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A t  first glance, signaling by steroid hor- 
mone receptors seems simple-these recep- 
tors are intracellular proteins that, upon 
activation by hormoye, act as regulators 
of transcription. Thus, we can imagine a 
minimalist scheme: Hormone binds to the 
receptor, inducing a conformational change 
such that the receptor now binds DNA and 
modulates transcri~tion. Alas. this fanciful 
view is far from accurate. There are numer- 
ous other key participants in steroid signal- 
ing, notably the molecular chaperones ( 1 ), 
proteins that assist protein folding in gen- 
eral. Two recent reports (2, 3), one in this 
issue of Science (2), identify DnaJ, an old 
friend in chaperone circles, as a new player 
in steroid receptor function; the findings 
suggest multiple roles for DnaJ in steroid 
signaling. Their wider implication is that a 
subset of molecular cha~erones mav be uni- 
versally required for signal transduction. 

In the absence of hormone, certain ste- 
roid receptors, including the glucocorticoid, 
androgen, and estrogen receptors, are found 
as "aporeceptor complexes" consisting of a 
receptor monomer, a dimer of the heat 
shock protein Hsp90, and several other 
proteins (1, 4) (see figure). Subsequent to 
ligand binding, the "activated receptor" dis- 
sociates from the complex, binds to specific 
DNA seauences. and modulates the tran- 
scription of genes. Proper interaction of the 
receptors with Hsp9O is essential for effi- 
cient ligand binding and response (5-7), in- 
dicating that the aporeceptor complex rep- 
resents a LLpoised" conformation of the re- 
ceptor, ready to respond to signal. In the ab- 
sence of ligand, the complex is in dynamic 
equilibrium with two unliganded, non- 
Hsp90-bound receptor forms (steps A and 
B in the figure). Hsp70 and other chaper- 
ones, in an adenosine triphosphate (ATP)- 
dependent mechanism, appear to reas- 
semble Hsp90 onto the unliganded recep- 
tors, thereby maintaining the pool of 
aporeceptors that can respond to ligand (6). 
Interestingly, steroid receptor mutants lack- 
ing the "signaling domain," the region of 
the receptor that interacts with ligand and 
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Hsp90, are not found in aporeceptor com- 
plexes and are constitutively active, sug- 
gesting that besides forming the signaling- 
competent state, the aporeceptor complex 
may also maintain unliganded receptors as 
transcriptionally inactive (1 ). 

Two new genetic studies, exploiting the 
capacity of mammalian steroid receptors to 
function in yeast, now identify a role in sig- 
naling for DnaJ, the chaperone partner of 
Hsp70 (DnaK). Kimura et al. (2) isolated a 
mutant allele of the yeast YDII gene, a 
DnaJ family member, in a screen for muta- 
tions that are lethal to cells in combination 

with Hsp90 mutants. The isolation of YDJl 
alleles in such a "synthetic-lethal" screen 
suggests that Hsp90 and DnaJ may function 
in the same cellular processes. In support of 
this view, the authors show that their ydjl 
mutants affect the activities of three Hsp90 
targets, the estrogen and glucocorticoid 
steroid receptors (1 ) and the oncogene ty- 
rosine kinase ~ 6 0 ' - ~  (8)) albeit with oppo- 
site effects. The glucocorticoid and estro- 
gen receptors display a dramatic ligand- 
independent, constitutive activity in ydjl 
mutant strains, whereas p60'-S" activity is 
significantly reduced. In a separate study, 
Caplan and co-workers (3) tested previ- 
ously isolated ydjl mutants, reasoning that 
Ydj 1 might contribute to steroid receptor 
signaling because Hsp70, the chaperone 
partner of DnaJ, is required for aporeceptor 
com~lex formation in vitro (9). Caulan et . ,  . 
al. fiund that the activities of both steroid 
receutors and ~ 6 0 ' ~  are reduced in their 
ydjl mutant strain (3); in contrast to 
Kimura et al. (2), they observed no increase 
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and B) and In the folding of the activated receptor to a tran- 
scriptionally active state (step C). The unliganded =active" 
receptor is proposed to explain the liand-independent 
transcriptional activity in some DnaJ mutant strains. B W ,  
capable of high affinity ligand binding; TXN, capable of 
regulating transcription; X, proteins identified as compo- 
nents of aporeceptor complexes, including hsp561FKBP59, 
cyclophilin-40, p6O/Stil, and p23. 

