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Abstract

Peroxisome proliferator-activated receptor gamma (PPARYy) is a nuclear receptor
transcription factor that regulates gene expression programs in response to ligand binding.
Endogenous lipids and synthetic ligands, including covalent antagonist inhibitors such as
GW9662 and T0070907, are thought to compete for the orthosteric pocket in the ligand-
binding domain (LBD). However, we previously showed that synthetic PPARy ligands can
cooperatively cobind with and reposition a bound endogenous orthosteric ligand to an
alternate site, synergistically regulating PPARYy structure and function (Shang et al., 2018).
Here, we reveal the structural mechanism of cobinding between a synthetic covalent
antagonist inhibitor with other synthetic ligands. Biochemical and NMR data show that
covalent antagonist inhibitors weaken—but do not prevent—the binding of other synthetic
ligands via an allosteric mechanism rather than direct ligand clashing. The covalent ligands
shift the LBD ensemble toward a transcriptionally repressive conformation, which
structurally clashes with and reduces the orthosteric binding affinity of non-covalent
synthetic ligands. Crystal structures reveal different non-covalent synthetic ligand-specific
cobinding mechanisms ranging from alternate site binding to unexpectedly adopting an
orthosteric binding mode by altering the covalent ligand binding pose. Our findings not only
highlight the significant flexibility of the PPARy orthosteric pocket and its ability to
accommodate multiple ligands simultaneously, but also demonstrate that GW9662 and
T0070907 should not be used as reliable chemical tools to inhibit the binding of other ligands
to PPARYy.
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This landmark study elucidates the intricate structural mechanisms by which both
covalent and non-covalent synthetic ligands can co-occupy the binding pocket of the
nuclear receptor transcription factor PPARy. Through a compelling integration of
structural, biochemical, and biophysical evidence, the authors challenge the reliability
of two commonly used covalent inhibitors. These findings have far-reaching
implications for the broader field of nuclear receptor research. This work will be of
high interest to structural biologists and biochemists exploring ligand interactions
within the nuclear receptor superfamily.

https://doi.org/10.7554/eLife.99782.2.sa3

Introduction

Peroxisome proliferator-activated receptor y (PPARYy) is a ligand-regulated nuclear receptor
transcription factor that regulates gene expression programs controlling adipogenesis and insulin
sensitization. Endogenous PPARYy ligands, which include lipids and fatty acids, bind to an
orthosteric pocket within the PPARy ligand-binding domain (LBD) and function as PPARy agonists
that activate gene programs 1872, Synthetic small molecule PPARYy ligands, which include FDA-
approved antidiabetic drugs, also bind to the same orthosteric pocket, most of which function as
agonists that activate PPARy-mediated transcription. Endogenous and synthetic ligands were
originally thought to compete for binding to the PPARy orthosteric pocket. However, we previously
showed that endogenous and synthetic ligands can cobind to PPARYy, likely due to the large size
and flexibility of the orthosteric pocket, and synergistically influence PPARYy structure and

function 8.

The structural mechanism of agonist-induced activation of PPARy transcription has been revealed
by structural biology studies including NMR spectroscopy and crystal structures. In the absence of
ligand, the apo (ligand-free) PPARy LBD dynamically exchanges between two or more structural
conformations 2% NMR data show that a critical structural element in the LBD called activation
function-2 (AF-2) helix (helix 12), which is part of the AF-2 coactivator binding surface, exchanges
between active and repressive conformations that can be stabilized upon binding ligan 108,
Agonist binding to the orthosteric pocket stabilizes a solvent exposed helix 12 conformation that
enables high affinity binding of coactivators and increases transcription neze,
Transcriptionally neutral antagonists and repressive inverse agonists developed from orthosteric
agonist ligand scaffolds bind via a similar mechanism of agonists but stabilize non-active helix 12

. 2 _16 7
conformations 13Z-18%.

