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 Steroid hormone receptors (SHRs) of the nuclear 
receptor family are intracellular, ligand-dependent 
transcription factors responsible for sensing endogenous 
steroid hormones that diffuse through the cell membrane. 
Ligand binding to a SHR causes conformational changes 
in the receptor that enable it to directly bind to DNA (i.e. 
HREs - the hormone response elements) and regulate 
the expression of adjacent genes [1]. Due to the large 
number of genes that they regulate, SHRs play important 
roles in controlling the development, homeostasis, and 
metabolism of the organism. The malfunctioning of 
SHRs signaling pathways has also been implicated in the 
development of many forms of cancers.

SHRs have a conserved structure with at least four 
modular domains, a variable N-terminal transactivation 
domain, a DNA-binding domain (DBD), a short hinge 
region, and a hormone-binding domain (HBD) that also 
has the transactivation function [2]. The best studied 
steroid hormone receptors are members of the nuclear 
receptor subfamily 3, such as the androgen receptor, 
estrogen receptors, glucocorticoid receptor, and 
progesterone receptor [3-7]. Depending on their steroid 
hormone specificity, SHRs are either located in the cytosol 
and migrate to the cell nucleus upon activation (e.g. 
glucocorticoid receptor), or are predominantly nuclear in 
both unliganded and liganded forms (e.g. progesterone 
receptor) [8]. The nuclear import of receptors is mediated 
by the nuclear localization signals (NLSs), which have 
been identified in the DBD-hinge and the HBD regions 
of the SHRs [9-11]. In most cases, the NLSs are covered 
up by heat shock proteins which remain bound with the 
receptor until the hormone ligand is present (as discussed 
below).

After their synthesis, SHRs must go through a 
heat shock protein-assisted maturation process before 
they become receptive for ligand binding. During 
maturation, SHRs are first delivered by Hsp70 to Hsp90 
through the Hsp organizing protein (Hop), which binds 

both chaperones through two separate tetratricopeptide 
repeat (TPR) domains [12]. TPR domains are a-helical 
solenoid structures consisting of three or more tandem 
tetratricopeptide repeats each containing a highly 
degenerate sequence of 34 amino acids [13]. Both Hsp90 
and Hsp70 interact with co-chaperones containing TPR 
domains through a short C-terminal sequence –EEVD–. 
The Hsp90-SHR complex is further stabilized in its ATP-
bound form by p23, a small acidic protein generally 
involved in the stabilization of client protein -Hsp90 
complexes [14]. The presence of ATP weakens the affinity 
of Hsp90 for Hop, thus allowing for the recruitment of 
another TPR protein: FKBP52, FKBP51, Cyp40 or PP5. 
FKBP52 and FKBP51, and Cyp40 are also known as 
the large immunophilins because they contain a peptidyl 
prolyl isomerase domain that can bind immunosuppressive 
drugs [15]. Finally, this assembly and maturation process 
produces a large, oligomeric SHR-Hsp90 complex 
with high hormone binding affinity, as Hsp90 and co-
chaperones maintain the SHR in a particular structural 
conformation that is highly responsive to hormone [16]. 
It is currently unclear whether hormone-bound SHRs 
translocate through the nuclear pores with or without the 
Hsp90 complex. Nevertheless, it is generally accepted that 
the Hsp90-SHR interaction is disrupted upon hormone 
binding [17].

To analyze the interactions among various chaperones 
and co-chaperones during the maturation of SHRs, 
Hildenbrand et al report in this issue an intriguing finding 
that Hsp90 can accommodate the simultaneous binding 
of the FKBP52 and HOP proteins, in striking contrast 
to previous findings that HOP and FKBP52 binding 
to Hsp90 is mutually exclusive [18-20]. Using highly 
purified recombinant proteins, Hildenbrand et al carried 
out detailed biochemical and biophysical characterization 
of the various complexes and subcomplexes that the 
four chaperones/co-chaperones, Hsp90, FKBP52, p23 
and HOP, are able to form in the presence and absence 
of nucleotides. In particular, Hildenbrand et al identified 
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a stable Hsp902-FKBP521-p232-HOP2 complex with the 
2:1:2:2 molar ratio. The simultaneous binding of FKBP52 
and HOP the Hsp90 dimer is independent of nucleotide 
binding and the p23 co-chaperone. The authors speculate 
that Hsp90 may have two separate binding sites for 
FKBP52 and HOP, one at the C-terminal –EEVD- motif 
and the other at the hydrophobic middle-domain of 
Hsp90. Further structural investigations, such as electron 
microscopy as suggested by the authors, would be useful 
to elucidate the details of such intermolecular interactions. 
The possible existence of such a pre-assembled Hsp902-
FKBP521-p232-HOP2 complex ready for Hsp90-SHR 
binding in the cytosol raises an interesting possibility 
that the maturation pathway for SHRs may take fewer 
intermediate steps than we originally thought. Indeed, 
pre-assembled complexes are commonly found in cellular 
processes such as transcription (e.g. TFIID and mediator) 
and translation (e.g. eIF3). The results reported here thus 
constitute a giant step toward our understanding of the 
maturation process of SHRs.

