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Abstract

Allostery is a biological phenomenon of critical importance in metabolic regulation and cell 

signalling. The fundamental premise of classical models that describe allostery is that structure 

mediates ‘action at a distance’. Recently, this paradigm has been challenged by the enrichment of 

IDPs (intrinsically disordered proteins) or ID (intrinsically disordered) segments in transcription 

factors and signalling pathways of higher organisms, where an allosteric response from external 

signals is requisite for regulated function. This observation strongly suggests that IDPs elicit the 

capacity for finely tunable allosteric regulation. Is there a set of transferable ground rules that 

reconcile these disparate allosteric phenomena? We focus on findings from the human GR 

(glucocorticoid receptor) which is a nuclear transcription factor in the SHR (steroid hormone 

receptor) family. GR contains an intrinsically disordered NTD (N-terminal domain) that is 

obligatory for transcription activity. Different GR translational isoforms have various lengths of 

NTD and by studying these isoforms we found that the full-length ID NTD consists of two 

thermodynamically distinct coupled regions. The data are interpreted in the context of an EAM 

(ensemble allosteric model) that considers only the intrinsic and measurable energetics of 

allosteric systems. Expansion of the EAM is able to reconcile the paradox that ligands for SHRs 

can be agonists and antagonists in a cell-context-dependent manner. These findings suggest a 

mechanism by which SHRs in particular, and IDPs in general, may have evolved to couple 

thermodynamically distinct ID segments. The ensemble view of allostery that is illuminated 

provides organizing principles to unify the description of all allosteric systems and insight into 

‘how’ allostery works.
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Introduction

Allostery is an essential biological phenomenon playing crucial roles in metabolic regulation 

and cell signalling, and conferring on cells the ability to differentiate between subtle 

chemical cues. Arguably the most challenging issue in ascribing a quantitative model for 

allostery is that it must manifest ‘action at a distance’, i.e. the regulatory site may be several 

angstroms away from the active site. Is it possible to have a general quantifiable, 

explanatory and transferable set of rules that describes this phenomenon or are the 

determinants of allostery unique to each system? Initial proposals to explain allostery in 

human haemoglobin yielded two influential models: the MWC (Monod–Wyman–Changeux) 

or ‘concerted’ model [1] and the KNF (Koshland–Nemethy–Filmer) or ‘sequential’ model 

[2]. Excellent detailed reviews of these historic models are available in [3,4]. During the era 

when these models were introduced, the first atomic resolution structural models of proteins 

were being elucidated playing a significant role in the scientific thinking of allostery [5]. 

What followed was an influential proposal that the cooperative transition in haemoglobin’s 

quaternary structure was mediated by a mechanical site-to-site perturbation of atoms and 

side chains [6]. The culmination of these data and success in reproducing some of the 

phenomenological observations suggested that all allosteric systems could be understood 

through a structural or single-molecule view of allostery [5].

Previously, emerging theory and accumulating evidence has called into question the 

structural view of allostery [5,7–14]. Even in human haemoglobin, both the MWC and KNF 

models fail to reproduce the co-operative binding free energies of oxygen [15,16]. Perhaps 

the most puzzling reports have been in systems where dynamics and disorder mediate 

allostery, an observation that is irreconcilable in terms of structure. These well-documented 

systems include phenomena such as allostery in the absence of a structural pathway [8,11], 

allostery without conformational change [9], allostery coupled to local unfolding [12,13], 

allosteric communication from surface mutations that do not affect structure [10,14], 

allosteric communication in disordered segments [7] and, perhaps most intriguing, the 

observation that allosteric ligands can act as positive and negative regulators in a cell-

context-dependent manner [17–19]. Even more revealing is the realization that IDPs 

(intrinsically disordered proteins) are enriched in signalling pathways and hyperabundant in 

transcription factors of higher organisms, suggesting their capacity to finely tune allosteric 

responses [20]. These observations not only call into question the structural view of 

allostery, but also undermine the visually appealing notion of the ‘structure–function’ 

paradigm.

