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Cellular signaling processes can be divided into two

broad types: unidirectional terminal pathways, with

endpoints such as cell differentiation, and readily

reversible modulatory pathways, typified by endpoints

such as metabolic changes induced by food intake. A

given signaling component can function in both types of

pathway, and the receptors for both classes must sense

signals specifically. Both types of pathway can respond

rapidly and robustly to the appearance of a signal by

initiating cooperative interactions that drive the

assembly of multicomponent ‘transducing machines’

that produce decisive endpoints.

However, such multicomponent complexes present

special challenges for modulatory signaling pathways,

which must sense both increasing and decreasing

signal intensities, and must also terminate and

reinitiate signaling efficiently. Because these pathways

commonly include intermittent signaling patterns of

short duration, degradation or other irreversible

discard routes are not proficient general strategies for

termination of signaling because reinitiation would be

limited by the rate of reaccumulation of the regulator.

Moreover, the functional complexes commonly

assemble in cellular compartments far from the

plasma membrane, and therefore cannot detect

fluctuations in the levels of extracellular signals. Most

importantly, the transducing machines assemble

spontaneously, forming specific, intrinsically stable

complexes in response to signal, thus raising questions

about how disassembly is accomplished in response to

a decline in signal intensity.

Modulatory signaling by the intracellular receptors

demonstrates rather clearly some of these special

challenges. This superfamily of proteins modulates

specific gene transcription in response to programmed

or induced changes in circulating levels of small

hydrophobic signals such as glucocorticoid, estrogen,

retinoid and thyroid hormones. For purposes of

illustration, we shall focus here on transcriptional

activation mechanisms conferred by intracellular

receptors, particularly by the glucocorticoid receptor

(GR) (Fig. 1). The unliganded apoGR resides primarily

in the cytoplasm in the absence of cognate hormonal

signals. Upon hormone binding, the GR–hormone

complex translocates to the nucleus, where it binds to

specific genomic sites termed glucocorticoid response

elements (GREs) and enhances transcription of

nearby genes1–4. Upon hormone withdrawal,

transcriptional activation declines promptly in

conjunction with changes in nearby chromatin

structure5; physiological studies underscore the

importance of decisively terminating intracellular

receptor signaling6,7. Importantly, both initiation and

cessation of the signaling endpoint (i.e. regulated

transcription) occur with t
1/2

~5–10 min, much shorter

than the 11–25 h half-life of the receptor itself.

Molecular chaperone complexes have been shown

to play important roles in signaling mediated

through intracellular receptors, including signaling

mediated by steroid, retinoid and ecdysone

receptors8–10. Thus, heterotypic complexes

containing chaperones (e.g. Hsp90, Hsp70, p23 and

large immunophilins) and co-chaperones (e.g. Hsp40,

HiP and HOP) associate with apoGR and facilitate

high-affinity hormone binding. Although the

chaperone complex components are thought to

dissociate from GR upon hormone binding, it is

notable that these components also are found in the

nucleus and that they function in a similar manner

on nuclear aporeceptor complexes11. Indeed, recent

findings reveal that molecular chaperone

components participate in intracellular receptor

functions well after initial hormone binding12–14.

Here we summarize some of the myriad molecular

interactions that define transcriptional regulatory

complexes at GREs; features of these complexes lead

us to suggest that ancillary factors such as molecular

chaperones might be essential for promoting

continuous, energy-dependent disassembly of these

and other transcriptional regulatory machines. We

then consider the nature and role of the putative

disassembly reactions in the broader contexts of

modulatory signaling and other biological processes.

Triggering signaling pathways

Signaling within the intracellular receptor superfamily

is triggered by binding of small hydrophobic ligands

such as steroids or thyroid hormone to the ligand

binding domains (LBDs) of cognate receptors. There

are two striking features of these interactions. First,

the overall tertiary structure of the LBDs is highly

conserved, despite wide variation in LBD primary

sequences and ligand structures15. Second, the bound

ligands are completely buried within the LBD, serving

as part of the hydrophobic core of the domain16.