Future experiments using purified SHRs are 
necessary to investigate how receptor binding may change 
the overall stoichiometry and structure of the chaperone/
co-chaperone complex. It is unclear whether HOP and p23 
remain associated in the mature Hsp90-SHR complex. 
One thing we can be sure of, however, is that the work by 
Hildenbrand et al have laid solid foundation for further 
biochemical and structural characterization of various 
hormone receptor-chaperone complexes at the molecular 
level.

 RefeRences

1. Olefsky, J.M., Nuclear receptor minireview series. J Biol 
Chem, 2001. 276(40): p. 36863-4.

2. Kumar, R. and E.B. Thompson, The structure of the nuclear 
hormone receptors. Steroids, 1999. 64(5): p. 310-9.

3. Bledsoe, R.K., et al., Crystal structure of the glucocorticoid 
receptor ligand binding domain reveals a novel mode of 
receptor dimerization and coactivator recognition. Cell, 
2002. 110(1): p. 93-105.

4. Luisi, B.F., et al., Crystallographic analysis of the interaction 
of the glucocorticoid receptor with DNA. Nature, 1991. 
352(6335): p. 497-505.

5. Pereira de Jesus-Tran, K., et al., Comparison of crystal 
structures of human androgen receptor ligand-binding 
domain complexed with various agonists reveals molecular 
determinants responsible for binding affinity. Protein Sci, 
2006. 15(5): p. 987-99.

6. Shiau, A.K., et al., The structural basis of estrogen 
receptor/coactivator recognition and the antagonism of this 
interaction by tamoxifen. Cell, 1998. 95(7): p. 927-37.

7. Williams, S.P. and P.B. Sigler, Atomic structure of 
progesterone complexed with its receptor. Nature, 1998. 
393(6683): p. 392-6.

8. Echeverria, P.C. and D. Picard, Molecular chaperones, 
essential partners of steroid hormone receptors for activity 
and mobility. Biochim Biophys Acta, 2010. 1803(6): p. 
641-9.

9. Picard, D. and K.R. Yamamoto, Two signals mediate 
hormone-dependent nuclear localization of the 
glucocorticoid receptor. Embo J, 1987. 6(11): p. 3333-40.

10. Picard, D., et al., Signal transduction by steroid hormones: 
nuclear localization is differentially regulated in estrogen 
and glucocorticoid receptors. Cell Regul, 1990. 1(3): p. 
291-9.

11. Zhou, Z.X., et al., A ligand-dependent bipartite nuclear 
targeting signal in the human androgen receptor. 
Requirement for the DNA-binding domain and modulation 
by NH2-terminal and carboxyl-terminal sequences. J Biol 
Chem, 1994. 269(18): p. 13115-23.

12. Chen, S., et al., Differential interactions of p23 and the TPR-
containing proteins Hop, Cyp40, FKBP52 and FKBP51 
with Hsp90 mutants. Cell Stress Chaperones, 1998. 3(2): p. 
118-29.

13. Lamb, J.R., S. Tugendreich, and P. Hieter, Tetratrico 
peptide repeat interactions: to TPR or not to TPR? Trends 
Biochem Sci, 1995. 20(7): p. 257-9.

14. Morishima, Y., et al., The hsp90 cochaperone p23 is the 
limiting component of the multiprotein hsp90/hsp70-based 
chaperone system in vivo where it acts to stabilize the client 
protein: hsp90 complex. J Biol Chem, 2003. 278(49): p. 
48754-63.

15. Carrello, A., et al., The common tetratricopeptide repeat 
acceptor site for steroid receptor-associated immunophilins 
and hop is located in the dimerization domain of Hsp90. J 
Biol Chem, 1999. 274(5): p. 2682-9.

16. Pratt, W.B. and D.O. Toft, Regulation of signaling 
protein function and trafficking by the hsp90/hsp70-based 
chaperone machinery. Exp Biol Med (Maywood), 2003. 
228(2): p. 111-33.

17. Haverinen, M., et al., Heat shock protein 90 and the nuclear 
transport of progesterone receptor. Cell Stress Chaperones, 
2001. 6(3): p. 256-62.

18. Chen, S. and D.F. Smith, Hop as an adaptor in the heat 
shock protein 70 (Hsp70) and hsp90 chaperone machinery. 
J Biol Chem, 1998. 273(52): p. 35194-200.

19. Nair, S.C., et al., Molecular cloning of human FKBP51 and 
comparisons of immunophilin interactions with Hsp90 and 
progesterone receptor. Mol Cell Biol, 1997. 17(2): p. 594-
603.

20. Owens-Grillo, J.K., et al., The cyclosporin A-binding 
immunophilin CyP-40 and the FK506-binding 
immunophilin hsp56 bind to a common site on hsp90 and 
exist in independent cytosolic heterocomplexes with the 
untransformed glucocorticoid receptor. J Biol Chem, 1995. 
270(35): p. 20479-84.

21. Hildenbrand ZL, Molugu SK, Herrera N, Ramirez C, Xiao 
C, Bernal RA. Hsp90 can Accommodate the Simultaneous 



Oncotarget 2011; 2:  104 - 106106www.impactjournals.com/oncotarget

Binding of the FKBP52 and HOP Proteins. Oncotarget. 
2011; 2: 45-58.


