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ABSTRACT
Ligand-receptor interactions, which are ubiquitous in physiology, are described by theoretical models of receptor pharmacology. 
Structural evidence for graded-efficacy receptor conformations predicted by receptor theory has been limited, but is critical to 
fully validate theoretical models. We applied quantitative structure-function approaches to characterize the effects of structurally 
similar and structurally diverse agonists on the conformational ensemble of nuclear receptor peroxisome proliferator-activated 
receptor gamma (PPARγ). For all ligands, agonist efficacy is correlated to a shift in the conformational ensemble equilibrium 
from a ground state towards an active state, which is detected by NMR spectroscopy but not observed in crystal structures. For 
the structurally similar ligands, ligand potency is also correlated to efficacy and conformation, indicating ligand residence times 
among related analogs can influence receptor conformation and function. Our results derived from quantitative graded activity-
conformation correlations provide new experimental evidence and a platform with which to extend and test theoretical models of 
receptor pharmacology to more accurately describe and predict ligand-dependent receptor activity. 

INTRODUCTION
Receptor theory has been used to describe the actions of 

pharmacological ligands in various forms for nearly a century 
(Maehle et al. 2002, Kenakin 2004). The idea of a receptor 
has evolved from a conceptual “black box” to one founded in 
the principles of biophysics and allostery (Changeux 2012). 
The two-state model of receptor activation (Leff 1995), which 
extended the Black/Leff operational model of pharmacological 
agonism (Black et al. 1983) with the Monod-Wyman-
Changeux (MWC) model of protein allostery (Monod et al. 
1965) to describe the actions of pharmacological receptor 
ligands, conceptually represents a minimal theoretical model 
to describe the action of ligands within the context of a binary 
ligand-receptor complex. More complex models were 
subsequently developed that accounted for improved 
understanding of receptor functions. The extended ternary 
complex (ETC) model describes how the receptor-ligand 
complex influences interaction with an effector protein or a 
signaling pathway (Samama et al. 1993), whereas the cubic 
ternary complex (CTC) model extends the ETC model to 
account for receptor-effector interactions in the absence of 
ligand (Weiss et al. 1996). These and other theoretical 
receptor models could be further improved with a more 
comprehensive experimental understanding of how ligands 
affect receptor structure and function.

Applying theoretical receptor models to graded activity 
dose-responsive pharmacological data is common in studies 
of membrane receptors, including G protein-coupled receptors 
(GPCRs), ligand-gated ion channels, and enzyme-linked 
receptors (Kenakin 2004). These receptors bind extracellular 
ligands and transduce signals across the cell membrane via 
conformational rearrangement of the intracellular portion of 
the membrane receptor to affect various downstream 
signaling pathways, the activities of which can be measured in 
cellular assays and applied to pharmacological models of 
receptor function. Conceptually, the principles of receptor 
theory also apply to nuclear receptors, a superfamily of 
intracellular transcription factors that recruit chromatin 
remodeling transcriptional machinery in a ligand-dependent 

manner to control gene expression (Weikum et al. 2018). 
Nuclear receptor agonists, which bind to an internal 
hydrophobic orthosteric pocket within nuclear receptor ligand-
binding domain (LBD), activate transcription by stabilizing 
structural elements that comprise the activation function-2 
(AF-2) coregulator interaction surface, located adjacent to the 
ligand-binding pocket, including helix 3, helix 4/5, and a critical 
regulatory switch element, helix 12. Agonists stabilize an 
active AF-2 surface conformation, which increases the binding 
affinity for and recruitment of transcriptional coactivator 
proteins that in turn promotes chromatin remodeling and 
increased transcription. Although receptor theory, as practiced 
in the membrane receptor fields, is not used in the nuclear 
receptor field, in principle the functional endpoints derived 
from nuclear receptor functional assays can be applied to the 
same pharmacological models of receptor function.

It has been challenging to structurally observe the graded 
receptor activity conformations predicted by receptor theory. 
Although ligand-bound receptor crystal structures derived 
from X-ray diffraction data can bias conformations such that 
the ground or fully active state is observed but the spectrum of 
graded or partial activity states are not, solution NMR 
spectroscopy studies are capable of detecting graded activity 
conformational states (Boehr et al. 2009, Kar et al. 2010, 
Casiraghi et al. 2019). Furthermore, to our knowledge, a direct 
quantitative assessment has yet to be reported on the 
relationship between graded ligand potency, efficacy, and 
receptor conformation as predicted by the two-state model of 
receptor activation (Leff 1995). Does ligand potency correlate 
with functional efficacy within a structurally related series of 
ligands, or among a structurally diverse set of ligands?

Here we present a quantitative receptor activity-
conformation analysis using two distinct sets of agonists of the 
nuclear receptor peroxisome proliferator-activated receptor 
gamma (PPARγ). We characterized a series of 10 structurally 
related synthetic PPARγ agonists spanning ~10,000-fold in 
affinity using biochemical, biophysical, and cellular assays 
and structural analysis using X-ray crystallography and NMR 
spectroscopy. Ligand potency and efficacy in this series is 
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correlated to the degree to which the ligands shift the 
conformational ensemble of PPARγ towards an active state, 
which we detected by NMR but not in crystal structures, in a 
manner consistent with relationships predicted by the two-
state model of receptor activation (Leff 1995) and the CTC 
model. However, using a larger structurally diverse set of 
ligands including various endogenous and synthetic PPARγ 
ligands, we found that ligand efficacy and receptor 
conformation are correlated independent of ligand potency. 
Collectively, our studies that data from quantitative structure-

function approaches can predict ligand efficacy and assess 
theoretical models of receptor function.