Many of the ID (intrinsically disordered) regions in transcription factors undergo coupled 

folding upon binding to their co-regulatory partners, suggesting that the functional 

conformation is a folded state [21,22]. This notion is supported by reports of osmolyte-

induced folded states of IDPs showing increased binding affinity to their respective co-

regulators [7,23,24].However, whether large ID segments contain thermodynamically and/or 

functionally distinct regions, the degree of coupling between these ID regions, and how 

these influence function are poorly characterized and not well understood. In the present 

paper, we discuss intrinsic disorder and allostery in the human GR (glucocorticoid receptor), 

a hormone-dependent nuclear transcription factor in the SHR (steroid hormone receptor) 
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family. Through studying the naturally occurring translational isoforms of GR with various 

lengths of their ID NTDs (N-terminal domains), we find not only that the full-length GR 

NTD consists of thermodynamically distinct coupled ID regions, but also that the resultant 

stabilities of these isoforms correlate with their in vivo activity [7]. The data are interpreted 

in the context of an EAM (ensemble allosteric model) that considers only the experimentally 

measurable intrinsic energetics of allosteric systems [5,25,26]. An expansion of the EAM is 

able to reconcile the puzzling observation that certain ligands act allosterically on members 

in the SHR family as positive and negative regulators in a context-dependent manner [17–

19,25]. The culmination of these data suggests a mechanism by which SHRs in particular, 

and IDPs in general, may have evolved to couple thermodynamically distinct ID segments 

that are contiguous in sequence. The ensemble view of allostery that is illuminated provides 

a vehicle to interpret ‘how’ allostery works, possibly in all systems.

Allosteric coupling between ID segments in the NTD of human GR

Because TFs (transcription factors) must respond appropriately in magnitude to external 

signals, allosteric coupling is critical for proper TF function. The importance of allosteric 

response in TFs can be appreciated by the wide range of cancers caused by TF dysregulation 

[27]. Nonetheless, how TFs use structure (or intrinsic disorder) to encode the capacity for 

tunable allosteric coupling is not well understood.

The SHR family is an ideal target for investigating allostery and its relation to intrinsic 

disorder because the domain organization is well conserved and most of the members 

contain a long disordered NTD that is required for proper transcription function and 

regulation [28–30]. SHRs are hormone-dependent nuclear TFs that play key roles in organ 

development, metabolite homoeostasis, and stress and inflammatory responses [28]. SHRs 

typically contain three domains: an ID NTD, a DBD (DNA-binding domain), and an LBD 

(ligand-binding domain) as depicted in Figure 1(A). The ID NTDs of SHRs are required for 

transcription activation and regulation through their AF1 (activation function 1) region 

serving as a hub to recruit co-regulators to form the final transcription complex [F region 

(functional region) in Figure 1A] [28–30]. Interestingly, the ID NTDs of different SHRs 

have various lengths and no sequence conservation, yet each one contains an AF1 region in 

addition to other ID segments. What are the roles of these ID segments outside of AF1 

within the NTD of SHRs? In the progesterone receptor and the GR, different translational 

isoforms vary only in the length of their ID NTD, with each isoform corresponding to a 

different transcriptional activity [18]. In particular, GR has eight translational isoforms with 

various activities, different tissue distributions and unique sets of regulated genes 

[29].Captivatingly, the only difference in the active GR isoforms is the lengths of ID 

segments with extremely well conserved alternative start sites outside of the AF1 region [7] 

(Figure 1B). This striking observation strongly suggests that the ID region, which contains 

multiple translational isoform start sites, serves as a regulatory region for GR function and 

may consist of thermodynamically coupled regions.

It is well established that IDPs usually undergo coupled folding and binding when they 

encounter their binding partners, with the folded conformation often serving as the 

functional state [21,22,31]. It is thus informative to measure the free energy of folding ID 
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domains because such information reports on the inherent probability of being in the 

potentially active state. The protective osmolyte TMAO (trimethylamine N-oxide) has been 

used to induce folding in IDPs to access the free energy difference between the unfolded 

(inactive) and folded (active) states of the ID NTDs of three human GR translational 

isoforms A, C2 and C3 [29] (Figure 1B). The experimentally determined stabilities showed 

a clear relationship with the known in vivo transcription activities of their corresponding GR 

translational isoforms (Figure 1C). This suggests that the stability of the ID NTDs can be 

used as a mechanism to regulate activity of GR translational isoforms. Interpreting the data 

within the context of the two-domain EAM reveals that the full-length ID NTD of GR can 

be divided into two functionally distinct regions: an F region, which contains the co-

regulatory binding sites, and an R region (regulatory region), which serves to regulate the 

stability of the F region and hence GR activity (Figure 1D). The F and R regions are 

thermodynamically coupled to each other, with unfavourable interaction energy between 

them, i.e. folding of one domain disfavours folding of the other.