SCIENCE VOL. 268 2 JUNE 1995 1303 



in the activity of glucocorticoid or andro- 
gen receptors in the absence of ligand. Im- 
portantly, both reports show that ydjl mu- 
tants do not alter the constitutive transcrip- 
tional activity of the truncated receptors 
lacking signaling domains; thus, Ydjl ap- 
pears to be specifically involved in steroid 
receptor signaling. 

What role is DnaJ playing in the func- 
tion of Hsp9O target proteins like steroid 
receptors and p60Y-SrC? Kimura et al. find 
that a portion of the glucocorticoid receptor 
pool is physically associated with wild-type 
Ydjl (2), suggesting a direct action. In 
other arenas, proteins of the DnaJ family, 
like Ydjl, act in concert with the Hsp7O 
(DnaK) family of molecular chaperones to 
assist in protein folding (10). DnaJ stimu- 
lates the ATPase activitv of Hsu70 and 
likely contributes to its substrate spkcificitv. 
In vitro, both Hsp7O and DnaJ, in combina- 
tion with the TRiC iGroEL) chaverone. 
are needed for proper folding of nascent 
polypeptides (1 1). 

Taken together, the results of Kimura et 
al. and Caplan et al. suggest that steroid re- 
ceptors may require both Hsp70 and DnaJ 
for assembly and maintenance of the apo- 
receptor in the absence of ligand (steps A 
and B in the figure) and for proper folding 
of the activated receptor after ligand bind- 
ing (step C in the figure). Assembly of apo- 
receptor complexes in vitro is an ATP-de- 
pendent process that requires Hsp90, Hsp70 
(9),  p23 (1 2), and perhaps other factors (1,  
4).  It is reasonable to speculate that Hsp7O 
and DnaJ act in concert in this process. We 
might imagine that mutations in ydjl abro- 
gate formation of aporeceptor complexes 
from newly synthesized or unliganded re- 
ceptors, or that they produce misfolded, non- 
functional complexes. However, Kimura 
and co-workers find as much or more Hsp90 
associated with glucocorticoid receptor in 
the mutant as in wild-type strains (2), and 
Caplan and co-workers find that ligand 
binding by the androgen receptor is not 
compromised by mutations in ydjl (3) .  

These results suggest that aporeceptor 
complexes form and can bind ligand in ydjl 
mutant strains, but leave open the question 
of the relative amounts of receptor in the 
aporeceptor complex and the other un- 
liganded states. The observation of Kimura 
et al. that ydjl mutations provoke receptor 
activity in the absence of ligand implies 
that Ydj 1 helps to maintain unliganded re- 
ceptors in an inactive state. Thus, if Ydjl 
and Hsp70 facilitated the reassembly of 
unliganded receptor back to the poised 
aporeceptor complex (steps A and B), cer- 
tain ydjl mutants might allow accumulation 
of an unliganded receptor that is transcrip- 
tionally active. Even a small increase in this 
pool of receptors might account for the ac- 

tivity seen by Kimura et al. Alternatively, 
the ydjl mutants could allow the poised 
aporeceptor complex itself to assume a tran- 
scriptionally active conformation. Quan- 
titation of relative levels of free receptor 
and aporeceptor complex in wild-type ver- 
sus ydjl mutant cells would help to distin- 
guish between these possibilities. 

