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Abstract
Steroid hormone receptors are members of a family of ligand inducible transcription factors, and
regulate the transcriptional activation of target genes by recruiting coregulatory proteins to the pre-
initiation machinery. The binding of these coregulatory proteins to the steroid hormone receptors
is often mediated through their two activation functional domains, AF1, which resides in the N-
terminal domain, and the ligand-dependent AF2, which is localized in the C-terminal ligand
binding domain. Compared to other important functional domains of the steroid hormone
receptors, our understanding of the mechanisms of action of the AF1 are incomplete, in part, due
to the fact that, in solution, AF1 is intrinsically disordered (ID). However, recent studies have
shown that AF1 must adopt a functionally active and folded conformation for its optimal activity
under physiological conditions. In this review, we summarize and discuss current knowledge
regarding the molecular mechanisms of AF1-mediated gene activation, focusing on AF1
conformation and coactivator binding. We further propose models for the binding/folding of the
AF1 domains of the steroid hormone receptors and their protein-protein interactions. The
population of ID AF1 can be visualized as a collection of many different conformations, some of
which may be assuming the proper functional folding for other critical target binding partners that
result in ultimate assembly of AF1:coactivator complexes and subsequent gene regulation.
Knowledge of the mechanisms involved therein will significantly help in understanding how
signals from a steroid to a specific target gene are conveyed.
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Introduction
Intracellular transcription factors, such as the nuclear hormone receptors (NHRs) play many
important biological roles in eukaryotic development, differentiation, reproduction and
metabolic homeostasis among others (1–5). Proteins of the NHR super-family possess a
modular structure with three major functional domains: i) a variable amino-terminal domain
(NTD), ii) a highly conserved DNA-binding domain (DBD), and iii) a less conserved
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carboxyl-terminal ligand binding domain (LBD) (6–8). The NHR superfamily consists of
receptors for steroids (glucocorticoid, mineralocorticoid, progesterone, estrogen, and
androgen), thyroid/retinoid/vitamin D/peroxisome proliferator-activated receptor (PPAR),
and the orphan receptors (for which ligands have not been identified) families (9,10). The
classic mechanism of steroid action, based on the domain model, is that the ligand bound-
receptor enters the nucleus where it binds to its response element DNA site that allows for
the formation of a transcription initiation complex either directly or indirectly through
subsequent binding to co-regulatory proteins (11–13). To a large extent, the composition of
the receptor:coregulator complex assembly determines the final outcome of the target gene
regulation by the receptor (14,15). Depending upon the interaction with coactivators or
corepressors, NHRs up- or down-regulate the expression of specific gene(s) (14,15). Though
the structural organization of the NHRs into NTD, DBD, and LBD regions is well
characterized (Figure1), the regulation of transcription is poorly understood. This is due
largely to the lack of detailed information concerning the function of their transcription
activating domains (16–20). Two major transactivation domains of the NHRs are AF1 in the
NTD, which acts in a constitutive manner, and a small but important AF2 sub-domain
towards the C-terminal end, which functions in a ligand-dependent manner (16,17,21,22).

While the two AFs can clearly act autonomously, there is increasing evidence that full
receptor activity requires synergistic, perhaps even physical interactions between AF1 and
AF2 (17,18,22–24). In many cases, synergistic effects between AF1 and AF2 are mediated
by other coregulatory proteins that may directly interact with both AF1 and AF2, albeit with
different regions of the binding partner protein (23,24). Usually AF2 interacts with the
LXXLL motif of the binding protein whereas no consensus motif has been identified for
AF1 (17,25,26). Though, it is believed that the AF1 interacting sites are outside the LXXLL
motifs, it is still not known whether there is a consensus motif for AF1 interacting proteins,
like those for AF2. To a large extent, the transactivation activities of these AFs have
differential cell type- and promoter-specific effects, suggesting the possibility of selective
interactions with differentially expressed coregulatory proteins (26–28). Due to the growing
number of proteins identified that interact with NHRs, much attention has been focused on
the role of protein:protein interactions in gene regulation by NHRs. In this context AF1 and
AF2 domains, which physically and functionally interact with certain specific coregulators,
are of immense importance. Although a systematic analysis of all possible NHR:cofactor
interactions is still lacking, it is evident already that each NHR can interact with several
different coregulatory proteins (29,30). Moreover, due to varied expression patterns, many
cell types contain an assortment of different factors that can interact with a single receptor
(31,32). It seems likely that the precise cofactor assembly, based on relative affinities and
concentrations, and the NHR:cofactor ratios largely define the final transcriptional potential
of each receptor in a given cell (25,33–36).