Remarkably, a prediction of the EAM is that two domains are maximally coupled when one 

or both of the domains are in the unfolded conformation the majority of the time, i.e. ID 

[25,26]. This suggests that protein chains that have ID regions may actually consist of 

distinct coupled thermodynamic regions, a notion that is supported by the study presented 

above [7]. The ideas presented above provide a framework to dissect the thermodynamic 

basis of allosteric coupling between ID regions in a protein.

The three-domain EAM recapitulates agonism/antagonism switching from 

allosteric ligands

Since the two-domain EAM described above can be used to explore the role of coupling 

between two ID segments or one regulatory domain in an allosteric protein, a simple 

expansion can provide insight into systems with multiple regulatory domains. This is of 

particular interest to TFs that are essential for proper cell growth, development and 

differentiation in multicellular organisms [32].Historically, ligands that bind to TFs are 

classified dichotomously as either positive or negative regulators of the protein they control 

[32,33]. This notion has been shattered by well-documented observations that ligands for 

SHRs can elicit both agonistic and antagonistic effects in a cell-context-dependent manner 

[17–19]. Perhaps most troubling is that this observation is irreconcilable with the classic 

models of allostery [5].

Expansion of the EAM reconciles this puzzling phenomenon by treating an allosteric protein 

as three domains that can interact with one another [25] (Figure 2A). By generalizing the 

folded and unfolded states in the two-domain EAM above to high-affinity relaxed (R) and 

low-affinity tense (T) states respectively, we can begin to dissect the energetic requisites of 

agonism/antagonism switching (Figure 2B, first column). The important feature that allows 

each domain to ‘sense’ the other is that the free energy of each state relative to the native or 

reference state (i.e. RRR) has a contribution from the transition to the T state (ΔGi; Figure 

2B, second column) in addition to the free energy of breaking the interaction (Δgint,i−j; 

Figure 2B, third column) between adjacent R states for the two domains in question:
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(1)

Boltzmann weighting each state’s free energy yields statistical weights (Figure 2B, fourth 

column), and summing these statistical weights yields the partition function that 

thermodynamically describes the ensemble:

(2)

where each state i summed over in eqn (2) is represented in Figure 2(B). Dividing each 

state’s statistical weight by the partition function yields the probability of being in any 

conformation (Figure 2B, fifth column):

(3)

By monitoring changes to the partition function, it becomes readily possible to dissect how 

the probabilities of states change from energetic perturbations to the ensemble. Because we 

are concerned with allosteric effects, the energetic perturbation and mechanistic 

interpretation we consider is ligand binding to domains 1 and 2 as regulatory sites and 

domain 3 as the functional site, i.e. domain 3 must be in the R conformation for this 

molecule to be active. Derivation of the equations to describe agonism/antagonism 

switching is outside the scope of the present mini-review; however, a qualitative grasp can 

be gleaned from basic linkage principles which dictate that the introduction of ligand will 

lead to preferential binding to states with the highest affinity [34]. Therefore ligand A or B 

will bind preferentially to states with domain 1 or 2 in the R conformation, which in turn 

will increase the bound state’s statistical weight by the factor ZLig,X, i.e.=(1+Ka[X]), where 

Ka is the intrinsic association constant and [X] is the concentration of ligand. Monitoring the 

probability change of domain 3 in the R conformation (i.e. the active conformation) from 

ligand A normalized to the free energy of ligand binding yields the CR (coupling response) 

[5,25,26]:

(4)

CR3,A is a measure of the sensitivity of domain 3 to ligand A and the sign of CR3,A 

determines whether ligand A is an agonist (positive) or an antagonist (negative), as this 

indicates whether the ligand increases or decreases the probability of the molecule being 

active in response to the energetic perturbation ligand A produces. An analogous equations 

for CR3,A can be derived in the presence of ligand B [25].

We can now pose the question of interest: can ligand A switch from being an agonist to an 

antagonist (or vice versa) if a second ligand B is present at a physically distinct site? 

Remarkably, the answer is yes, and the set of energetic parameters that describe the 
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ensemble are robustly encoded and highly degenerate [25]. It should be noted that the 

interactions between the protein and ligand do not differ in these ensembles that are 

‘switching-competent’ and that the effect is encoded in the thermodynamic architecture. 