RESULTS
Graded potency and efficacy within a structurally related 
series of PPARγ agonists

We assembled a series of 10 thiazolidinedione (TZD) 
PPARγ agonists (Fig. 1a) that include several FDA-approved 
antidiabetic drugs (Willson et al. 1996). All ligands within 
series contain the conserved TZD head group connected by a 

Figure 1. Quantitative potency and efficacy characterization of a series of thiazolidinedione (TZD) PPARγ agonists. (a) 
Chemical structures of the TZD ligands. (b) TR-FRET assay to determine ligand potency (EC50 values) and efficacy (TR-FRET 
window of activity) for recruitment of TRAP220 coactivator peptide to PPARγ LBD fit to a sigmoidal dose response equation; 
error bars, mean ± s.d. (n=3). (c) FP assay to determine TRAP220 coactivator peptide affinity to PPARγ LBD when bound to the 
ligands fit to a one site — total binding equation; error bars, mean ± s.e.m (n=3). (d) Ligand potencies from the fitted TR-FRET 
data; error bars, mean ± s.d. of two replicate experiments. (e) Ligand efficacies from the fitted TR-FRET data of one experimen-
tal replicate; there is experiment-to-experiment variation in the window magnitude but not the overall trends for the TZD series. 
(f) TRAP220 peptide affinities from the fitted FP data; error bars, fitted error. The affinity for apo-protein is indicated on the x-axis 
by a gray arrow. (g) Plot of ligand efficacy from (e) vs. ligand potency from (d) fit with a cubic polynomial equation. (h) Plot of 
TRAP220 peptide affinity from (f) vs. ligand efficacy from (e) fit with a linear regression equation.
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linker to a central aromatic moiety and a variable tail group. 
The linker in all but one of the ligands is a flexible, saturated 
methylene group that links the TZD head group to a central 
aromatic moiety; CAY10638 contains an unsaturated linker, 
which restricts the mobility of the TZD head group. The central 
aromatic moieties mostly comprise phenyl moieties with the 
exception of naphthalene and benzothiophene moieties in 
Netoglitazone and Edaglitazone, respectively. In contrast to 
these relatively conservative changes near the TZD head 
group, the series encompasses a variety of tail moieties 
extended from the central aromatic core.

Agonists increase PPARγ-mediated transcription by 
enhancing binding of transcriptional coactivator proteins, such 

as TRAP220, also known as MED1 or DRIP205 (Ge et al. 
2002). We assessed the activities of the TZD series in two 
quantitative biochemical assays. We used a time-resolved 
fluorescence resonance energy transfer (TR-FRET) 
biochemical assay that measures the ligand-dependent 
change in the interaction between the PPARγ LBD and a 
peptide derived from the TRAP220 coactivator (Fig.  1b) 
containing an “LXXLL” nuclear receptor interaction motif 
(Savkur et al. 2004). In the TR-FRET coactivator recruitment 
assay, differences in the overall assay window (efficacy), 
which relates to the relative degree of TRAP220 peptide 
recruitment, are indicative of ligand-dependent differences in 
the binding affinity of the TRAP220 coactivator peptide to the 

Figure 2. Affinity of the TZD series and effects on receptor stability and transcription. (a) TR-FRET assay to determine 
ligand affinity (Ki values) using a fluorescent tracer ligand fit to the Cheng-Prusoff inhibitor constant equation; error bars, mean ± 
s.d. (n=3). (b) Ligand affinities (Ki values) from the fitted TR-FRET data; error bars, mean ± s.d. of two replicate experiments. (c) 
PPARγ LBD thermal unfolding/melting temperatures from fitted differential scanning calorimetry (DSC) data. (d) Cell based lu-
ciferase assay reporting on transcription of the PPARγ LBD fit to a sigmoidal dose response equation; error bars, mean ± s.d. 
(n=4). (e) Plot of ligand affinity from (b) vs. ligand potency from the TR-FRET coactivator recruitment assay from (Fig. 1d) fit with 
a linear regression equation. (f) Plot of receptor stability from (c) vs. ligand affinity from (b) fit with a linear regression equation. 
(g,h) Plot of transcriptional window of efficacy via maximum luciferase activity from the highest ligand dose in (d) vs. (g) ligand 
potency in the TR-FRET coactivator recruitment assay from (Fig. 1d) and (h) ligand affinity in the TR-FRET ligand displacement 
assay from (b) fit with a linear regression equation.
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PPARγ LBD, which we probed directly using a fluorescence 
polarization assay (Fig. 1c).

In the TR-FRET coactivator recruitment assay, the TZD 
series spans nearly 10,000-fold in potency (EC50), or five 
orders of magnitude (Fig. 1d), and showed decreasing 
coactivator peptide recruitment efficacy (Fig. 1e) as ligand 
potency decreases (Fig. 1g). Coactivator binding affinity was 
also decreased when PPARγ was bound to less potent 
ligands (Fig. 1f). Consistent with the correlation between TR-
FRET recruitment efficacy and coactivator affinity there is a 
correlation between coactivator affinity and ligand efficacy 
(Fig. 1h). This correlated pattern of decreased ligand potency 
and efficacy is consistent with the allosteric principles of the 
two-state model of receptor activation (Leff 1995), which 
describes the actions of full and partial, or less efficacious, 
agonists where decreasing or graded potency within a ligand 
series is associated with graded efficacy (Black et al. 1985, 
Kenakin 2017).
Correlation of TZD affinity, receptor stability, and cellular 
transcription

We determined ligand binding affinities for the TZD series 
using a TR-FRET assay that measures the displacement of a 
fluorescent tracer ligand (Fig. 2a). The TZD series spans an 
affinity (Ki) range of five orders of magnitude (Fig. 2b) and is 
highly correlated to biochemical potency in the TR-FRET 
assay (Fig. 2e). Ligand binding affinity is generally correlated 
to a proportional increase in the thermal stability of the ligand-
bound receptor (Cimmperman et al. 2008). Using differential 
scanning calorimetry, we determined the unfolding 
temperature of the PPARγ LBD when bound to each ligand in 
the TZD series (Fig. 2c) and found a linear correlation 
between ligand binding affinity and receptor stability (Fig. 2f). 
We also assessed the TZD series in cell-based transcriptional 
luciferase reporter assay that directly reports on the 
transcriptional activity of the PPARγ LBD (Fig.  2d) and is 
highly sensitive to graded PPARγ agonism (Hughes et al. 
2012). The cellular transcription profile of the TZD series is 
similar to the quantitative biochemical TR-FRET coactivator 
recruitment profiles. Due to cellular toxicity of the ligands at 
higher concentrations, we were unable to determine cellular 
potency values for some TZDs due to non-saturating cellular 
response profiles. However, there is a correlation between the 
maximal luciferase value derived a fitted of the transcriptional 
reporter assay and TR-FRET ligand potency (Fig. 2g) and 
ligand affinity (Fig. 2h). Thus, ligand affinity, receptor stability, 
and transcription is correlated to quantitative functional 
potency and efficacy within the TZD series.
Crystal structures provide some insight into TZD affinity 
but not efficacy