GW9662 and T0070907 are covalent ligands originally described as antagonists as they bind via a
nucleophilic substitution mechanism to Cys285 located within the orthosteric pocket and were
shown to inhibit binding of select reference PPARy agonists 17551822 These ligands have been
used extensively by the field as covalent antagonist inhibitors to block other synthetic ligands

from binding PPARYy to test for synthetic ligand specificity in functional experiments. However, we

covalent ligands have similar pharmacological functions to orthosteric non-covalent antagonists
and inverse agonists, GW9662 and T0070907 function through a different structural mechanism:
they slow the rate of exchange between transcriptionally active and repressive conformations
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natively populated in the apo-LBD, with T0070907 having a more pronounced effect than GW9662

7 7 s . . s . .
19522252, In the transcriptionally repressive conformation stabilized by covalent inverse agonists,

helix 12 adopts a solvent-occluded conformation within the orthosteric pocket that overlaps with
@3-253

orthosteric ligand binding poses (Figure 12 These and other published studies
have informed a ligand activation model whereby agonist binding to the orthosteric pocket either
displaces helix 12 from a solvent occluded repressive conformation within the orthosteric pocket
to a solvent exposed active conformation, or selects for an active helix 12 conformation from the

dynamic LBD ensemble 2822,

What remains unclear is the structural basis of covalent inhibitor and synthetic ligand cobinding.
This ligand cobinding mechanism was originally discovered in studies of alternate site ligand

binding 1989-2102,2762-3087 Structural studies have mapped the alternate ligand-binding site

covalent synthetic compounds can still bind to the PPARy LBD in the presence of a covalent
orthosteric inhibitor '2%-21% While it is presumed that the non-covalent synthetic compound
adopts a non-orthosteric binding mode at an alternate site, crystal structures to verify this
cobinding mechanism are still needed. Here, using structural biology studies including NMR and
crystallography, we confirm that GW9662 and T0070907 do not prevent other synthetic ligands
from binding to PPARYy. Furthermore, we demonstrate that certain synthetic ligands can
unexpectedly adopt an orthosteric binding pose when cobound with a covalent antagonist

inhibitor.

Results

Covalent inhibitor and synthetic ligand

cobinding influences PPARy LBD function

We assembled a set of four non-covalent synthetic PPARy ligands (BVT-13, MRL24, nTZDpa, and
SR1664) previously shown to bind the PPARy LBD via two molar equivalents or bind in the

showed that an analog of MRL24, called MRL20, can activate PPARy-mediated transcription and
increase the expression of PPARYy target genes in differentiated mouse 3T3-L1 preadipocytes when
cells were correlated with GW9662 or T0070907 covalent inhibitors. Using a time-resolved
fluorescence resonance energy transfer (TR-FRET) biochemical ligand displacement assay, we
verified the ligands bind PPARy LBD with K; values (Figure 2B 2) consistent with published data
3152-347  These ligands are generally classified as partial agonists that activate PPARy
transcription with limited or weak efficacy, or non-agonists/antagonists that are transcriptionally

neutral.

We profiled the non-covalent synthetic ligands using TR-FRET coregulator peptide interaction
assays (Figure 3A 2, Figure 3 - Source Data 1) to determine how the compounds affect
interaction between the PPARy LBD and peptides derived from NCoR1 corepressor and
TRAP220/MED1 coactivator proteins, two coregulator proteins that influence PPARy transcription
in cells 322:3%%2. Consistent with their partial agonist and/or antagonist profiles, the compounds
did not significantly increase interaction with the TRAP220 coactivator peptide. Only two
compounds, nTZDpa and SR1664, caused notable changes in the coactivator TR-FRET assay. Of
these, nTZDpa showed a biphasic transition that may be due to the binding of more than one
nTZDpa molecule, which is also suggested by 2D ['H,'°N]-TROSY-HSQC NMR data where chemical
shift perturbations (CSPs) are observed going from 1 to 2 equivalents of added ligand
(Supplementary Figure S1).
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Figure 1.

Crystal structures of PPARy LBD in the transcriptionally active and repressive conformations.

The active LBD (PDB 60N])) is stabilized by agonist (rosiglitazone) and coactivator peptide (TRAP220/MED1), whereas the
repressive LBD (PDB 60NI) is stabilized by covalent inverse agonist (T0070907) and corepressor peptide (NCoR1).

active

Figure 2.

Compounds used in the study and relative affinities in a ligand displacement assay.

repressive

( A) Chemical structures of the compounds. (B ) TR-FRET ligand displacement data for the compounds (n=3; mean + s.d.).
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Figure 3.

