
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
9:

48
:2

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Cooperativity as
aLaboratory of Chemical Biology, Departmen

for Complex Molecular Systems, Eindhoven

5600MB Eindhoven, The Netherlands. E-ma
bDepartment of Drug Science and Technology

Turin, Italy. E-mail: francesca.spyrakis@un
cDepartment of Chemistry, Biology and Biot

di Sotto 8, 06123, Perugia, Italy

† Electronic supplementary information
supporting gures and tables. See DOI: 1

‡ These authors contributed equally.

Cite this: Chem. Sci., 2022, 13, 2744

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 18th November 2021
Accepted 19th January 2022

DOI: 10.1039/d1sc06426f

rsc.li/chemical-science

2744 | Chem. Sci., 2022, 13, 2744–27
quantification and optimization
paradigm for nuclear receptor modulators†

Pim J. de Vink, ‡a Auke A. Koops, ‡a Giulia D'Arrigo, ‡ab Gabriele Cruciani,c

Francesca Spyrakis*b and Luc Brunsveld *a

Nuclear Receptors (NRs) are highly relevant drug targets, for which small molecule modulation goes

beyond a simple ligand/receptor interaction. NR–ligands modulate Protein–Protein Interactions (PPIs)

with coregulator proteins. Here we bring forward a cooperativity mechanism for small molecule

modulation of NR PPIs, using the Peroxisome Proliferator Activated Receptor g (PPARg), which describes

NR–ligands as allosteric molecular glues. The cooperativity framework uses a thermodynamic model

based on three-body binding events, to dissect and quantify reciprocal effects of NR–coregulator

binding (KID) and NR–ligand binding (KIID), jointly recapitulated in the cooperativity factor (a) for each

specific ternary ligand$NR$coregulator complex formation. These fundamental thermodynamic

parameters allow for a conceptually new way of thinking about structure–activity-relationships for NR–

ligands and can steer NR modulator discovery and optimization via a completely novel approach.
Introduction

The rapidly increasing eld of small molecule stabilization of
Protein–Protein Interactions (PPIs)1,2 is intrinsically connected
to molecular cooperativity mechanisms, because of the simul-
taneous interactions between more than two molecular enti-
ties.3–5 The development of such cooperativity concepts is not
only of relevance for so-called molecular glues2 and PROTACs,4

but also harbours great potential for more classical drug targets
that also undergo PPIs.6 Nuclear Receptors (NRs) form a super-
family of ligand-mediated transcription factors that regulate
genes involved in numerous cell processes such as metabolism
and development. Their concurrent prominent role in related
diseases makes them highly pursued as drug targets.7

Despite a large number of studies on NRs and the signicant
number of drugs developed for this class of proteins, there are
still many unknowns regarding the regulation of NR activity at
the molecular level. Recent examples that highlight the identi-
cation of novel molecular regulatory mechanisms include
studies on the conformational dynamics upon ligand binding,8

co-binding of multiple ligands,9,10 preferential cofactor
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recruitment,11 allosteric communication,12 ligands for orphan
receptors,13 interplay with DNA binding,14 unexpected hetero-
dimerization,15 and NR crosstalk.16 As an example of the
continuing evolution of our thinking and understanding of NR
activity regulation, the highly valuable mouse-trap model has
now been additionally rened to include coregulator binding.17

A crucial reason why many of these molecular insights are
still being discovered, despite the long-standing therapeutic
applications of NR–ligands, relates to the fact that NR–ligands
are not simple active site inhibitors, but actually modulate
complex PPIs via an allosteric binding mechanism that trans-
fers the molecular effects of ligand binding to the surface of the
NR.18,19 The inuence of ligand binding is as such indirect,
modulating the equilibrium of conformations that NRs can
address.20 Thus, NR modulation goes beyond a simple ligand/
receptor interaction and should be viewed as a more complex
three- or multi-body interplay.21 A single KD value is therefore
not sufficient to describe the NR$ligand$coregulator complex
formation in a valuable and quantitative manner. Fundamental
insights and more uniform quantitative descriptions of the
molecular mechanisms underlying NR/ligand binding and
ensuing allosteric PPI regulation are urgently needed, along
with robust experimental approaches that allow dissecting
these different molecular binding events occuring
simultaneously.