To gain insight into the structural basis for the varied TZD 
affinity, potency, and functional efficacy, we compared crystal 
structures of PPARγ LBD bound to each of the TZDs. We 
solved crystal structures of six different complexes 
(Supplementary Table S1) of PPARγ LBD bound to 
Darglitazone (1.95  Å resolution), CAY10506 (2.45  Å 
resolution), Troglitazone (3.10  Å resolution), Ciglitazone 
(2.78  Å resolution), Mitoglitazone (2.52  Å resolution), and 
CAY10638 (2.15 Å resolution). We compared our structures to 
four previously solved PPARγ LBD crystal structures bound to 
Edaglitazone (PDB: 5UGM; 2.1 Å resolution) (Shang et al. 
2018), Rosiglitazone (PDB: 4EMA; 2.55  Å resolution) 
(Liberato et al. 2012), Pioglitazone (PDB: 5Y2O; 1.80  Å 
resolution) (Lee et al. 2017), and Netoglitazone/MCC-155 

(PDB: 3B0Q; 2.10 Å resolution). This enabled a complete X-
ray crystallographic analysis of the TZD series (Fig. 3a). In all 
of the structures, PPARγ LBD crystallized with two molecules 
configured as a homodimer in the asymmetric unit, although in 
solution is the PPARγ LBD is monomeric (Bernardes et al. 
2012). Similar to other PPARγ LBD crystal structures solved 
in the absence of coregulator peptide, in chain A the critical 
switch element for activation of PPARγ transcription, helix 12, 
adopts an active conformation. The conformation of helix 12 in 
chain B is atypical and influenced by a crystallization artifact; it 
binds to the AF-2 surface of an adjacent molecule (chain A’), 
which likely stabilizes the active conformation of helix 12 in 
chain A.

All ligands in the TZD series show clear density in the chain 
A molecule (Fig. 3b–k; Supplementary Figs. S1 and S2). 
For 8 of the 10 ligands (all except Ciglitazone and 
Mitoglitazone), the TZD head group associates near helix 12, 
a region of the ligand-binding pocket called the helix 12 
subpocket herein, and forms hydrogen bond contacts with the 
side chains of up to four nearby residues Ser289, His323, 
His449, and Tyr473. Among these ligands, there is a trend in 
the ligand binding poses whereby the higher affinity, most 
potent ligands display weaker polar interactions with the side 
chains of Cys285 and/or Gln286 and contain longer tail 
groups that wrap around helix 3 and form water-mediated 
polar interactions with residues in the β-sheet. In contrast to 
these 8 ligands that adopt “canonical” binding modes, 
Ciglitazone and Mitoglitazone, two of the least potent ligands 
in the series, show alternate binding modes in the chain A 
active conformation where their TZD head groups associate 
near the flexible, solvent accessible Ω-loop and their relatively 
shorter extended tail groups insert into the orthosteric pocket 
along side the β-sheet surface. Ligand binding to this 
alternate site has been observed in several other structural 
studies (Hughes et al. 2014, Bae et al. 2016, Hughes et al. 
2016, Brust et al. 2017, Jang et al. 2017, Laghezza et al. 
2018). The alternate binding modes of Ciglitazone and 
Mitoglitazone may originate from their lower affinity, and in the 
case of Ciglitazone, a lack of atoms in its shorter tail group 
capable of forming water-mediated polar interactions with 
residues in the β-sheet (Mosure et al. 2019). Although the 
significance of these alternate TZD binding modes is not yet 
clear, it is possible they represent an initial encounter complex 
binding mode before transitioning to the orthosteric ligand-
binding pocket.

Whereas the structural contributions to the graded ligand 
binding affinity within the TZD series may be apparent from 
the crystallized ligand binding modes (Fig. 3b–k), the 
structures do not explain the graded functional efficacy of the 
TZD series. In principle the differences in graded efficacy 
should manifest in conformational differences in the structural 
elements that comprise the activation function-2 (AF-2) 
coregulator interaction surface. However, there are no obvious 
structural changes in the AF-2 surface among the crystal 
structures for this TZD series (Fig. 3a). This is likely due to the 
aforementioned helix 12/AF-2 surface crystal contacts, 
although another contribution could be that the crystallized 
conformations do not fully represent the conformational 
ensemble of PPARγ in solution. Namely, the crystallized 
conformations we captured may represent a low energy 
minima of a broader energy landscape that are not sensitive 
to differences caused by ligand binding in X-ray data collected 
under cryogenic temperatures (Fraser et al. 2009, Fraser et 
al. 2011, Tyka et al. 2011, Keedy et al. 2015). 
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NMR reveals graded TZD potency and efficacy is 
correlated to receptor active state

Previous NMR studies have shown that the ligand-binding 
pocket and helix 12 of apo-PPARγ LBD is dynamic and 
switches between two or more conformations on the 
microsecond-millisecond (μs-ms) timescale, also known as 
the intermediate exchange NMR timescale, resulting in the 
appearance of approximately half of the expected NMR peaks 
(Johnson et al. 2000, Hughes et al. 2012). NMR peaks 
missing in the apo-form, which include residues within ligand-
binding pocket and the AF-2 coregulator interaction surface 
(helix 3, helix 4/5, and helix 12), are stabilized upon binding 
potent full agonists that robustly activate PPARγ but remain 
absent, or persists, upon binding potent non-TZD partial 
agonists that weakly activate PPARγ (Johnson et al. 2000, 
Berger et al. 2003, Hughes et al. 2012, Marciano et al. 2015). 
This suggests that μs-ms timescale dynamics in the ligand-
binding pocket and AF-2 surface that persist from apo-form to 
the ligand-bound form cause dynamical dysfunction (Mauldin 

et al. 2009, Peng 2009) whereby the interaction of coactivator 
proteins with PPARγ bound to potent partial agonists is not 
favored compared to potent full agonists (Kojetin et al. 2013).