Structural studies reveal extensive ligand–LBD

contacts that account for the high potency and
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specificity of signaling by these compounds;

progesterone, for example, is contacted by 18

amino-acid side chains in the progesterone receptor

LBD (Ref. 17). Agonist binding triggers conformational

changes in the LBD that create a novel protein–protein

interface18 capable of binding to ‘coactivator’proteins,

which stimulate gene transcription.

The association of coactivators with the

ligand–LBD complex stabilizes ligand binding19 and

also serves as an early step in a cascade of further

intermolecular interactions that produce site-specific

transcriptional regulatory machines at cognate

genomic response elements (REs) (Fig. 1). The IR–RE

interactions are characterized by approximately

nanomolar affinities20 and are further stabilized by

interactions with adjacent DNA-bound proteins21.

The precise composition and function of the

complexes vary in different cell and response element

contexts22–24, but the final assemblies comprise many

components and activities. Thus, ligand binding

within the LBD core nucleates differential assembly

of functional regulatory complexes containing several

megadaltons of protein. This scheme seems ideal for

establishing and maintaining a stable ligand-induced

effect. However, these multiple layers of protein,

secured by cooperative interactions and

encapsulating hydrophobic ligands, bring into sharp

focus a crucial issue: how might these complexes be

disassembled to allow modulation or termination of

intracellular receptor signaling events?

Physiological fluctuations in signaling

Metazoans maintain physiological balance, in part,

through the production and recognition of hormonal

ligands. For example, steroidogenesis in various

endocrine organs is controlled by neuroendocrine

signaling; the resultant steroid ligands circulate in

the blood, cross cell membranes and are recognized by

cognate receptors. Importantly, the signaling and

response systems must be sensitive to fluctuations in

signal strength that are either programmed, as with

diurnal cycling of cortisol levels, or induced, as with

changes in cortisol levels provoked by food

consumption or exercise. In humans, serum cortisol

increases or decreases ~3–5 fold over 2–4 h periods in

conjunction with these events (Fig. 2a)6. In the case

of estradiol in rodents, the serum levels decline

sixfold over an ~2 h period at the estrus–proestrus

interface (Fig. 2b)7. To respond to such fluctuations

requires mechanisms for efficient disassembly of

intracellular receptor–ligand-triggered regulatory

machines. In principle, disassembly could be driven

either by degradation or by dissociation and recycling

of components.

Receptor degradation

Conceivably, a declining level of circulating hormone

might induce degradation of an intracellular receptor-

triggered transcriptional regulatory complex. Such a

mechanism is used in certain signaling pathways

including those governed by hypoxia-inducible factors

(HIFs) or nuclear factor κB (NF-κB). For example,

NF-κB is maintained in a quiescent state by

associating with IκB (inhibitor of NF-κB), and NF-κB

signaling is triggered upon degradation of IκB

(Ref. 25). For hypoxia signaling, an HIF subunit fails

to accumulate under normoxia because it is

immediately degraded, whereas it is stabilized and

functional under hypoxic conditions26. However,

receptor turnover seems unlikely as a general

mechanism for modulation of  intracellular receptor-

mediated effects. First, it fails to explain how the

hormone–receptor complex, embedded in a several

megadalton machine and bound to genomic DNA

within the cell nucleus, can sense and respond to

changes in hormone levels in the bloodstream.

Second, both aporeceptors and holoreceptors are

relatively stable, with half-lives longer than the time

course of serum ligand fluctuations and the responses

to those fluctuations. Moreover, the effects of

hormones on  intracellular receptor stability are

typically in the wrong direction to account for the

observed modulations27,28.