Do chaperones participate in the 
ligand-dependent dissociation of apore- 
ceptor complexes? Formation of the "acti- 
vated receptor" (step C in the figure) re- 
quires bound ligand, moderate temperatures 
(25" to 37"C), and is accelerated by the 
presence of ATP (1, 13). Ligand binding 
per se may not increase the rate of dissocia- 
tion of Hsp90 but may simply preclude the 
reverse reaction, reassembly of the apo- 
receptor complex (6). In this context, the 
findings of Caplan et al. suggest that DnaJ, 
and by inference Hsp70, are needed to fold 
the receutor into its transcriutionallv active 
conformktion (step C in the' figure): analo- 
gous to the role of DnaJ and DnaK in the 
activation of phage PI repA protein dimers. 
In this view, the ydjl allele tested by 
Caplan et al, may leave the receptor trapped 
in a complex with Hsp90 or unable to fold 
efficiently into a functional form (3). 

Can the maturation of p60V-STC be fit into 
this scheme? Newly synthesized p60"-STC in- 
teracts transientlv with Hsu90 in the cvto- 
plasm where the 'kinase is 'held in an iiac- 
tive state until it is mvristvlated, associates 
with the plasma meibra ie ,  and becomes 
active (8). As with steroid receptors, p60"-SrC 
requires Hsp90 (14) and, according to the 
new studies (2, 3), Ydjl for activity. The in- 
creased association of Hsv90 with ~ 6 0 " - ~ ' ~  
in a ydjl mutant strain (3) suggests that, 
analogous to the last step in steroid receptor 
signaling, DnaJ may be important for disso- 
ciating Hsp9O from the kinase or for achiev- 
ine the final activated state. 

'z 

How might the different ydjl strains 
used in the two studies (2, 3)  result in simi- 
larly defective p60"-SrC but produce different 
steroid receptor phenotypes? The answer 
may lie in a common role for DnaJ in the 
activation step both of steroid receptors 
and p60v-src, combined with steroid recep- 
tor-specific roles in maintaining the poised 
aporeceptor complex conformation. To 
function properly, steroid receptors, src fam- 
ily oncogene tyros-ine kinases, and other sig- 
naling nlachines must exist in more than 
one conformational state. In principle, each 
distinct conformation defines a different 
potential step for Ydj 1 involvement in the 
signaling pathway. In turn, this complicates 
interpretation of the results: On  the one 
hand, different ydjl alleles may preferen- 
tially affect particular steps; on the other 
hand, receptors in different genetic back- 
grounds may vary in their dependence on 

Ydjl at different steps. Notably, over- 
expression of SIS1, another yeast DnaJ pro- 
tein, can partially complement ydjl mu- 
tants ( lo) ,  so depending on the strain back- 
ground and the ydjl allele, distinct steps 
might be preferentially affected. Thus, the 
opposing effects of ydjl mutants on gluco- 
corticoid receptor function observed by 
Kimura et al, and Caplan et al. may simply 
represent the differential effects of their re- 
spective mutants on different steps in the 
pathway. 

Hsp90, DnaJ, and Hsp70 molecular 
chauerones orobablv contribute to the func- 
tion of a broad range of signaling proteins; 
genetic analyses imply a role for Hsp9O in 
signaling by the sevenless and torso receptor 
tyrosine kinases, the wee1 cell cycle ty- 
rosine kinase, and the basic helix-loop-he- 
lix dioxin receptor (15-17). Why would 
certain signaling proteins depend on chap- 
erones for proper function? These chaper- 
ones may establish and maintain in such 
signaling proteins a poised conformation 
that is optimally sensitive to the signal. 
Any particular conformation of a signaling 
protein may be intrinsically unstable, pro- 
ducing a mixed population that is at once 
unresoonsive, active in the absence of sie- - 
rial, or responsive to signal. Clearly, such 
molecular indecisiveness is incompatible 
with precise signaling control. The "signal- 
ing chaperones" could shepherd their target 
into a conformation that is inactive but 
highly responsive-triggered only by the 
signal into the active conformation. 
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