The two-state model of receptor activation (Leff 1995) 
relates the rate of transformation of the receptor 
conformational ensemble from a ground state to the ligand-
bound active state (Kenakin 2014, Kenakin 2017). Solution 
NMR spectroscopy is a powerful approach to study dynamic 
allosteric properties in proteins (Grutsch et al. 2016). We 
therefore envisioned that NMR may detect a shift in the 
PPARγ LBD conformational ensemble towards the activate 
state for the TZD series in a manner consistent with the two-
state model.

We performed differential NMR analysis comparing two-
dimensional [1H,15N]-TROSY-HSQC NMR spectra of 15N-
labeled PPARγ LBD bound to each ligand within the TZD 
series to the apo-form under the same ligand vehicle DMSO 
condition. Ligands within the series contain different extended 
side chain moieties, including various aromatic groups that 

Figure 3. X-ray crystallography analysis of the TZD series. (a) Structural overlay of the ten TZD-bound PPARγ LBD struc-
tures (chain A). (b–k) Ligand binding poses of the TZD series; (b) Darglitazone (PDB 6DGL), (c) Edaglitazone (PDB 5UGM), (d) 
CAY10506 (PDB 6DGQ), (e) Rosiglitazone (PDB 4EMA), (f) Pioglitazone (PDB 5Y2O), (g) Troglitazone (PDB 6DGO), (h) Ne-
toglitazone (PDB 3B0Q), (i) Ciglitazone (PDB 6O68), (j) Mitoglitazone (PDB 6O67), and (k) CAY10638 (PDB 6DGR).
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interact with the β-sheet region and wrap around helix 3 
resulting in ring current effects that impart unpredictable 
nonlinear NMR peak shifting for residues within this region of 
the pocket. NMR peak shifting is also observed for residues 
near the ligand entry/exit site, likely due in part to slight 
differences in the relative binding mode of the ligands. Despite 
these general binding mode-induced NMR peak shifting, two 
general NMR observable conformational trends are apparent 
for the TZD series.

We found that the less potent ligands within the series that 
caused partial or graded functional efficacy resulted in NMR 
peak line broadening (Fig. 4a, Supplementary Figure S4), 
indicative of μs-ms timescale dynamics, that persist from the 
apo-form for residues within the ligand entry/exit site, ligand-
binding pocket, and structural elements comprising the AF-2 
coregulator interaction surface (Fig. 4c). The structural 
regions with persistent μs-ms timescale dynamics when 
bound to the less potent TZDs comprise similar structural 

Figure 4. NMR-detected changes in the PPARγ LBD conformational ensemble correlate with graded ligand potency and 
efficacy. (a,b) Snapshots of [1H,15N]-TROSY-HSQC NMR spectra of 15N-labeled PPARγ LBD that show NMR changes as a 
function of graded potency and efficacy, including residues (a) in helix 12 that show NMR peak line broadening or (b) proximal to 
the AF-2 coactivator interaction surface that show co-linear shifting. (c) Analysis of all well-dispersed NMR peaks with reason-
able peak separation that could be faithfully analyzed shows widespread correlations throughout the PPARγ LBD that group into 
two surfaces sensitive either to NMR peak line broadening or co-linear shifting. Dark orange and dark purple spheres corre-
spond to residues shown in (a,b); light orange and light purple spheres correspond to other residues that also show line broad-
ening (Supplementary Figure S4) or co-linear shifting (Supplementary Figure S5) in the TZD series. (d,e) Plot of NMR chem-
ical shift perturbation for each liganded state shown in (b) relative to the apo-protein state vs. (d) ligand potency from (Fig. 1d) 
and (e) ligand efficacy in the TR-FRET coactivator recruitment assay from from (Fig. 1e) fit with a linear regression equation. 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 29, 2019. ; https://doi.org/10.1101/617100doi: bioRxiv preprint 

https://doi.org/10.1101/617100
http://creativecommons.org/licenses/by/4.0/


regions with persistent μs-ms timescale dynamics when 
bound to potent non-TZD partial agonists. In the case of the 
less potent TZD ligands, the persistent μs-ms timescale 
dynamics likely originates from relatively fast ligand off-
exchange compared to the more potent TZDs (Carroll et al. 
2012). However, for the potent non-TZD partial agonists, the 
persistent μs-ms timescale dynamics likely originates from a 
different mechanism not related to ligand off-exchange; these 
ligands were developed to retain high affinity but lack a TZD-
comparable head group capable of forming hydrogen bond 
contacts to residues within the pocket and on helix 12 that 
stabilize the AF-2 surface. Thus, when bound to PPARγ at 
high affinity, the non-TZD partial agonists enable the 
dysfunctional μs-ms timescale dynamics present in the apo-
form to persist. 

In contrast to these NMR line broadening changes, we 
observed co-linear NMR chemical shift perturbations for 
residues distal from the ligand-binding pocket but proximal to 
the AF-2 surface (Fig. 4b, Supplementary Figure S5), which 
includes residues that form a surface connected by helix 1, 
helix 4/5, helix 8, helix 8-9 loop, and helix 9 (Fig. 4c). In many 
cases, one NMR peak is visible when bound to the most 
potent ligands or least potent ligands, whereas ligand with 
intermediate potency show a combination of shifting, line 
broadening, and two receptor populations. The coincident 
shifting and broadening suggests conversion on the fast (peak 
shifting) to intermediate (peak broadening) NMR timescale. 
The two receptor populations observed for the intermediate 
potency ligands indicate there is exchange between two 
ligand-bound receptor populations. One likely contribution to 
this phenomenon is the racemic nature of the TZD head 
group, which isomerize between (R)- and (S)- conformers, 
each of which have different affinities for binding (Mosure et 
al. 2019). For example, (S)-Rosiglitazone displays higher 

affinity than (R)-Rosiglitazone (30 nM vs. 2 μM, respectively). 
It is possible that as the overall racemic affinity is reduced, the 
difference in affinity between isomers becomes less significant 
allowing both to bind. In this scenario, the different TZD head 
group isomers will interact differently with the receptor, which 
could in principle cause the peak doubling observed that 
correspond to two receptor populations. Notwithstanding the 
isomer contributions, the degree to which the NMR peak shifts 
from a ground state conformation (apo-form) towards a fully 
“active” conformation is correlated to ligand potency (Fig. 4d). 
When considered with our other quantitative analyses, these 
graded activity conformations are also correlated to ligand 
efficacy (Figs. 1 and 2) in a manner consistent with the two-
state model of receptor activation (Leff 1995).
Ligand efficacy is correlated to receptor active state 
within a larger set of structurally diverse ligands 