Inspired by recent progress in the eld of PPI modulation,3

GPCRs,6 PROTACs,4 and molecular glues,2 we revisit NR
modulation by means of cooperativity.5,22 Cooperativity is
a common phenomenon in complex biological systems, where
an initial binding event alters the affinity of subsequent
ones.23,24 Though traditionally not viewed as such, NR–ligands
© 2022 The Author(s). Published by the Royal Society of Chemistry
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basically act as allosteric molecular glues, enhancing NR/
coregulator PPIs. Also, NR/ligand binding is frequently re-
ported and compared using very different types of biochemical
and cellular studies. In most cases, the reported affinity or EC50

values are the result of a combination of molecular events,
including coregulator binding, and do not solely represent the
ligand binding process and affinity.

To elucidate this underlying cooperativity mechanism
concept of ligand mediated NR regulation, we used the Peroxi-
some Proliferator Activated Receptor g (PPARg) as a case study.
PPARg is a member of the NR1 subfamily and, being involved in
fatty acid storage and glucose metabolism, is a target for
different diseases such as inammation, diabetes, obesity,
neurodegenerative disorders, and cancer.25,26 The high number
of diverse natural and synthetic ligands as well as coregulators
known to bind PPARg, make it an ideal NR model to explore
a framework that dissects and describes the cooperative events
of ligand and coregulator binding in a quantitative manner.27

Here, we report a cooperativity analysis of the NR$li-
gand$coregulator complex formation, utilizing an integrated
biochemical, biophysical and computational approach. The
framework uses a thermodynamic model based on the different
binding events (Fig. 1), to dissect and quantify reciprocal effects
of coregulator (KI

D) and ligand (KII
D) binding on receptor affinity,

jointly recapitulated in the cooperativity factor (a) for the
ternary complex formation.3 These fundamental thermody-
namic parameters allow for a conceptually new way of thinking
about Structure–Activity-Relationships (SAR) for NR–ligands
and their ensuing modulation of NR PPIs.
Results and discussion
2D-FA titrations deconvolute cooperative binding

NRs can be activated by lipophilic endogenous ligands such as
fatty acids and steroid hormones, and by synthetic ligands that
typically bind to a pocket in the NR–ligand binding domain
Fig. 1 Cooperativity analysis square depicting the multiple binding
events in NR–ligand mediated coregulator recruitment. (A) Structural
depiction of an exemplary NR$ligand$coregulator complex composed
of PPARy, rosiglitazone, shown as spheres, and MED1, shown as blue
cartoon (PDB ID 5YCP28 and 6ONJ29). (B) Cooperativity scheme for
ligand coregulator interplay involving sequential binding events of
receptor (R), ligand (L) and coregulator (C). The coregulator binds to
the target protein with KI

D and in the presence of a ligand this affinity is
altered to KID/a. Similarly, the ligand binds with an intrinsic affinity
KIID and an enhanced affinity KIID/a when the coregulator binding
partner is already bound to the target protein.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(LBD). Ligand binding results in conformational changes of the
LBD, in particular of helix 12 (H12), favouring the formation of
PPIs with coregulator proteins that exert their effect on the
genome.30,31 We adopted a cooperativity model (Fig. 1B) to
interpret and deconvolute the various binding events and
describe the interplay of ligand and coregulator binding more
quantitatively. The coregulator (C in blue) and the ligand (L in
red) both bind to the receptor (R in light blue), but do not bind
to each other in the absence of R. The coregulator binds to the
apo receptor with an affinity of KI

D. In the presence of a pre-
bound ligand the affinity of the coregulator for the receptor is
altered by a cooperativity factor (a) to KI

D/a. The a-factor repre-
sents the effect of the ligand-induced conformational rear-
rangement of the receptor on coregulator apparent affinity. An
a-factor bigger than 1 represents a stimulatory effect of the
ligand on the receptor/coregulator interaction (agonism), while
an a-factor smaller than 1 represents a negative effect of the
ligand (antagonism) and induces a lower affinity of the cor-
egulator for the receptor. Similarly, the ligand binds with an
intrinsic affinity KII