Three-dimensional structures of the DBD and LBD of several NHRs are known (37–48).
The DBD solution structure shows a sequence of helices and loops folded to an overall
globular shape (44–48).The crystal structure of NHR’s LBD consists of three sets of anti-
parallel helices that form the sides and top of the globule, making a central pocket, the
ligand-binding site (37–43). Mutational analyses have shown that the AF2 sub-domain is
defined by amino acids within the “so called helix-12” (37). This sub-domain is believed to
change its position upon ligand binding (37). For example, the crystal structure of the
estrogen receptor LBD revealed that agonist-bound receptor changes the position of H12 so
that the surface formed thereby allows interaction with coactivators, whereas antagonist-
bound LBD fails to do so (37). This structural elucidation of LBD availed a great deal of
information concerning how AF2 functions, and in explaining how signals are passed from a
ligand to the specific target gene, but it fails to explain certain critical issues such as the
importance of the AF1 domain in the process. The recently published crystal structure of the
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full length PPAR threw some light on the structural elements of the holo-receptor, however,
the NTD structure was not clearly resolved and it appeared to be largely unstructured or
intrinsically disordered (49). In spite of the discovery that AF1 is a major transactivation
domain for several steroid receptors (SRs), not much is known about its structure and
functions. A comprehensive understanding of AF1 actions is therefore required that can
provide the structure:function relationship of the AF1, vital information to understanding
how GR transmits transcriptional signals to regulate expression of a specific gene(s).
Because AF1 exists in an ID state, the understanding of its structure and functions has
languished (50–58). In terms of sequence homology and size, the NHRs’ NTD is the region
least conserved among the family members, yet it possess powerful transactivation activity
in those members with a long NTD sequence. This is particularly true for several steroid
receptors (SRs) (5). It is known that AF1 interacts with other transcription factors, and the
available data strongly suggest that conditional folding of AF1 is the key for these
interactions and subsequent transcriptional activity (25,52,53,58–60). How and what kind of
functional folded conformation AF1 adopts is an open question. In this review article, we
have made an attempt to describe updated knowledge of our understanding regarding the
SRs’ AF1s interaction with various coregulatory proteins, and the structural and functional
consequences of such protein:protein interactions in regulating the transactivation activity of
the AF1.

Steroid receptors contain intrinsically disordered (ID) regions in their N-
terminal/AF1 domains

In recent years, it has become evident that eukaryotic genomes are highly enriched in ID
proteins compared to prokaryotes, and seem to promote molecular recognition through their
ability to form surfaces capable of binding specific macromolecular binding partners (61–
67). Dunker and colleagues developed a method “predictor of natural disorder regions
(PONDR)” to detect ID regions/domains within proteins and reported that extended regions
of ID sequences are prevalent in a majority of transcription factor proteins, including several
NHRs (68). In many transcription factor proteins, these ID regions are located in their
activation domains, e.g. SRs’ AF1, suggesting that these activation domains may need to be
highly flexible in order to efficiently carry out their functions (69–80). Their analyses
established that the combination of low mean hydrophobicity and relatively high net charge,
leading to ID protein/peptide, represents an important prerequisite for the lack of well
defined compact structure in proteins or protein regions/domains under physiological
conditions (69–72). Based on these physico-chemical analyses, several NHRs’ N-terminal
activation domains may qualify to be ID regions. Characterization of the conformational
propensities and function of such non-globular protein sequences, including those in SRs,
represents a major challenge. The primary amino acid sequences of the NTDs of the SRs,
which contain AF1, are much less conserved than are DBD and LBD regions (5,25).
Though, the isolated NTDs of the SRs have poor sequence homology, in solution they share
the characteristic of disordered structure, and possess a strong transactivation domain, AF1
(25). Such transcription factors generally work in conjunction with other proteins, and by
multiple mechanisms (81–85). The SR AF1 is no exception to this phenomenon (25).