We wondered whether there may be a correlation between 
ligand efficacy and receptor conformation within a different set 
of structurally diverse ligands. We assembled 18 natural/
endogenous and synthetic PPARγ ligands not previously 
reported to span a range of graded transcriptional activation 
efficacy (Supplementary Fig. S3). Unlike the TZD series, 
which share a common head group that interacts with the 
helix 12 subpocket, this diverse ligand set contains different 
types of head groups and chemotypes, some capable of 
hydrogen bonding to the helix 12 subpocket and others 
lacking such moieties that function primarily as partial 
agonists. Given the diversity of this ligand set, some of which 
were optimized for high affinity binding with low transcriptional 
efficacy by incorporating different types of head groups, we 
initiated these studies understanding that ligand potency will 
not be correlated to efficacy as we observed in the more 
structurally conserved TZD series.

Figure 5. NMR-detected correlations PPARγ LBD active state and efficacy of a structurally diverse ligand set. (a) Snap-
shots of [1H,15N]-TROSY-HSQC NMR spectra of 15N-labeled PPARγ LBD that show co-linear NMR peak shifting for residues 
proximal to the AF-2 coactivator interaction surface. (b) TR-FRET assay to determine ligand efficacy (TR-FRET window of activi-
ty) for recruitment of TRAP220 coactivator peptide to PPARγ LBD at a single concentration of ligand (5 μM) fit to a sigmoidal 
dose response equation; error bars, mean ± s.e.m (n=3). In the legend, synthetic ligands with a filled circle correspond to ligands 
with affinities (Ki values) better than ~1–2 μM that were included in the TR-FRET assay. (c) Plot of NMR chemical shift perturba-
tion for each liganded state relative to the apo-protein state vs. ligand efficacy in the TR-FRET coactivator recruitment assay 
from (b) fit with a linear regression equation. (d) Synthetic ligands included in the TR-FRET and NMR cross-correlation analysis 
show poor correlation to ligand efficacy.
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We compared two-dimensional [1H,15N]-TROSY-HSQC 
NMR spectra of 15N-labeled PPARγ LBD bound to each ligand 
within the structurally diverse set. Due to the diversity of 
chemotypes present in this ligand set, there are larger 
differences in the NMR spectra compared to the TZD series. 
However, several residues with well-resolved NMR peaks that 
showed co-linear shifting in the TZD series also showed co-
linear shifting in this structurally diverse ligand set (Fig. 5a), 
indicating a correlation between ligand efficacy and receptor 
conformation. Compared to the TZD series NMR data, the 
majority of natural/endogenous PPARγ ligands show shifted 
NMR peak positions indicating they are partial agonists, which 
is consistent with the idea that PPARγ displays basal 
transcriptional activity and can be further activated by 
synthetic agonists (Shang et al. 2018). To assess this more 
directly, we performed our TR-FRET coactivator recruitment 
assay using a single ligand concentration (5 μM) to assess 
ligand efficacy (Fig. 5b). In contrast to the NMR experiments 
where the receptor concentration is relatively high (200 μM) 
and ligands added stoichiometrically result in ~100% bound 
occupancy, in the TR-FRET assay the receptor concentration 
is low (4 nM) and ligands titrated increase binding of the 
peptide (efficacy) in proportion to their respective binding 
affinities. Because high concentrations of excess ligand can 
result in compound precipitation or colloidal aggregate 
formation, we limited this analysis to moderately high affinity 
synthetic PPARγ ligands with affinities better than ~1–2 μM 
(Supplementary Fig. S6) that would show appreciable 
complex formation under the TR-FRET assay conditions. For 
this ligand subset, we observed a correlation between TR-
FRET coactivator recruitment efficacy and co-linear NMR 
peak shifting (Fig. 5c). However, for these ligands there is a 
poor correlation between ligand affinity and efficacy (Fig. 5d). 
For example, MRL24 is a partial agonist with a low TR-FRET 
efficacy window value similar to GQ-16; however, MRL20 is 
much more potent than GQ-16 and is also more potent than 
the super agonist GW1929, which has the highest TR-FRET 
efficacy value. Thus, for the structurally diverse ligand set, 
these data show that the receptor conformation shifts from a 
ground state conformation (apo-form) towards an active 
conformation in a manner that is correlated to ligand efficacy 
but independent of ligand affinity.

DISCUSSION
The objective of receptor theory is to understand and 

predict the relationship between ligand potency and functional 
efficacy. Theoretical receptor models, which are used to 
extract quantitative information from functional activity studies 
on GPCRs, ion channels, and enzyme-linked receptors, have 
evolved over the years to account for new findings in 
membrane receptor function: the realization that GPCRs can 
affect multiple signaling pathways and therefore have multiple 
distinct active states, the discovery of orthsoteric vs. allosteric 
ligand binding sites, among others. Computer simulations are 
heavily used in the development and assessment of 
theoretical receptor models by varying mathematical 
parameters to determine relationships between ligand 
potency, functional efficacy, and other model system 
parameters. However, the manner in which the ligand affects 
receptor conformation in these theoretical studies is a 
conceptual “black box”—there is no knowledge or description 
of how ligand binding pose or chemical modifications 
influence ligand binding affinity, receptor conformation, and 
receptor functional activity. To gain insight into this 

relationship, here we studied the influence of chemical 
modifications within a structurally related ligand series (TZDs) 
and a structural distinct ligand set using quantitative 
experimental approaches that enable assessment of ligand 
potency, graded functional efficacy or activity, and receptor 
conformation. 