D, generally enhanced upon coregulator
binding to KII

D/a. This dual interplay is frequently overlooked
when describing NR/ligand binding, but ligand and coregulator
inuence each other to the exact same extend given the rst law
of thermodynamics. To provide a solution for such a ternary
equilibrium system, we developed a semi-numerical thermo-
dynamic model based on mass-action laws and mass-balance
equations. These expressions can be rewritten into three inter-
dependent master equations, which can be solved in
a straightforward numerical recursion, without additional
constraints or approximation on the free and total concentra-
tions (see ESI† for derivation and detailed explanation).32

We performed a series of 2D uorescence anisotropy (FA)
titrations, independently varying both PPARg and ligand
concentration. This allowed deconvoluting the synergistic
interplay of ligand and coregulator binding to PPARg. PPARg–
LBD was titrated to 10 nM FAM-labeled MED1 coregulator
peptide in the presence of various concentrations of the ligand
rosiglitazone, held constant over each titration (0–200 mM). The
resulting 2D interaction prole shows the inuence of rosigli-
tazone on the PPAR/MED1 interaction, as depicted in Fig. 2A.
Without any rosiglitazone (grey line), the EC50 of PPARg to
MED1 was around 1 mM. In contrast, in the presence of an
excess of rosiglitazone (200 mM, line in dark red) the EC50 of
PPARg to MED1 shied to 16 nM (a 22-fold enhancement).
Indeed, increasing doses of rosiglitazone induced a gradual
shi of the titration curve towards the le. The increased
occupancy of PPARg by the ligand at higher concentrations
results in an increased contribution of ligand-mediated binding
of the coregulator, thereby enhancing the overall apparent
affinity between PPARg and MED1. However, from concentra-
tions of 1 mM and higher, the occupancy of rosiglitazone maxes
out and the PPARg/MED1 affinity does not increase further. The
maximum EC50-shi is inuenced by the cooperativity factor,
while the progression based on ligand concentration is deter-
mined by a combination of the intrinsic affinity of the ligand
(KII

D) and the cooperativity factor (ESI Fig. 1B and C†).
Chem. Sci., 2022, 13, 2744–2752 | 2745
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Fig. 2 Interplay of rosiglitazone and MED1 binding to PPARg–LBD
measured by 2D fluorescence anisotropy. (A) 2D-FA protein-titration
of PPARg to 10 nM labeled MED1 at various rosiglitazone concentra-
tions (0–200 mM). (B) 2D-FA compound titration of rosiglitazone to
10 nM labeled MED1 with various concentrations of PPARg (0–20 mM;
blue to black).
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By tting 2D data proles (vide infra) with the model, the
values of a and KII

D are obtained. The KI
D is obtained experi-

mentally by the titration of PPARg to MED1 without any ligand
present (0.23 mM). Analysis of the experimental data depicted in
Fig. 2A, resulted in an intrinsic affinity (KII

D) of 1 mM for rosi-
glitazone to the apo receptor and an a-factor of around 35.

Intriguingly, at ligand concentrations below 500 nM, the
ligand is not continuously in excess over the protein throughout
the whole PPARg titration. As a result, the overall titration
becomes a composite of two distinct binding modes. Initially
the binding of PPARg to MED1 is ligand-mediated (most of the
PPARg is bound to rosiglitazone), but at higher PPARg
concentrations the apo state of the protein is in excess. These
data highlight the complexity of the interdependent binding
events involved within the receptor$ligand$coregulator system
and the importance of the choice of assay conditions; i.e.
concentrations of the different components.