We have summarized the secondary structural elements of SRs AF1 domain in Table 1. It is
evident from Table 1 that in spite of having variable size and locations, all the members of
SR family have an AF1 domain, which consists of more than 70% amino acid sequences
that are random coil in nature. In fact, studies from several laboratories including ours have
confirmed the ID nature of several SRs’ NTD/AF1 using physico-chemical methods
(25,54,55,58,60). Because the AF1 domain acts by interacting with specific coregulatory
proteins, it is likely that its flexible and dynamic structure creates a favorable surface for
AF1’s efficient interactions with partner binding proteins (25). This raises the question: what
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is the structural basis of the functional activity of the ID AF1 domain in the full length
receptor? AF1 appears to be in an ID conformation in the full length PPAR (49), and our
studies with the glucocorticoid receptor suggest that in a two-domain (NTD+DBD)
preparation, AF1 also is not structured (51). Other studies have shown similar findings with
the progesterone receptor (56). We propose that the ID nature of AF1 allows this region of
the receptor to rapidly and reversibly adopt various configurations controlled by allosteric
cooperativity between different domains, the selective responses to cell conditions, and
heterologous protein partners control the regulation of target gene(s) (25). It is a well
accepted fact now that ID regions (such as AF1) can be thought of as a large collection of
rapidly inter-converting conformers (Figure 2). The number of such conformations may vary
depending upon the cellular environment, and could exist as a collection of large, highly
dynamic, and rapidly inter-converting structures (81–85). Some of these conformations
could even exist in folded conformations; however, their equilibrium always will be shifted
towards unstructured conformations at a given time and depends upon cellular crowding
(such as presence of small cellular solutes) under physiological conditions (25,81–85).

In the case of the ID AF1 domain of the SRs, we have found that the presence of various
naturally occurring osmolytes can bring many (if not all) of these unstructured states into
well folded globular structures with significant amounts of secondary and tertiary structures
(53). Another interesting feature of these folding patterns is their cooperative nature
indicating that AF1 can adopt a unique conformation that is functionally active as assessed
by the ability of folded AF1 to interact with various coregulatory proteins and generate AF1-
mediated transcriptional activity (53). It is striking that a high proportion of transcription
factors contain ID regions that coincide with their activation domains (68). We propose that
AF1’s ID nature allows it to rapidly “sample” the cellular environment until partners of
appropriate concentration and affinity are found within a specific cell type. Once found,
either by induced fit or selective binding of a particular conformer, a high-affinity
AF1:binding partner interaction occurs. We further hypothesize that several factors can
influence AF1 tertiary structure formation: binding of the DBD to DNA, ligand occupancy
of the LBD and, in some circumstances, the type and concentrations of intracellular small
solute molecules such as chemical chaperones.

Steroid receptors’ AF1 domains function in a cell type- and promoter-
specific manner

As discussed above, each SR contains in its NTD an AF1, defined by molecular mapping
that is responsible for a significant proportion of the transcription-activating potency of the
SR. PRB (the larger form of the progesterone receptor) has two such regions, with the
additional one, AF3, located in its N-terminal region, whereas PRA (the shorter form of the
PR) has only AF1 just like other SRs (55,56,86). The evidence for transcription-controlling
activity of the AF1s is compelling because mutations or deletions in AF1 lower the activity
of the holo-receptor when an agonist ligand for the LBD is provided (5,25,87). In most cases
AF1 is capable of providing constitutive transcriptional activity when the LBD is deleted
from an SR bound to its response element DNA site (25,56,58). Also relevant are the
extensive data showing the differing strength and gene-selective activities of the shorter and
longer forms of the NTD, naturally found in each of the SRs (25–27). The kinetic and
dynamic behavior of an SR observed in cells reveals rapid interactions with various
coregulatory proteins in the nucleus, and with chromatin and DNA (88). There are reports
showing that the chromatin/DNA interactions involving SRs do not always produce
productive transcription complexes (25,88,89). In recent years, a number of protein binding
partners for SRs AF1 have been identified (25,29). Some of these protein binding partners
can bind both AF1 and AF2 (25,90). Differing sets of binding partners come together in
response to agonist- or antagonist- bound LBD, and an agonist in one cell type can act as an
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antagonist in another cell type (22), suggesting that either differing binding partner proteins
exist in a particular cell type or that there is differing use of the same partners under the
influence of other cellular conditions (Figure 3).