Shown in Figure 2(C) is an example of one such ensemble. The z-axis represents the activity 

change from introduction of ligand A only. Of note is that for a defined stability of domain 

1, there exists both a positive and negative response depending on the stability of domain 2 

(Figure 2C, yellow circle 1 and 2 respectively). Indeed, all that is required to change the 

agonistic (positive) response to an antagonistic (negative) response is an energetic 

perturbation on domain 2. Remarkably, this energetic perturbation can be facilitated easily 

by physiologically relevant ligand concentrations and free energies of binding [25]. How 

general is this result?

An exhaustive search of parameter space reveals that the ability to be agonist/antagonist 

switch competent does not rely on the individual stabilities of domains. Instead, the effect is 

due to the sign of the interaction energies that poise the ensemble in an energetic ‘tug of 

war’. Since each of the three interaction parameters can be positive or negative, there are 

eight possible combinations of positive and negative couplings. Interestingly, half are 

switch-competent (Figure 2D), whereas the other half are committed agonists or antagonists 

(Figure 2E). The basis of the energetic competition can be revealed if one considers that 

stabilization of domain 1 by ligand A will have the net effect of agonistically affecting 

adjacent domains to which it is positively coupled (Figures 2D and 2E, blue arrows) or 

antagonistically affecting if it is negatively coupled (Figures 2D and 2E, red arrows). This 

can be appreciated by inspection of Figure 2(D) node 1 denoted + + − (i.e. Δgint,1−2>0, 

Δgint,2−3>0 and Δgint,1−3<0; similar rules apply to all other architectures). Binding of ligand 

A will destabilize domain 3 through the negative interaction parameter (Figure 2D, direct 

effect). However, since the two remaining interactions are positive, domain 3 also senses a 

stabilizing effect through domain 3 (Figure 2D, indirect effect). Therefore the binding of 

ligand A has competing effects propagating to domain 3, and the net response that prevails 

can be modulated by attenuating the stability of domain 2 through ligand binding as in 

Figure 2C. In contrast, the switch-incompetent architectures do not result in an energetic 

competition; the net effect is either committed agonism (Figure 2E, left-hand side) or 

committed antagonism (Figure 2E, right-hand side).

A striking corollary of the EAM can is revealed if the parameter combinations are recast as 

the probability of the regulatory domains (1 and 2) being in the T conformation in the 

absence of ligand. The ability to maximally couple two domains, or to be agonist/antagonist 

switch-competent, is maximized when one or both of the regulatory domains are in the T 

state the majority of the time [5,25,26]. Recalling that in the limit of the protein folding 

reaction, the R and T states represent the folded and unfolded states; this implies that IDPs 

confer the ability to maximally couple domains and also be agonist/antagonist switch-

competent. Put another way, this result suggests that one stretch of continuous ID 

polypeptide chain may be actually two thermodynamically distinct domains coupled to one 

another. This is in striking agreement with the differential activity of GR NTD translational 

isoforms [7,18] and supports the notion that the enrichment of ID segments or proteins in 

cell signalling and TFs confers the ability to finely tune allosteric responses [5,25,26].
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Conclusions

Allostery has classically been rationalized in terms of structural changes that can be 

ascertained from inspection and comparison of the high-resolution structures of the pre- and 

post-activated complexes. The recognition that many allosteric proteins contain significant 

sequence segments that are ID, suggests that purely structural interpretations are not likely 

to illuminate allosteric mechanism in all systems. We propose that an ensemble-based 

thermodynamic description of allostery (i.e. the EAM) can add clarity to these cases. Indeed, 

in the case of the ID NTD of GR, the thermodynamic coupling between different ID 

segments is a critical prediction of the EAM, demonstrating that allostery can be 

mechanistically understood in the absence of a unique structural context [5,25,26]. Because 

the EAM is cast in terms of the intrinsic energetics of the co-operative elements within the 

protein, the binding affinities of the different conformational states of each element, and 

their interaction energies (all of which are measurable), the EAM provides a vehicle for 

interpreting allosteric phenomena such as allostery without structural change [10,14], 

allostery in the absence of structural pathways [8,11] and allosteric communication between 

ID segments [7]. Furthermore, because allostery is an effect that is based on the distribution 

of states in the ensemble, and the structural and functional properties of those states, the 

EAM provides a framework to quantitatively unify the emerging phenomenon of ‘dynamic 

allostery’ with classic structural models [9,35].
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Abbreviations used