In an alternative titration format, the ligand was titrated to
a set concentration of MED1 and a discrete concentration range
of PPARg (Fig. 2B). In this assay format, the effect of the ligand
on different starting points of the PPARg/MED1 equilibrium is
probed. As expected, without any PPARg present, there is no
effect from the addition of rosiglitazone (Fig. 2B, blue line).
Likewise, at a high PPARg concentration (above 20 mM), the
binding of MED1 to PPARg is already saturated and additional
ligand cannot further shi this equilibrium (Fig. 2B, black line).
However, at intermediate receptor concentrations, different
dose response curves were obtained, reecting the shi of the
PPARg/MED1 equilibrium to amore bound state by virtue of the
ligand binding. The lower and upper end plateaus are inu-
enced by the PPARg concentration and illustrate that a large
excess of rosiglitazone is not the only prerequisite for
2746 | Chem. Sci., 2022, 13, 2744–2752
coregulator binding. In fact, the EC50 of the dose–response
curve shis to the right and to higher anisotropy values by virtue
of the moving bottom and upper plateau as indicated by the
dotted arrow. For this reason, receptor titrations (like those in
Fig. 2A) are preferred for data tting.
Dissecting PPAR agonists in terms of affinity and cooperativity

We thus applied the aforementioned approach to characterize
in detail a library of various PPARg ligands (Fig. 3A). The library
contains both partial and full agonists from different
compound classes including the glitazones33 and brates.34

PPARg was titrated to 10 nM labeled MED1 coregulator in the
presence of different doses of each ligand, resulting in 2D
titration proles of all compounds in the library (see Fig. 3B for
an additional example and ESI Fig. S2† for all data). As previ-
ously observed with rosiglitazone, the affinity of PPARg to
MED1 gradually increased with increasing ligand concentra-
tions (shades from light to dark). However, the extent of the
shi and the concentration window in which the shi occurred,
varied according to the ligand. While rosiglitazone and tesa-
glitazar (ESI Fig. S2A and E†) induced an EC50 shi of 22- and
24-fold, other ligands, such as pemabrate and telmisartan,
induced a smaller EC50 shi. We applied the cooperativity
model to the 2D plots, to extract the cooperativity factor and
intrinsic affinity (KII

D) for each ligand (Fig. 3C and D).
The cooperativity analysis revealed a wide diversity in coop-

erativity and affinity values for the different ligands (Fig. 3C).
Classical full agonists such as rosiglitazone and tesaglitazar
have high cooperativity factors, resulting in large EC50-shis in
the experimental proles. Conversely, PPAR ligands typically
classied as partial agonists induce a smaller EC50-shi, but
with still notable cooperativity values. Of particular note is
MRL24, known to strongly bind PPARg but with limited effects
in transcriptional assays,35,36 having a modest cooperativity
factor of 10 but a very high KII

D of around 40 nM. Au contraire,
pemabrate features a similar modest cooperativity as MRL24,
but binds with a much weaker affinity of around 2 mM. Only in
the case of ligands with very low cooperativity, such as the
avonoid glabridin (ESI Fig. S2J†), no exact cooperativity factor
could be determined, in the absence of a large EC50 shi. The
resulting KII

D value tted of �10 mM is in line with previous
observations.37

Interestingly, all glitazone ligands (also known as thiazoli-
dinediones (TZDs); ESI Fig. S2A–D†) showed similar coopera-
tivity factors but quite different affinities (KII

D), as in the
following decreasing order: rosiglitazone > troglitazone > pio-
glitazone > ciglitazone (Fig. 3D). As a result, at high dose (200
mM) the cooperativity effect exerted by rosiglitazone and cigli-
tazone (showing the most distant values in terms of affinity) was
quite the same, while at low dose only rosiglitazone was able to
enhance the interaction between PPARg and MED1. Presum-
ably, the strength of the cooperativity effect of this class of
ligands is dominated by the thiazolidinedione group, which is
shared by all compounds and makes contact with PPARg helix
12, thus favouring efficient binding of MED1.38 The variance in
affinity for PPARg amongst the TZDs can be attributed to the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cooperativity analyses of PPAR ligands on the interaction with the MED1 coregulator. (A) Molecular structure of PPARg agonists. (B)
Representative 2D titration. PPARg–LBD is titrated to labelled MED1, at several constant concentrations of agonist (0–200 mM). Insets show the
relative EC50 as function of the concentration ligand used (see ESI Fig. S2† for total overview). (C) Cooperativities and intrinsic affinities
parameters. The cooperativity factor a, defined as the ratio between ligand bound affinity and the non-stabilized affinity of the cofactor for the
receptor, and KIIID are obtained through data-fitting according to the model depicted in Fig. 1. (D) Overview of the distribution between coop-
erativity (a) and intrinsic affinity (KIID) parameters of the tested PPAR ligands.
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structural diversity of their hydrophobic tails (Fig. 3A and ESI
Fig. S3†).
Thermodynamic analysis of the cooperativity effects