To our knowledge, theoretical receptor models such as the 
two-state model of receptor activation have not been utilized 
or considered in studies of nuclear receptor transcription 
factors, but our work here shows they are relevant. We used 
several quantitative functional assays that report on various 
ligand-responsive biophysical and functional endpoints related 
to nuclear receptor function including direct physical readouts 
on the PPARγ LBD (ligand displacement and thermal stability 
assays) as well as coactivator affinity for and recruitment to 
the PPARγ LBD (TR-FRET and FP assays), the latter of which 
has a direct relation to cellular transcription (luciferase assay). 
As predicted by the two-state model, we observed correlations 
between the various functional activity readouts for PPARγ 
agonists within the structurally related TZD series. To relate 
the graded activities of the TZD series to receptor 
conformation, we performed structural analysis of ligand-
bound PPARγ LBD complexes using X-ray crystallography 
and NMR spectroscopy. We did not observe any apparent 
graded activity conformations in crystal structures of PPARγ 
LBD bound to the TZD series. However, NMR detected a 
graded shift in the conformational ensemble of the PPARγ 
LBD towards an active conformation correlated to the degree 
of ligand potency and efficacy, and therefore also correlated to 
the other functional activity readouts (ligand affinity, receptor 
stability, coactivator affinity)—all consistent with underpinnings 
of allostery in the two-state model of receptor activation. We 
were unable to directly measure the binding kinetics of the 
TZD series due to apparent fast binding kinetics in surface 
plasmon resonance (SPR) experiments, suggesting a two-
state binding mechanism. However, assuming that all of the 
TZDs display similar association rate constants, the notion 
that all of the functional efficacy and conformational data 
correlate to ligand affinity indicates that ligand residence times 
(i.e., ligand dissociation kinetic rate constants) are directly 
involved in the functional activities of the TZD series.

In contrast to our results with the structurally related TZD 
agonist series, we found that the predicted relationship in the 
two-state model between ligand potency and efficacy breaks 
down for structurally diverse endogenous and synthetic 
PPARγ agonists. That is, whereas ligand binding affinity or 
potency can predict functional efficacy within the structurally 
related agonists, ligand affinity or potency does not predict the 
functional efficacy of structurally distinct agonists. On the 
structural level, this can be rationalized because different 
ligand scaffolds, or even small chemical modifications, result 
in different chemical bonding patterns between ligand and 
receptor that can influence affinity distinct from functional 
efficacy. For the TZD series, these ligands have a conserved 
chemical group (TZD) capable of hydrogen bonding to 
residues within the helix 12 subpocket, in particular Y473 on 
helix 12, which stabilizes the AF-2 surface into an active 
conformation. The other chemical changes within the TZD 
series, in particular the varied length of tail groups that 
contribute to ligand affinity, are all structurally distal from the 
AF-2 surface. In contrast, the structurally distinct ligands 
possess different types of head groups that localize near the 
helix 12 subpocket, some capable of robustly stabilizing the 
AF-2 surface and others that are not. Furthermore, within this 
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diverse ligand set there are many other chemical variations in 
the tail groups that distinctly contribute to affinity. Many of the 
endogenous agonists possess relatively simple aliphatic chain 
tail groups whereas the synthetic agonists contain chemically 
diverse tail groups; all of these factors have a significant 
influence on ligand binding affinity independent of the ability of 
the head group to stabilize the AF-2 surface. Although these 
diverse ligands contradicted the potency-efficacy correlation 
predicted by the two-state model, our NMR analysis revealed 
a correlation between efficacy and graded activity 
conformation state for all ligands, independent of chemical 
structure. 

Related to our work here on nuclear receptors, NMR 
studies have been used to define how ligand binding 
influences the conformational ensemble of GPCRs in ways 
not detectable in ligand-bound crystal structures. One-
dimensional 19F NMR studies of the GPCRs β2-adrenergic 
receptor (β2AR) and adenosine A2 receptor (A2AR) tagged 
with a 19F NMR reporter molecule attached to two cysteine 
residues revealed that pharmacologically distinct classes of 
ligands or nanobodies differentially stabilize the receptor 
conformational ensemble into G-protein inactive and active 
states (Liu et al. 2012, Kim et al. 2013, Manglik et al. 2015, 
Staus et al. 2016, Ye et al. 2016, Prosser et al. 2017, Susac et 
al. 2018). We similarly used 19F NMR to show that 
pharmacologically distinct PPARγ ligands differentially affect 
the conformation of the AF-2 helix using a 19F NMR reporter 
molecule attached to helix 12, and the conformations we 
observed are predictive of ligand efficacy (Chrisman et al. 
2018). Furthermore, using selective labeling approaches and 
two-dimensional NMR, other work has revealed the existence 
of ligand-bound conformational states that exist in the 
continuum between the inactive/ground state and fully active 
conformations previously captured in crystal structures 
(Bokoch et al. 2010, Kofuku et al. 2012, Nygaard et al. 2013, 
Kofuku et al. 2014, Okude et al. 2015, Sounier et al. 2015, 
Isogai et al. 2016, Clark et al. 2017, Solt et al. 2017, Eddy et 
al. 2018). Among these, most related to our study here is an 
NMR analysis of backbone amide groups of valine residues in 
β1-adrenergic receptor (β1AR) bound to structurally diverse 
agonists and antagonists (Isogai et al. 2016), which observed 
a heterogenous conformational response to the ligands. 
Within the structurally diverse β1AR ligand set, there did not 
seem to be any relationship between ligand affinity and 
functional efficacy. The conformation of several residues 
within the extracellular ligand binding pocket were 
differentially correlated to ligand affinity and ligand chemical 
composition, whereas the conformation of a different group of 
residues on the intracellular side of transmembrane helix 5 
(TM5) correlated to G protein ligand efficacy independent of 
ligand affinity. This is similar to our finding here that 
structurally distinct PPARγ agonists stabilize an active 
conformation to a degree correlated to their functional efficacy 
independent of ligand potency.