It is also possible that the affinity and kinetics of binding to partner proteins may differ
depending upon cell type. This could be due to the influence of a specific cellular
environment that generates receptor surfaces that either include or exclude specific binding
partners, and this could be of great importance in case of the ID AF1 domain. The overall
picture is not yet clear, and points to the existence of a very complex and dynamic cascade
controlled by the SR for its interactions with a variety of other binding partners, on and off
various DNA sites in a promoter dependent manner. To a certain extent, the structural
changes observed in the AF2 due to preferential binding of coactivator or corepressor
binding partners have helped in the understanding of the mechanisms involved therein
(15,37). However, the data, so far, fall short of explaining the full action of the SR. The
main reason for this is the lack of our understanding of the structural dynamics of the AF1,
and its subsequent functional activity under physiological conditions. This information may
provide an opportunity to understand critical questions related to cell- and promoter-specific
actions of the SRs. We and others are actively pursuing research to address this complex and
important issues related to SR action. We believe that the AF1’s ID nature plays an
important role in this process. The precision of the limits of the primary amino acid
sequences that define the AF1 varies between SRs, yet interspecies comparisons show that
for a particular receptor, there is high constancy of AF1 sequences (25).

Since proteins with differing primary sequences can fold to give very similar condensed
structures, the available data on SR AF1s raises several questions that must be addressed: i)
does each AF1 fold to a single, unique conformer or to multiple unique conformers?; and ii)
among SRs, do the AF1s come to a single common conformer, to a set of shared
conformers, or to a subset of shared conformers, with additional conformers unique to each
SR type? The answer to these and several other fundamental questions will be available only
when the three-dimensional structure of each folded AF1 conformation is determined. The
wide variability in AF1 suggests that there should be some differences in folded functionally
active structures, but does not rule out a shared central conformer or conformers, common to
all under physiological conditions. Since ID AF1s can rapidly adopt a number of
conformations, and there are various factors, such as binding of receptor to a specific
promoter that might bring differential folding of AF1, it is possible that AF1conformation
plays an important role in cell- and promoter-specific effects of SRs in the regulation of a
target gene. The ultimate understanding of the mechanisms of action of AF1 in activating
transcription will require multiple levels of knowledge, eventually reaching the level that
will explain how they act in complex with many other proteins in chromatin. A
comprehensive knowledge of the structure and binding functions of AF1 will contribute to a
new level of understanding of this complicated mechanism. In addition to the various types
of binding partners in different cells contributing to different responses, differences in
specific cell signaling may also play an important role. Both the receptors and most of their
coactivators are phospho-proteins, and differences in function and difficulty in determining
the structure of ID AF1 may in part be due to phosphorylation.

Potential means by which ID AF1 domain of the steroid receptors adopts a
functionally active three dimensional conformation