We employed isothermal titration calorimetry (ITC) as an
orthogonal technique to verify the observed affinities from the
2D-FA titrations. ITC measurements detect the heat originating
from the various binding events involved within the two or three
components of the system, i.e., receptor, ligand, and cor-
egulator, thus observing all the binding events simultaneously.
This provides an interesting alternative perspective into the
interplay of ligand and coregulator binding to the nuclear
receptor; it complements the cooperativity analysis by 2D-FA
that reports on the molecular binding events solely via the u-
orescently labelled coregulator.

First the intrinsic affinity (KII
D) of the ligands for PPARg was

determined in a two-component study, in the absence of any
coregulator (Fig. 4A). The binding affinities obtained by (1D)
ITC and via 2D-FA followed the same global trend, though the
absolute affinity values determined were, in general, slightly
© 2022 The Author(s). Published by the Royal Society of Chemistry
weaker with ITC than as obtained by the 2D-FA model. For
example, for tesaglitazar we determined a KII

D of 320 nM and
120 nM with ITC and 2D-FA, respectively, for rosiglitazone 1 mM
vs. 15 mM values were obtained, while for telmisartan the same
KII
D of 6 mM and 5 mM was measured with the two approaches.
In addition to the dissociation constant of the ligands, ITC

measurements can provide the thermodynamic binding char-
acteristic of the ligand–receptor interaction (Fig. 4B). In general,
all the tested ligands showed an enthalpy-driven binding, where
the favourable enthalpic contribution is partially off-set by an
unfavourable entropy. Intriguingly, the DH contribution for
tesaglitazar is much larger than for the other full agonists such
as rosiglitazone and troglitazone (�23 vs. �10 and
�3 kcal mol�1). Also, pemabrate, which has a similar carbox-
ylic head group, has a high enthalpy driven interaction
(�12 kcal mol�1). These two PPAR agonists are known to make
polar interactions via their carboxylic acid with helices 3 and 12
in the PPARg–LBD39 conferring rigidity to the complex; hence
the unfavourable entropy. We were not able to determine the
affinity of MRL24 due to a low signal to noise ratio, indicating
Chem. Sci., 2022, 13, 2744–2752 | 2747
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Fig. 4 Isothermal titration calorimetry measurements (ITC) of PPAR
ligands and synergy with the coregulator MED1. (A) Comparison of
intrinsic affinities (KIID) of the various PPARy ligands as measured by 1D-
ITC and 2D-FA (** ¼ not determined). (B) Thermodynamic charac-
teristics of binary interaction of ligand for PPARg (* ¼ not determined;
see additional ITC data & ESI Table S1† for total overview). (C) 2D-ITC
of rosiglitazone to PPARg in the presence of various concentrations of
MED1 added in cell and syringe. (D) 2D-ITC of tesaglitazar to PPARg in
the presence of various concentrations of MED1 added in cell and
syringe.
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a low net enthalpy contribution, while the interaction for
ciglitazone was weaker than 200 mM (see ESI and Table S1† for
a general overview).

2D-ITC experiments were conducted titrating either rosigli-
tazone or tesaglitazar to PPARg, in the presence of MED1 in
both cell and syringe. Representative binding curves and
binding data are shown in Fig. 4C and D. In the presence of
MED1, the isotherm consists of two distinct binding phases.
Depending on the PPARg:MED1 ratio, the titrated ligand
initially predominately binds to the preformed binary
PPARg$MED1 complex, while at larger ligand equivalents the
binding is predominately to the apo PPARg. During the whole
titration, as a result of the shiing equilibrium upon ligand
binding to PPARg, more MED1 starts to bind to PPARg and the
PPARg$ligand complex.