AF1 activation function 1

CR coupling response

DBD DNA-binding domain

EAM ensemble allosteric model

F region functional region

GR glucocorticoid receptor

ID intrinsically disordered

IDP intrinsically disordered protein

KNF Koshland–Nemethy–Filmer

LBD ligand-binding domain

MWC Monod–Wyman–Changeux

NTD N-terminal domain
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R relaxed

R region regulatory region

SHR steroid hormone receptor

T tense

TF transcription factor

TMAO trimethylamine N-oxide.
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Figure 1. Conserved alternative translational start sites modulate stability and correlate with in 
vivo activity
(A) Typical domain architecture of an SHR in general, and GR in particular. The domains 

are, from N-terminus to C-terminus, denoted NTD, DBD and LBD. The ID NTD is 

subdivided into the R region (amino acids 1–97 in B) and F region (amino acids 98–420 in 

B). (B) Conservation of alternative translational start site methionine residues (M) in GR 

NTD from different species. Alignment was performed using PROMALS3D [36], and 

amino acids are numbered on top with respect to human GR. The translational isoforms are 

named A, B, C1, C2, C3, D1, D2 and D3 according to [18]. (C) Measured stabilities 

(ΔG0 U→F) of GR translational isoforms ID NTD from TMAO refolding experiments [7] 

against measured relative activities reported in [18]. Although the relationship is non-linear, 

the plot indicates that isoforms with more stable NTDs (i.e. further left on the plot) have 

higher in vivo activities. (D) Schematic representation of an ensemble of states for a two-

domain allosteric protein. The model is presented in the context of the full-length GR NTD 

containing the R region and F region that are negatively coupled to each other (Δgint <0). 

Since each domain (R or F region) can be folded or unfolded, there are four possible states 

(i.e. N, I1, I2 and U) with the free energies relative to the native (N) state having 

contributions from unfolding (ΔGi) and breaking the interaction (Δgint) [26]. S.W. is the 

statistical weight of each state. Q is the partition function, which is the sum of the statistical 

weights of all of the states in the ensemble. KF and KR are equilibrium constants between the 

folded and unfolded state for the F and R region respectively, i.e. KF = exp (−ΔGF/RT) and 

KR = exp (−ΔGR/RT). Φint is the statistical weight of the interaction between the R and F 

region, Φint = exp (−Δgint/RT).
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Figure 2. Three-domain EAM can recapitulate agonism/antagonism switching
(A) Schematic representation of a three-domain allosteric protein composed of domains 1, 2 

and 3 with intrinsic stabilities ΔG1, ΔG2 and ΔG3 respectively. Domains 1 and 2 are the 

regulatory sites with their allosteric effectors represented as ligand A and B respectively. 

Interactions between the three domains are shown as the grey bars connecting each domain 

and denoted by Δgij where ij represents the two domains interacting. (B) States in the 

ensemble are represented in the far left-hand column along with their free energy 

contributions (see the text), Boltzmann statistical weights [note: Ki =exp(−ΔGi/RT) and Φij 
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=exp(−Δgint,ij/RT)] and probabilities of being populated. Each state is denoted by a three-

letter code representing whether domains 1, 2 and 3 are in the R or T conformation 

respectively. (C) Example of an agonist/antagonist switching thermodynamic architecture: 

ΔG1= −6.8, ΔG2,B=0(1)= −4.4, ΔG2,B>0(2)=0.6, ΔG3= −2.7, Δg12 =6.8, Δg23 =4.8, Δg13= 

−1.9 and ΔgLig,A= −5.0 kcal/mol (1 kcal=4.184 kJ). The CR of domain 3 from ligand A 

(CR3,A) is dependent on the stability of domain 1 and 2. Point 1 represents the agonistic 

response and point 2 represents the antagonistic response at the local maximum and 

minimum respectively. (D) Representation of the interdomain couplings for each of the 

switch-competent nodes numbered 1–4 represented by three + or − (see the text). Blue or red 

arrows designate an agonistic or antagonistic net effect on domain 3 respectively. (E) 

Representation of the interdomain couplings for each of the switch-incompetent nodes. The 

colouring scheme of the arrows is identical with those in (D) and shows that certain 

architectures are committed agonists (left: + + +, − − +) or committed antagonists (right: + − 

−, − + −), since the net redistribution effect is additive instead of opposing as in (D). 

Adapted from Motlagh, H.N. and Hilser, V.J. (2012) Agonism/antagonism switching in 

allosteric ensembles. Proc. Natl. Acad. Sci. U.S.A. 109, 4134–4139 with permission.
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