For example, the estrogen receptor (ER) is

destabilized in the presence of estradiol: its half-life

declines from ~4 h to ~3 h, and steady-state levels

drop by 5–10-fold with chronic hormone

treatment29,30. Similarly, glucocorticoids reduce GR

half-life from ~25 h to ~11 h, with an accompanying

approximately threefold reduction in steady-state

levels31. Inhibition of proteasome function leads to a

decrease in ER transcriptional activation activity, yet

receptor protein levels do not decrease27,32; in the case

of GR, neither activity nor protein levels are affected

by proteasome inhibitors27. In addition, it has been

observed for GR that addition of ligand can lead to an

increase in receptor protein levels28. These findings

indicate that the mechanisms of hormone-induced

destabilization of steroid receptors are unknown, and

that the alterations cannot account for declines in

signaling upon hormone withdrawal.
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Fig. 1. Initiation of
glucocorticoid receptor
(GR) signaling. In the
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(magenta) associates with
molecular chaperones
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Following ligand binding,
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blue or light green). The
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turn, modulate
transcription by direct or
indirect interaction with
the transcription initiation
apparatus (not shown).



Therefore, current evidence fails to support a

receptor degradation model for intracellular receptor

responsiveness to hormonal fluctuations. Thus,

although there might be cases in which proteolysis is

used for such regulation, we suggest that hormonal

effects on receptor turnover probably serve to buffer

responses to chronic hormone exposure, rather than

to sensitize signaling pathways to fluctuations in

signal strength.

Induced or continuous disassembly

The other general mechanistic class for responding to

changes in intracellular receptor signal levels is the

induced or continuous disassembly of intracellular

receptor-containing transcriptional regulatory

complexes. An ‘induced’disassembly model suffers

from the same problem as the induced degradation

scheme because the large genome-bound complex

cannot monitor changes in serum hormone levels. In

the ‘continuous’dissociation model, both the regulatory

machines and the receptor–hormone complex itself are

dynamic, rapidly dissociating into components that are

competent for reassembly in the presence of sufficient

levels of intracellular hormone. According to this

scheme, termination of intracellular receptor signaling

would not require a separate mechanism, but rather

would be an intrinsic consequence of the dynamic

receptor–hormone interaction.

Recent findings are consistent with a continuous

disassembly hypothesis. Using GR–green fluorescent

protein fusions to visualize the dynamics of

holoGR–GRE complexes in vivo33, it was discovered

that the half-life of these complexes is in the order of

seconds. Thus, despite the long duration (t
1/2

>100

min) of GR–GRE complexes in vitro34, in vivo, these

complexes (adorned with additional molecular

interactions that should in principle stabilize them

further) nevertheless are released from the DNA at

rates more than three orders of magnitude higher

than those observed in vitro. Regardless of the

mechanism for this highly dynamic behavior in vivo,

it clearly provides a sensitive way for intracellular

receptors to monitor and respond to rapid fluctuations

in serum hormone levels. Presumably, the hormone is

also released from the dissociated receptor, and the

newly generated unliganded receptor is converted to a

form competent for hormone binding and for all

subsequent holoreceptor functions; that is, the

receptor is continuously recycled.

In early studies, it was thought that receptors such

as GR might need to return to the cytoplasm to

interact again with molecular chaperone complexes

and to regain hormone-binding competence35,36.

However, it is now apparent that molecular

chaperones are present in both the cytoplasm and the

nucleus, and that aporeceptor–molecular chaperone

complexes can form within the nucleus following

ligand withdrawal11. What, then, are the

requirements and challenges of continuous recycling,

and how might molecular chaperones participate?

Role of molecular chaperones in continuous recycling

At least three of the intermolecular interactions

involved in forming functional transcriptional

regulatory complexes – hormone with LBD,

holoreceptor with response element and holoreceptor

with coactivator – are specific and relatively long-lived

in vitro, raising the possibility that additional factors

might be essential for the rapid reversal of those

contacts in vivo. Consideration of the steroid–receptor

interaction alone underscores the point: a small

hydrophobic molecule embedded in a hydrophobic

binding pocket in which it is contacted by ~20

amino-acid side chains would have little probability of

spontaneously breaking these contacts and re-entering

an aqueous environment. The detailed composition,

structures and stabilities of the full transcriptional

regulatory machines are not known, but many more

interactions are clearly implicated, elevating further

the complexity of disassembling these machines.