Our findings raise a question as to whether theoretical 
receptor models can be updated to better predict the 
relationship between ligand potency with functional efficacy 
and receptor conformation. This would not be a trivial task as 
it would require knowledge of ligand binding poses and a 
precise understanding of how small chemical modifications 
affect ligand affinity and stabilization of functional surfaces—
two distinct but important consequences of ligand-receptor 
interactions. In structure-activity relationship (SAR) studies, it 
is difficult if not impossible to predict how small chemical 

changes in ligand composition affects potency and efficacy 
(Fujioka et al. 2012, Dosa et al. 2016). There are also 
structural differences in how different ligand-binding proteins 
bind synthetic ligands that could influence potency-efficacy 
relationships. In nuclear receptors, residues within the ligand-
binding pocket that contact the ligand are connected to nearby 
structural elements in the AF-2 coregulator binding surface. In 
contrast, the extracellular ligand-binding pocket of GPCRs is 
structurally distant from the intracellular effector protein 
binding surface. It is therefore possible that small chemical 
differences in nuclear receptor ligands, which could impact 
structural elements that are closer to nuclear receptor 
functional surfaces could impact affinity-function relationships 
differently than membrane receptors. Nonetheless, our 
studies here on the PPARγ nuclear receptor as well as the 
aforementioned studies on GPCRs show that NMR analysis 
can predict ligand efficacy and provide novel structural insight 
into the influence of ligands on activity-related receptor 
conformational ensembles.
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METHODS
Materials and reagents

The TZD ligand series includes Ciglitazone, Darglitazone, 
Edaglitazone, Pioglitazone, Rosiglitazone, Troglitazone, 
Netoglitazone (MCC-555), Mitoglitazone (CAY10415, 
MSDC-0160), CAY10506, and CAY10638. The structurally 
diverse ligand set includes natural/endogenous PPARγ 
ligands (arachidonic acid, decanoic acid, docosahexaenoic 
acid, dodecanoic acid, linoleic acid, nonanoic acid, oleic acid, 
palmitoleic acid) and synthetic ligands (BVT.13, GQ-16, 
GW1929, MRL20, MRL24, nTZDpa, SR1663). All ligands 
except MRL20 and SR1663 were obtained from commercial 
sources, including BioVision (MRL24), Cayman Chemical, 
Sigma-Aldrich, and Tocris Bioscience; MRL20 (Bruning et al. 
2007, Hughes et al. 2012, Hughes et al. 2014, Brust et al. 
2017) and SR1663 (Marciano et al. 2015) were synthesized 
and characterized previously. A peptide containing an LXXLL 
nuclear receptor interaction motif from TRAP220/MED1/
DRIP205 (residues 638–656; NTKNHPMLMNLLKDNPAQD) 
was synthesized by LifeTein with an N-terminal FITC label 
with a six-carbon linker (Ahx) and an amidated C-terminus for 
stability.
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Protein expression and purification
Human PPARγ ligand binding domain (LBD; residues 203–

477, isoform 1 numbering) was expressed in E. coli 
BL21(DE3) cells using autoinduction ZY media, or M9 minimal 
media supplemented with 15N-labeled ammonium chloride, as 
a Tobacco Etch Virus (TEV)-cleavable N-terminal His-tagged 
(6x-His) fusion protein using a pET46 Ek/LIC vector 
(Novagen) and purified using Ni-NTA affinity chromatography 
and gel filtration chromatography as previously described 
(Hughes et al. 2012). Purified protein was concentrated to 10 
mg/mL in a buffer consisting of 20 mM potassium phosphate 
(pH 7.4), 50 mM potassium chloride, 5 mM TCEP, and 0.5 mM 
EDTA and verified by SDS-PAGE as >95% pure.
TR-FRET ligand displacement and coregulator 
recruitment assays 

Time-resolved fluorescence resonance energy transfer 
(TR-FRET) assays were performed in black 384-well plates 
(Greiner) with 23 μL final well volume. For the coregulator 
recruitment assay, each well containing 4 nM 6xHis-PPARγ 
LBD, 1 nM LanthaScreen Elite Tb-anti-His Antibody 
(ThermoFisher), and 400 TRAP220 peptide in a buffer 
containing 20 mM potassium phosphate (pH 7.4), 50 mM 
potassium chloride, 5 mM TCEP, 0.005% Tween 20. TZDs 
were assessed in dose response format and the last (20 μM) 
data point for Netoglitazone and CAY10638 was removed 
from data fitting due to compound precipitation; other ligands 
were assessed as a single concentration (5 μM). For the 
ligand displacement assay, each well contained 1 nM 6xHis-
PPARγ LBD protein, 1 nM LanthaScreen Elite Tb-anti-HIS 
Antibody (Thermo Fisher Scientific), and 5 nM Fluormone 
Pan-PPAR Green (Invitrogen) in a buffer containing 20 mM 
potassium phosphate (pH 8), 50 mM potassium chloride, 5 
mM TCEP, and 0.005% Tween-20. Compounds stocks were 
prepared in DMSO via serial dilution (when applicable), added 
to wells in triplicate, and plates were read using BioTek 
Synergy Neo multimode plate reader after incubation at 25 °C 
for 1 h. The Tb donor was excited at 340 nm; the Tb donor 
emission was measured at 495 nm, and the acceptor FITC 
emission was measured at 520 nm. Data were plotted using 
GraphPad Prism as TR-FRET ratio 520 nm/495 nm vs. ligand 
concentration (TZD series) or at a single ligand concentration 
(5 μM; other ligands). Coregulator recruitment data were fit to 
sigmoidal dose response curve equation to obtain EC50 and 
TR-FRET window values, and ligand displacement data were 
fit to the one site - Fit Ki binding equation to obtain Ki values 
using the known binding affinity of Fluormone Pan-PPAR 
Green (2.8 nM; Invitrogen PV4894 product insert).
Fluorescence polarization coregulator interaction assay

6xHis-PPARγ LBD was diluted by serial dilution into a 
buffer containing 20 mM potassium phosphate (pH 8), 50 mM 
potassium chloride, 5 mM TCEP, 0.5 mM EDTA, and 0.01% 
Tween-20 and plated with 180 nM FITC-labeled TRAP220 
peptide in black 384-well plates (Greiner) in the presence of 
DMSO (ligand vehicle) or ligand at a concentration equal to 10 
μM over the highest protein concentration to ensure complete 
formation of ligand-bound protein in triplicate. The plate was 
incubated at 25°C for 1 hr, and fluorescence polarization was 
measured on a BioTek Synergy Neo multimode plate reader 
at 485 nm emission and 528 nm excitation wavelengths. Data 
were plotted using GraphPad Prism as fluorescence 
polarization signal in millipolarization units vs. protein 
concentration and fit to a one site — total binding equation.

