OOO molecular weight with a strong affinity for heparin and 
a basic isoelectric point (PI) (Lobb et al., 1986). Further work 
has shown that these factors are all forms of basic FGF dif- 
fering in their N-terminal sequences as a result of cleavage 
by acid proteases (Klagsbrun et al., 1987). The significance 
of this amino-terminal heterogeneity is not known. Pitui- 
tary-derived basic fibroblast growth factor has been shown to 
be a single chain protein consisting of 146 amino acids (Esch 

Abbreviations: aFGF, acidic fibroblast growth factor; bFGF, basic 
fibroblast growth factor; DME, Dulbecco's-modified Eagle's medium; 
EDm, half-maximal stimulatory dose; FBS, fetal bovine serum; FGF, 
fibroblast growth factor; rbFGF, recombinant Met-Arg-Leu- 
[Ala@,Se$'] bFGF SDS-PAGE, sodium dodecyl sulfatepolyacrylamide 
gel electrophoresis. 
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