Molecular chaperones appear to be strong

candidates as factors that might effect continuous

dissociation and recycling because: (1) they interact

physically and functionally with intracellular

receptor LBDs; (2) they harbor ATPase activities

that could drive disassembly of hydrophobic

interactions; and (3) they can promote dissociation

of intracellular receptors from coactivators and

response elements. Moreover, there is precedent for

chaperone participation in modulatory signaling

pathways; for example, the oxygen-dependent

proteasomal degradation of the HIF α subunits

is facilitated by the Von Hippel–Lindau

(pVHL)–elongin complex37, which is assembled

by the chaperonin TRiC (Ref. 38).

Freeman et al.14 demonstrated that the purified

p23 molecular chaperone can disrupt thyroid

hormone receptor (TR)–DNA complexes in vitro

and that p23 binds preferentially to the

holoTR–response element ternary complex. In

addition, p23 appears to compete with a coactivator

for association with the TR LBD. These opposing

interactions have opposite effects on the stability

of the receptor–DNA interaction. Moreover,

coactivator binding increases the apparent affinity
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Fig. 2. Serum hormone
levels fluctuate. (a) Serum
cortisol levels fluctuate in
humans diurnally with
sleep and wake cycles,
and are also modulated
by food consumption (*)
and stress or exercise
(arrows). (b) In rodents,
serum estradiol reaches
high levels preceding
ovulation (arrow), then
declines sharply
following ovulation. The
graphs are composites
adapted from the work of
many labs (for specific
examples see Refs 6,7).



of hormone binding by 20–60-fold19, so p23 might act

directly or indirectly to facilitate hormone release.

Whether p23 plays a role in dissociation of other

components in the regulatory machinery has not

been examined.

Hsp90, a member of the molecular chaperone

complex that interacts directly with intracellular

receptor LBDs, also might have a role in receptor

recycling. Thus, inhibitors of Hsp90 abrogate release of

GR from chromatin following hormone withdrawal13,

and elevated levels of nuclear Hsp90 lead to reduced

GR activity after prolonged hormone treatment12. It

has not yet been determined whether Hsp90 acts

directly or through association with p23. Additionally,

purified Hsp90 can dissociate ER–ERE (estrogen

receptor response element) complexes in vitro39.

Together with dissociation of the holoreceptor from

the RE, the intracellular receptor–hormone complex

must be disassembled and the aporeceptor re-

established to reset the signaling ‘trigger’. In our

model,  intracellular receptor-mediated signaling is a

cyclical process comprising three distinct phases

(Fig. 3). The first two phases, signaling and assembly,

involve binding of the cognate ligand by receptor

which, in turn, drives cooperative assembly of

regulatory complexes. The third phase, disassembly,

disrupts the regulatory complexes including the

intracellular receptor–hormone association. Given the

spontaneous and cooperative formation of the

complexes, disassembly would require expenditure of

energy. We suggest that disassembly might be driven

by the ATPase activities associated with molecular

chaperone complexes.

Notably, high-affinity hormone binding by newly

synthesized apoGR requires that the receptor

associates with Hsp90 (Refs 40,41), an interaction that

is facilitated by Hsp70 (Ref. 42); parallel studies with

various intracellular receptors suggest that

co-chaperones such as Hsp40 and HOP also contribute

to the establishment of ligand binding activity8. Thus,

according to our model, molecular chaperone

components would ‘bridge’the cycle by functioning in

both the disassembly and signaling phases (Fig. 3).

Perspectives

In this article we have focused on intracellular

receptor action to illustrate a crucial feature of

modulatory signaling pathways – the requirement to

sense and respond efficiently to fluctuations in the

level of the signaling ligand – and the mechanistic

implications of this requirement. Ligands for

intracellular receptors trigger assembly of

multifactor regulatory complexes that include both

receptor and ligand, and the specificity and affinity of

the intermolecular interactions enable strong

selectivity in the structure and activity of the

assembled machines. By contrast, the specificity and

affinity vital to the assembly of these machines,

together with their intranuclear location far from the

circulating ligand, run counter to the efficient

complex disassembly and receptor recycling needed

for modulation and termination of signaling. We

propose that responsiveness to signal fluctuations

could be achieved by an energy-requiring process of

continuous recycling, perhaps conferred by molecular

chaperone complexes.