It is generally presumed that AF1 must bind, directly or via co-activators/co-repressors, to
some part of the primary transcription machinery. In the absence of data supporting its 3-D
structure, several theories have been advanced to explain how AF1 may function. One
suggests that AF1 acts without any definite structure; that it merely forms a cloud of
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negatively charged amino acids. Based on observations that negatively charged areas are
important for transactivation function in the case of some acidic activators (5,58), it was
proposed that this would be sufficient to cause transcription initiation. At least in case of the
glucocorticoid receptor, mutational analysis suggests that this is not the case (58), because
mutations that eliminated or replaced acidic amino acids with neutral ones had little effect
on the ability of the AF1 to activate transcription (58,59). On the other hand, mutations of
hydrophobic amino acids of AF1 strongly reduced the AF1 activity (59). It is therefore
hypothesized that an induced conformation or set of conformations occurs in AF1 in order
for it to carry out its transcription function (25,52). What causes these conformational
changes, and how are they physiologically important? The answer to this may lie with
induced-fit mechanism of folding (69,70). Induced fit might occur only when the AF1
domain encounters its proper binding partner. If it happens through critical coregulatory
proteins for AF1, the possibility of a physiologically functional conformation(s) is great. It is
known that the AF1 makes physical and functional interactions with other coregulatory
proteins in order to transactivate gene(s) and that the induced AF1 conformation is important
for several of these interactions (25,52,59,60). Thermodynamic considerations predict that if
one or more conformers of AF1 lacking any significant structure bind specific protein
partners with high affinity, interaction of the AFI with that partner at appropriate
concentrations should cause AF1s to fold (25). This could occur either by simple mass
action or by direct induced fit following initial, relatively non-specific binding partner
interactions with unfolded conformer(s) of AF1 (25).

We have shown, in case of the glucocorticoid receptor, that a direct interaction between AF1
and the TATA Box-binding protein (TBP) leads to formation of tertiary structure in AF1
(73). In vivo, we have documented that AF1:TBP interactions measured by fluorescence
resonance energy transfer (FRET), correlates with enhanced transcription of both co-
transfected and endogenous genes (87). Deletions of AF1 or its core region caused loss of
TBP interaction and of tanscriptional activity (87). These observations are consistent with
the fact that TBP can be limiting and drawn to sites to be transcribed by various
transcription factors. Similar results have been shown for the induced folding of AF1 of the
estrogen receptor (ER) through TBP (54). While both ERα and ERβ possess ID AF1/NTD,
TBP binding induces structure formation only in ERα, suggesting that TBP-induced folding
in ID AF1 may be specific and dependent upon its ability to work as a coregulator for that
particular receptor. We also have shown that when ID AF1 of the AR binds to a protein
from the basal transcription machinery complex, RAP74 (a subunit of TFIIF complex),
structure is formed in AF1 (75). Another type of induced binding/folding event in the PR
AF1 occurs through the binding interaction between jun dimerization protein 2 (JDP-2) and
DBD (55). It has been shown that JDP-2 binds specifically to the DBDs of all SHRs and in
so doing, stimulates transcription (55). The effects of JDP-2 on transcription are gene-
specific, suggesting specific actions through the NTD and therefore possibly specific AF1/
NTD conformations. Structural consequences of the DBD:JDP-2 interactions have been
observed in the PR NTD (55). Binding of JDP-2 with the two-domain NTD-DBD
polypeptide (consisting of the entire NTD plus DBD) resulted in a substantial gain in
structure formation in the AF1/NTD without any significant secondary/tertiary structural
changes within the DBD (55). Thus, JDP-2 binding to the PR DBD affects the structure and
transcriptional function of its AF1/NTD. These results indicate that induced binding/folding
of AF1 can occur even when the binding partner is not directly interacting with AF1 but
rather through inter-domain communication. Such inter-domain communications have been
reported for several transcription factors, including SRs (51,56,25). In fact, we also have
shown that secondary and tertiary structure are induced in the AF1 region when a two-
domain GR fragment (GR1–500) comprising its entire N-terminal- (NTD) through the
DNA-binding domain (DBD) is bound to a DNA oligomer containing a palindromic
glucocorticoid response element (51).
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Taken together, it is logical to build a working model on how the ID AF1 domain of the
SHRs regulates the transcriptional activity by providing an ideally suited flexible and
dynamic protein surfaces for critical coregulatory proteins, essential for gene regulation by
SRs (89–91). We propose, under physiological conditions, that AF1 in the holo-SHR exists
as a partially folded structure due to inter-domain interactions including but not limited to
DNA and ligand bindings through respective domains, and due to the presence of specific
intracellular milieu (including chemical chaperones such as certain polyols, sugars, amino
acids, and methylamines). The resulting structurally modified forms of AF1 facilitate it for
varied interactions with other critical coregulatory proteins, and possibly additional
modulations in receptor structure essential for gene regulation by the receptor. These
interactions give final folded structures to AF1 and form the basis for the multi-protein
assemblies involved in SR-mediated regulation of transcription (Figure 4). How AF1 folds
and what kind of functional folded conformation it adopts are open questions, and we and
others have been pursuing answers to these long-standing problems.