To dissect the multitude of binding events, the three
component ITC measurements were analysed with SED-
PHAT.40–42 As an input, the thermodynamic parameters of the
binary MED1/PPARg interaction were determined separately
(KD: 66.3 mM; DH: �28.3 kcal mol; �TDS: 22.5 kcal mol; ESI
2748 | Chem. Sci., 2022, 13, 2744–2752
Fig. S6†). Fitting of the ITC data, representative curves shown in
Fig. 4C, resulted in a cooperativity value a ¼ 28 for the
PPARg$rosiglitazone$MED1 complex with an enthalpy and
entropy component of DDH ¼ +0.3 kcal mol�1 and �TDDS ¼
�2.3 kcal mol�1 (ESI Fig. S9†). In contrast, the presence of
MED1 causes an unfavourable enthalpic effect on the binding of
tesaglitazar (Fig. 4D): the magnitude of the DH decreases from
22.7 to 21.0 kcal mol�1, with a net DDH of +1.7 kcal mol�1.
Overall, there is still a net positive cooperative effect (a ¼ 18)
caused by the �TDDS of �3.5 kcal mol�1 (ESI Fig. S8†).

To corroborate these results, a reverse titration of MED1
against PPARg in the presence of tesaglitazar was also per-
formed. Similarly in this case, we observed that the affinity of
MED1 signicantly increases in the presence of the ligand. This
shows that the order of binding is reversible and corroborates
the presented cooperativity square (Fig. 1). Furthermore, we
observed a distinct two state binding mode, similar to the
tesaglitazar titration (ESI Fig. S7†). The binding of coregulators
to NRs is known to require a conformational change of H12,
which is in itself unfavourable in terms of entropy.17 When this
entropic penalty is already paid by the ligand binding event, it
does not need to be overcome by the coregulator binding event
anymore, thus enhancing the affinity.
Molecular dynamics reveals the underlying molecular
mechanisms of cooperativity

Molecular Dynamics (MD) was employed to gain mechanistic
insights in the interplay of the three components and under-
lying cooperativity mechanism. A ternary complex of recep-
tor$ligand$coregulator was built by merging the coordinates of
PPARg bound to rosiglitazone (PDB: 5YCP), together with the
coordinates of MED1 bound to PPARg (PDB: 6ONJ) and adding
the U loop absent in the crystal structures (Fig. 5A). Rosiglita-
zone was chosen as representative ligand for this investigation,
being an extensively studied and approved drug and showing
reliable results in the experimental assays (vide supra).