Many biological processes employ precision

assemblies of multicomponent machines to carry out

complex reactions at particular points in a multistep

process, and then require efficient alteration of these

machines for subsequent steps in the process. In this

sense, the requirements of the processes for

disassembly and perhaps for recycling of components
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Fig. 3. Continuous recycling of components in regulatory complexes containing intracellular
receptors. In the absence of ligand, apoGR (magenta) associates with molecular chaperone
complexes (dark blue, green or orange) (1). Following ligand binding, the GR–hormone complexes
(2) associate with GREs (3), and these ternary complexes recruit additional regulatory factors in a
context-specific manner to form regulatory complexes (4). We propose that the holoGR within
regulatory complexes is also a substrate for molecular chaperones (dark blue, green), which
consume energy to drive an overall disassembly process that involves three events: release of the
nonreceptor factors (4 → 5), release of the receptor from DNA (5 → 6) and release of hormone from
the receptor (6 → 1); the actual order of the disassembly events, and the steps requiring energy
expenditure, are unknown. This three-phase recycling process, comprising signaling, assembly and
disassembly phases, sensitizes the receptor to periodic fluctuations in hormone levels.
Abbreviations: GR, glucocorticoid receptor; GRE, glucocorticoid response element.



are similar to those of modulatory signaling. We

illustrate this point with a few brief examples:

• The mechanics of translation termination and

reinitiation43 appear to parallel our proposed

recycling pathway for modulatory signaling

complexes; both involve ancillary factors and require

an energy source. As in our intracellular receptor

recycling model, ribosomal subunits are disassembled

and re-assembled using a common factor, dissociation

factor/initiation factor-3 (DF/IF-3). Thus, DF/IF-3

serves as a bridging component that promotes

recycling of the ribosomal subunits. Before the

transition to recycling, the 70S ribosome is

disassembled in an energy-dependent process that

involves the auxiliary factors ribosome recycling

factor (RRF) and elongation factor-G (EF-G).

• As a second example, consider mRNA nuclear

export. Newly synthesized mRNAs associate with at

least 30 proteins and heterogeneous nuclear

ribonucleoproteins (hnRNPs) in the nucleus44,45.

Some of the associated factors are exported to the

cytoplasm with the mRNA and shuttle back to the

nucleus; however, most remain nuclear44,46. Thus, a

specific subset of nuclear proteins and hnRNPs

dissociates from the hnRNP–mRNA–protein

complex before export, a process that presumably

produces the export-competent species and is

driven, at least in part, by the DEAD-box ATPase

Dbp5 (Ref. 47). (DEAD-box protein family members

contain the Asp-Glu-Ala-Asp motif and unwind

RNA in an ATP-dependent manner.) Upon export

and cytoplasmic localization, the shuttling factors

are thought to dissociate and return to the nucleus,

competent for another round of export. We suggest

that both steps of this dynamic reconfiguration of

the mRNA export and shuttling machineries

require energy input, perhaps provided in some

cases by molecular chaperones.

• A third case involves the spliceosome. This is a

highly dynamic apparatus that is rapidly

assembled, rearranged and disassembled during

the process of pre-mRNA splicing48. Precise removal

of intronic sequences minimally involves a six-step

process that uses distinct snRNP complexes.

Transitions between each stage are dependent upon

both ancillary factors and energy expenditure; a

final disassembly step involving ATP hydrolysis and

protein factors Prp22 and Prp43 regenerates the

various snRNP components for additional rounds of

splicing. Certain factors, such as Prp22, Prp24 and

Prp43, might serve recycling or bridging roles, in

some cases energy-dependent, that facilitate both

termination and reinitiation of splicing.

Additionally, the splicesome component U5-116kD,

which is related to EF-2, might provide energy for

recycling of certain snRNP complexes49.

In general then, we anticipate that

multicomponent machineries that mediate a broad

range of complicated biological processes might

employ energy-consuming ancillary factors to drive

expeditious transitions between functional

complexes in stepwise pathways or cycles. In many of

these cases, it seems likely that the energy-requiring

steps serve also to help keep the complexes discrete

and distinct, their stable states separated by an

energy barrier.
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