Summary and Perspectives
In last several years we have learned a great deal about how SRs act, however our efforts
have failed to explain several outstanding questions related to the structural and functional
relationships of SRs. To fully understand how signals from a ligand are passed through SRs
to a specific target gene, we must understand how ID AF1s regulate interactions between the
vast arrays of expressed proteins. In recent years, from the work carried out in various
laboratories on protein:protein and protein:DNA interactions involving SRs and their
relationships with target gene regulations, it has been shown that dynamic macromolecular
ensembles involving SRs AF1 and AF2 domains are key elements in the regulation of many
biological systems (18,25,29,56,59,87). Identification of the ID nature of AF1 suggests that
direct protein:protein interaction may be an essential step in producing properly folded and
functionally active structure in the ID region leading to transactivation activity (85,91).
However, the actual three-dimensional structure of the functionally folded AF1 domain,
ideally in the full length receptor remains to be determined. A recently published crystal
structure of the PPAR has, for the first time, indicated the possibility of solving SR’s AF1
structure. Site-specific phosphorylation represents an important regulatory mechanism in the
activities of several SRs. Many known functionally important phosphorylation sites are
located in the ID AF1/NTD of the SRs. It has been predicted that generally ID proteins have
a higher frequency of known phosphorylation sites than ordered regions. It is logical to
hypothesize that site-specific phosphorylation of the ID AF1 may lead to changes in its
conformations that are important for AF1’s interaction with other critical coregulatory
proteins, and subsequent transcriptional activity. The characterization of phosphorylation–
induced structure formation in AF1s and its role in facilitating protein:protein interactions
should be of particular importance in understanding the mechanism by which kinase(s)
regulate the actions of SRs. We and others are actively pursuing the question of the kind of
functional ordered conformation(s) AF1 domains adopt, and whether multiple folded
conformations are generated depending upon the nature of binding partner(s) involved.
Biophysical and molecular biological approaches, so far, have eluded the mechanism by
which SRs’ AF1 domains adopt ordered conformation(s) under physiological conditions.
However, more studies are needed to determine whether there is a unified mechanism
through which the ID AF1 domain in each receptor acquires a well defined structure.
Protein:protein interactions involving the SRs and other coregulatory proteins have been
extremely useful in providing targets for the development of suitable steroids and other
small molecules that can modulate such interactions. Proper knowledge of the importance of
coupled binding and folding of the ID AF1 domains in the regulation of the SRs actions has
the potential to significantly advance our understanding of the mechanisms involved in
passing signals from a steroid to specific target gene. Finally, structural analyses of the AF1
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domain combined with its functional behavior will allow design and development of
multifunctional approaches to produce more active steroids, and more efficient and better
targeted therapeutic tools.
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Figure 1. A general schematic representation of a SR showing functional domain arrangements
A/B = N-terminal domain (NTD); C = DNA-binding domain (DBD); D = hinge region (in
some cases also known as Tau2); E/F = ligand binding domain (LBD). Not all SRs contain F
domain, and this is not required for hormone binding. Precise location and size of each
domain may differ in each SR. These differences are most pronounced in the A/B region. A
typical SR is composed of several functional domains. The variable N-terminal region (A/B)
contains the ligand-independent AF1 transactivation domain, which can constitutively
activate transcriptional activity of the SR lacking the LBD. The precise location and size of
AF1 is different in each SR, and is shown in Table 1. The conserved DBD is responsible for
the recognition and binding of site-specific DNA sequences. A variable linker region D
connects the DBD to the conserved LBD as well as the dimerization surface. LBD is also the
site for the interaction of various heat shock and other chaperone proteins for the un-
liganded receptor. The ligand-independent transcriptional activation AF1 domain is
contained within the A/B region, and the ligand-dependent AF2 core transactivation sub-
domain is within the C-terminal portion of the receptor. Most of the known coregulatory
proteins interact with these two AF domains. Conformational alterations in these regions
play an important role in the recruitment of proper and efficient binding partners under
physiological conditions. Except for the NTD, the three-dimensional structure of both DBD