The following four different states were simulated for 1 ms
each: apo PPARg (R), PPARg$MED1 (RC), PPARg$ROS (RL) and
PPARg$ROS$MED1 (RLC). The Root Mean Square Fluctuation
(RMSF) analysis showed a stepwise reduction in the overall
dynamicity from apo PPARg to the binary structures (RL and
RC) and to the ternary complex (Fig. 5B and C). Except for the
H2 loop and the modelled U loop, the most exible regions are
those directly interacting with the ligand (H3, H12 and the
bottom part of H10/11) and the coregulator (H3, H4/5 and H12,
namely the AF2-pocket). The apo state uctuations of H3 are
reduced by the presence of both the coregulator and the ligand,
while H4 exibility is decreased mainly by coregulator binding
(Fig. 5C). Less pronounced differences can be observed for the
loop connecting H8 and H9, whose exibility is lessened by the
MED1 binding and further reduced upon subsequent rosigli-
tazone binding (Fig. 5C). In contrast, the mobility of H10/11 is
mainly reduced by the ligand binding event, with little addi-
tional structuring by coregulator binding. Conversely, the loop
connecting H10/11 and H12 is only marginally stabilized by the
ligand and is maintained quite exible in all four states.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Increasing rigidity of PPARg upon ligand and coregulator binding. (A) 3D representation of the model used for the analysis. Left: overall
view of the structure with rosiglitazone shown as spheres within the ligand binding site and the MED1 coregulator shown as blue cartoon and
highlighted. The coregulator binding groove (AF2-pocket) is indicated. Right: zoom of the structural portions interacting with the ligand and the
coregulator (omitted for clarity). (B) RMSF of the four states of the cooperativity square. The secondary structure of the protein is show at the
bottom of the graph. The regions involved in the interaction with both the ligand and the coregulator, namely the areas within H3, H4 and H5 and
H10–H12 are zoomed. (C) 3D structures of the four states are represented as putty cartoons and inserted within the cooperativity scheme. The
flexibility is shownwith a gradient scale going from blue (low flexibility) to red (high flexibility). The thickness of the tube is also proportional to the
magnitude of the flexibility. Flexibility values of loop areas and terminal residues are omitted (colored in dark grey in the cartoon). On the top right,
a cartoon representation of the receptor with the most flexible portions highlighted and labelled is reported.
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Importantly, the uctuations of H12 are lowered both in the
presence of the ligand or the coregulator and synergistically
further reduced upon ternary complex formation (Fig. 5C).
© 2022 The Author(s). Published by the Royal Society of Chemistry
To better understand how the ligand and coregulator
mutually inuence each other, we performed independent
analyses on rosiglitazone and MED1 in the binary and ternary
states. For rosiglitazone, the thiazolidinedione moiety is the
Chem. Sci., 2022, 13, 2744–2752 | 2749
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only part of the molecule responsible for polar interactions.
When bound only to PPARg, one H-bond occurs between the
thiazolidinedione moiety and Tyr473 (on H12), while in ternary
complex a second H-bond interaction with His449 (H10) is also
Fig. 6 Synergistic interplay of ligand and coregulator binding to
PPARg. (A) Hydrogen bonds between rosiglitazone and PPARg. On the
left, the comparison of the occupancy (%) of the hydrogen bonds in
the presence ( ) and in the absence ( ) of the coregulator. On the right,
the representation of the interactions. Hydrogen bonds are shown as
lines colored according to their occupancy over the simulation, as
shown in the legend. Residues and helices are labelled. (B) Essential
motions of MED1 in the two simulations. The amplitude of the cartoon
is proportional to the magnitude of the motion and the gradient of
colour indicates the direction of the motion (from black to white). (C)
Hydrogen bonds occupancy betweenMED1 and PPARg in the absence
( ) and in the presence ( ) of the ligand. The coregulator is colored in
white and the interacting residues and helices are labelled. Hydrogen
bonds are shown as lines colored according to their occupancy over
the simulation, as shown in the legend. (D) Superposition of the
average structures of PPARg$MED1( ) and PPARg$Ros$MED1( ). The
different positioning of H12 and MED1 is highlighted.

2750 | Chem. Sci., 2022, 13, 2744–2752
formed (Fig. 6A and S10†). This stronger anchoring to both H10
and H12 in the presence of the coregulator results in a higher
rigidity of the ligand and PPARg helices as observed in the
RMSF analysis. Coregulator binding thus strengthens the
interaction between the ligand and the receptor. This observa-
tion supports the experimental data (Fig. 2C) ascribing the polar
head of PPARg ligands as important element in dictating the
cooperativity effect.

The MED1 coregulator also shows a higher mobility in
complex with PPARg alone than in the ternary complex (see the
RMSD prole in Fig. S11†). Comparison of the essential modes
reveals that MED1 experiences larger movements in the absence
of the stabilizing, cooperative ligand (Fig. 6B). This is consistent
with the observed formation of more stable interactions
between the coregulator and the receptor upon addition of the
ligand (Fig. 6C, Tables S2 and S3†). Rosiglitazone reduces the
MED1 exibility and induces longer lasting H-bonds between
MED1 and PPARg. In particular, polar interactions are conned
within the N- and C-terminal loops, as the a-helical LXXLL
motif43 is mainly hydrophobic. The H-bond between Lys301
(H3) and Leu648 (MED1), forming the so-called charge clamp,29

shows a higher occupancy in the ternary complex and anchors
the coregulator C-terminus. Also, the exibility of the MED1 N-
terminus is lowered upon rosiglitazone binding, due to a key H-
bond between Leu468 (H12) and His642 (MED1), featuring an
occupancy > 90% and anchoring the coregulator in the AF-2
pocket. A superposition of the average structures of the simu-
lations of the binary and ternary complexes, highlights the
different positioning of both H12 and MED1 due to the ligand
binding (Fig. 6D). In the absence of rosiglitazone, H12 is moved
upwards and consequently MED1 is hindered and pushed out
of the AF-2. This suggests that the stabilizing effect the ligand
exerts on H12 in the ternary complex, ultimately translates
cooperatively into a most favorable interaction between the
coregulator and the receptor.
Conclusions