Differential scanning calorimetry
Samples containing PPARγ LBD (30 μM) incubated with 30 

μM ligand or 0.15% DMSO (vehicle control) were degassed 
for 10 minutes in a buffer containing 20 mM potassium 
phosphate (pH 7.4), 50 mM potassium chloride, 5 mM TCEP, 
and 0.5 mM EDTA; 1 mL sample aliquots were transferred to 
duplicate wells of a 96-well deep-well plate and loaded to the 
autosampler module of Nano DSC (TA Instruments). 
Differential scanning calorimetry (DSC) data were obtained by 
increasing the temperature from 25–95 °C at a rate of 1 °C 
min-1 while monitoring the heat change of buffer, ligand-free 
protein in the presence of DMSO, and ligand-bound protein 
samples. Buffer scans were performed in triplicate before 
each protein denaturation experiment to condition the 
reference and sample cells. Baseline-corrected data were 
converted to molar heat capacity before defining a two-state 
sigmoidal integration baseline. The DSC peak was fitted with 
a two-state scaled model to determine the thermal unfolding/
melting temperature (Tm). Data were analyzed using TA 
Instruments DSC Analysis software and Tm values plotted in 
GraphPad Prism.
Cellular transactivation assay

HEK293T (ATCC CRL03216) were cultured in Dulbecco’s 
Minimal Essential Medium (DMEM, Gibco) supplemented with 
10% fetal bovine serum (FBS) and 50 units ml-1 of penicillin, 
streptomycin, and glutamine. Cells were grown to 90% 
confluency in T-75 flasks; from this, 4 million cells were 
seeded in a 10 cm cell culture dish for transfection using X-
tremegene 9 (Roche) and Opti-MEM (Gibco) with Gal4-
PPARγ LBD expression plasmid (4.5  μg) and a luciferase 
reporter plasmid containing the fix copies of the Gal4 
Upstream Activation Sequence (5xUAS-luciferase) (4.5 μg). 
After an 18 hr incubation, cells were transferred to white 384-
well cell culture plates (Thermo Fisher Scientific) at 10,000 
cells/well in 20 μL total volume/well. After a 4 hr incubation, 
cells were treated in quadruplicate with 20 μL of either vehicle 
control (1.5% DMSO in DMEM media) or 2-fold serial dilution 
of TZDs. After a final 18 hr incubation, cells were harvested 
with 20 μL Britelite Plus (Perkin Elmer), and luminescence 
was measured on a BioTek Synergy Neo multimode plate 
reader. Data were plotted in GraphPad Prism as 
luminescence vs. ligand concentration and fit to a sigmoidal 
dose response curve.
Crystallization and structure determination

For PPARγ LBD complexes with Ciglitazone, Troglitazone, 
Mitoglitazone, CAY10506, and CAY10638, the ligands were 
incubated at a 1:3 protein/ligand molar ratio in PBS overnight 
before being concentrated to 10 mg/ml and buffer exchange 
into phosphate buffer to remove DMSO. The PPARγ LBD 
complex with Darglitazone was obtained by soaking the ligand 
(1 mM in reservoir solution containing 5% DMSO) into 
preformed apo-PPARγ LBD crystals. Apo or protein/ligand 
complex crystals were obtained after 3–5 days at 22 °C by 
sitting-drop vapor diffusion against 50 μL of well solution using 
96-well format crystallization plates. The crystallization drops 
contained 1 μL of protein (with or without ligand) mixed with 1 
μL of reservoir solution containing 0.1 M MOPS (pH 7.6) or 
Tris (pH 7.6) and 0.8 M sodium citrate. All crystals were flash-
frozen in liquid nitrogen before data collection. Data collection 
for PPARγ LBD bound to Ciglitazone, Mitoglitazone, 
CAY10506, and CAY10638 was carried out at ALS Beamline 
5.0.2 at Berkeley Center for Structural Biology (Lawrence 
Berkeley National Laboratory). Data collection for the PPARγ 
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LBD bound to Troglitazone and Darglitazone was carried out 
using our home source MicroMax007 HF x-ray generator 
equipped with the mar345 detector. Data were processed, 
integrated, and scaled with the programs Mosflm (Battye et al. 
2011) and Scala in CCP4 (Winn et al. 2011). The structures 
were solved by molecular replacement using the program 
Phaser (McCoy et al. 2007) implemented in the PHENIX 
package (Adams et al. 2011) and using a previously published 
PPARγ LBD structure (PDB code: 1PRG) (Nolte et al. 1998) 
as the search model. The structure was refined using PHENIX 
with several cycles of interactive model rebuilding in COOT 
(Emsley et al. 2004).
NMR spectroscopy

Two-dimensional [1H,15N]-TROSY HSQC NMR data of 15N-
labeled PPARγ LBD (200 μM) were acquired at 298K on a 

Bruker 700 MHz NMR instrument equipped with a QCI 
cryoprobe in NMR buffer (50 mM potassium phosphate, 20 
mM potassium chloride, 1 mM TCEP, pH 7.4, 10% D2O) with 
ligands added at 2 molar equivalents (TZD series) or 1 molar 
equivalent (structurally diverse ligands). Data were processed 
using Topspin 3.0 (Bruker Biospin) and analyzed using 
NMRViewJ (OneMoon Scientific, Inc.) (Johnson 2004), 
respectively. NMR chemical shift assignments previously 
reported for ligand-bound PPARγ (Hughes et al. 2012) were 
transferred to the spectra obtained in this study for well-
resolved residues with conversed NMR peak positions to the 
previous ligand-bound forms using the minimum chemical 
shift perturbation procedure (Williamson 2013). 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