and LBD is known for several SRs.
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Figure 2. A schematic diagram showing various conformational states of an ID protein
Shown is a hypothetical ID protein that can exist in a number of probable conformations. A
few such possible conformations are illustrated in this figure (not real conformations). These
conformations can be highly dynamic and can adopt various shapes in a very rapid and inter-
convertible fashion. In other words, these conformations are reversible in nature. Under
physiological conditions, depending upon the cellular environment, some of these
conformers could well have limited residual structure. Depending on the relative
probabilities of each state prior to stabilizing conditions (such as interaction of target
molecules), the change in free energy for one or more of the stable conformation(s) may
vary. In the case of ID AF1 domain of the SRs, disorder-to-order transition should provide
access to the interaction energies between different cooperative elements to identify the
most efficient and stable interactions in the final form of the complex. Further, the disorder-
to-order transition that occurs upon complex formation (between AF1 and other binding
partner proteins) can be localized to binding interfaces.
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Figure 3. A model for the regulation of transcription by SR:coregulator assemblies
The SR bound to its hormone response element (HRE) recruits certain specific coregulatory
proteins (shown by different colors and shapes) mainly through AF1 and/or AF2 regions.
Some of these coregulators may have been bound to both AF1 and AF2 through different
binding motifs that may lead to formation of a bridge between AF1 and AF2 through these
and/or other cofactor(s). By doing so, the signal is passed between AF1 and AF2, facilitating
receptor activity. Precise relationships and locations of these cofactor proteins interactions
are not accurate and may differ in different SRs. In certain cases, AF1 and AF2 also can
interact directly through intra-molecular cross talk. The precise assembly of these
coregulatory proteins may be determined by their levels of expression and concentrations in
specific cell types and by the conformational state of the SR, particularly its ID AF1 domain.
The complex may alter local chromatin structure, and affect the stabilization of the basal
transcription pre-initiation complex through TBP bound to its TATA box and/or with other
sub-units of the complex. This may well vary within different members of the SR family.
The SR:coregulatory protein complex somehow bound to DNA enhancer sites, recruits and
regulates Pol II via accumulations of specific proteins, which act as a functional bridge
between the receptor and Pol II.
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Figure 4. A hypothetical model of folding of the SRs’ AF1 domain in the context of full length
receptor under physiological conditions
The ID AF1 domain interacts with one or more proteins from the basal transcription
initiation machinery complex, e.g. TBP and in doing so acquires a set of conformations that
allows AF1 surfaces to create a platform for interaction with other coregulatory proteins to
carry out its function. The resulting structurally modified forms of AF1 may activate it for
interactions with various other critical coregulatory proteins essential for gene regulation by
the receptor. These interactions give the final folded structure to AF1 and form the basis for
the multi-protein assemblies involved in SR-mediated regulation of transcription. This
induced fit model of AF1 folding infers that AF1 is not fully structured in vivo until it binds
one or another key partner molecule (shown by different colors and shapes). This induced-
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conformation or limited set of conformations in AF1 is needed in order for it to carry out its
transcription function. Formally, induced fit could occur by initial non-specific interactions
between the unfolded AF1 domain and the BP. In this version of the model, when such
interactions occur, the proximity of the two proteins leads to rapid acquisition of the proper
structure in AF1. Alternatively, there initially could be more specific interactions of
coregulatory proteins with a partially folded AF1, or even with a tiny pool of fully folded
AF1 molecules, creating a kinetic “sink” into which the general population falls.
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Table 1

A Summary of predicted intrinsically disordered structural elements within the AF1 domain of the steroid
receptors (as calculated)*

Receptor Location of AF1 Number of ID amino acids % Random coil

GR 77–262 129 69.35

ERα 56–127 55 75.35

ERβ 1–62 51 83.61

PR 456–546 63 69.23

AR 101–370 191 70.74

MR 170–433 229 87.07

*
Combet C., Blanchet C., Geourjon C. and Deléage G. NPS@: Network Protein Sequence Analysis. TIBS 2000 March Vol. 25, No 3 [291]:147–

150
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