There is a strong need for conceptually new ways to modulate
NRs via modulators with a more differentiated molecular
prole. Here we have provided a cooperativity framework for
nuclear receptor/ligand/coregulator binding interpreting NR–
ligands as allosteric molecular glues, using a combination of
a computational and experimental methods. Our approach
dissects the effect of ligands on the NR/coregulator interaction,
by looking at their cooperativity factor (a), as well as their
intrinsic affinity towards the apo-receptor (KII

D). Both parameters
could be obtained in a straightforward manner through 2D-FA
titrations, in combination with a numerical model. ITC anal-
yses corroborated these results and showed that the underlying
cooperativity is entropy driven. The molecular dynamics simu-
lations conrmed the bidirectionality between ligand and cor-
egulator regarding the cooperative effect. The presence of the
ligand stabilizes the AF2 surface of the NR which enhances the
interaction with the coregulator, through preorganization. Vice
versa, the presence of the coregulator increases the overall
© 2022 The Author(s). Published by the Royal Society of Chemistry
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rigidication of the receptor, which in turn increases the
duration of the hydrogen bond contacts with the ligand.

The intrinsic affinities of the tested NR–ligands span a range
of ve orders of magnitude. The direct affinity of a NR–ligand
can oen be challenging to measure directly and is typically not
reported, with some notable exceptions.44,45 In the past direct
affinities were measured more oen with radioactive displace-
ment assay with steroids,46 but current indirect binding assays
or transcriptional activation assays report on a combination of
multiple binding effects and functional activity. 2D uorescent
anisotropy titration is a straightforward way of obtaining these
NR/ligand affinities, concomitant with determining the coop-
erativity values for the ternary complex with the coregulator
under study.

Intrinsic KD's and cooperativity factors are fundamental
thermodynamic parameters and therefore allow for an objective
comparison of different ligands, regardless of the assay condi-
tions or type of ligand. MRL24 is exemplary here, having high
binding affinity for PPARg, but not strongly stabilizing the
interaction with MED1. Similarly, other NR partial or silent
agonists are potentially more quantitatively described via their
KD's and cooperativity factors, than via a certain transcriptional
activity in a cellular system.47 This quantitative framework for
NR–ligands will furthermore facilitate NR drug discovery by
attributing structural and activity changes to the underlying
cooperativity and affinity parameters. We foresee that this
framework will allow targeted optimization of NR–ligand
properties via their cooperativity analysis. The cooperativity
factor should also provide an attractive entry towards under-
standing and addressing preferential coregulator recruitment.
The cooperativity framework describing the mechanisms of
PPARg$ligand$coregulator complex formation allows to
understand NR modulation on a fundamental level and should
not only be of importance for PPARg, but be of equally high
relevance for other NRs. Also, the equilibria studied in this
manuscript will be further inuenced by other interaction
partners in a cellular context. These include for example
competing cofactors, including of corepressor and coactivator
nature,48 NR dimerization,49–51 or dual ligand binding.9,10,52 We
are currently directing our approach towards such studies.
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K. Sjöblom, U. Karlsson, E.-L. Lindstedt and K. Bamberg,
Structure, 2001, 9, 699–706.

40 S. Keller, C. Vargas, H. Zhao, G. Piszczek, C. A. Brautigam
and P. Schuck, Anal. Chem., 2012, 84, 5066–5073.

41 J. C. D. Houtman, P. H. Brown, B. Bowden, H. Yamaguchi,
E. Appella, L. E. Samelson and P. Schuck, Prot. Sci., 2007,
16, 30–42.

42 A. Velazquez-Campoy, G. Goñi, J. R. Peregrina and
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