Ligand cobinding functional profiling in TR-FRET coregulator interaction assays.

(A) TR-FRET coregulator interaction assays performed using PPARy LBD protein with or without preincubation of GW9662 or
T0070907 to determine how the non-covalent synthetic ligands influence recruitment of peptides derived from NCoR1
corepressor protein and TRAP220/MED1 coactivator protein fit to a sigmoidal dose response equation or biphasic dose
response equation for select cases where a biphasic response is observed (n=3; mean + s.d.). (B) IC5y and ECsg values
extracted from the TR-FRET coregulator interaction data. For curves showing a biphasic response, the higher affinity value is

displayed; no value is displayed in cases where the dose response is flat. Error bars when present represent the fitted errors;
some fits did not converge to a well-fitted error (see Source Data 1).
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We next performed TR-FRET coregulator interaction assays using PPARy LBD protein that was first
pretreated with a covalent ligand, GW9662 or T0070907, followed by titration of the non-covalent
synthetic ligands. When bound to GW9662 or T0070907, corepressor peptide binding affinity to the
LBD is progressively strengthened upon binding to GW9662 and T0070907 while coactivator
peptide affinity is weakened according to their neutral and repressive pharmacological activities,
respectively B2 As a result of this change in coregulator affinity, the baseline TR-FRET signal
progressively increases in the corepressor assay and decreases in the coactivator assay. Titration
of the synthetic ligands shows notable changes in the NCoR1 corepressor TR-FRET assay, where the
ligands decrease NCoR1 peptide interaction with ICs profiles (Figure 3B 2, Figure 3 - Source
Data 1) with a similar rank-order to ligand K; values (MRL24 < nTZDpa < SR1664 < BVT.13).
Relatively minor changes are observed for the ligands in the TRAP220/MED1 coactivator TR-FRET
assay except for MRL24, which shows a concentration-dependent increase in coactivator peptide
recruitment. Taken together, these data indicate the functional effect of synthetic ligands binding
to PPARy LBD in the presence of a covalent inhibitor is decreased corepressor peptide interaction.
Notably, the synthetic ligand ICs, values are weakened (right shifted) more by the inverse agonist
T0070907 compared to the neutral antagonist GW9662, suggesting that pharmacological repressive
ligand efficacy may be involved in the ligand cobinding inhibitory mechanism.

NMR studies indicate covalent inhibitors allosterically
weaken cobinding of non-covalent synthetic ligands

by stabilizing a repressive conformation

Two mechanisms may contribute to the covalent inhibitor mechanism of weakening synthetic
ligand cobinding. The covalent ligands could structurally overlap or clash with synthetic ligand
orthosteric binding modes, leading to alternate site binding with a reduced binding affinity. In this
case, the relatively simple phenyl group (GW9662) to pyridyl group (T0070907) change would
somehow lead to a more robust clash between the covalent inhibitor and synthetic ligand.
Alternatively, the TR-FRET data suggested a different mechanism that involves the repressive
efficacy of the covalent ligand. The pharmacological shift from a neutral covalent antagonist
(GW9662) to repressive covalent inverse agonist (T0070907) may allosterically shift the dynamic
LBD ensemble towards a transcriptionally repressive conformation, where helix 12 adopts a
solvent occluded conformation within the orthosteric pocket that structurally clashes with
orthosteric binding of a synthetic ligand. In this case, synthetic ligand binding to T0070907-bound
PPARy LBD would significantly influence the NMR-detected repressive LBD conformation where
helix 12 is within the orthosteric pocket more than the active LBD conformation where helix 12 is
solvent exposed and not occluding the orthosteric pocket.

To structurally assess the non-covalent cobinding mechanism, we performed protein NMR
footprinting by comparing 2D ['H,1°N]-TROSY-HSQC NMR data of 1°N-labeled PPARy LBD
preincubated with a covalent ligand (GW9662 or T0070907) in the absence or presence of a
synthetic ligand. Non-covalent ligand cobinding to GW9662-bound LBD shows NMR CSPs for select
peaks (Figure 4A ). In contrast, NMR CSPs are more pronounced for non-covalent ligand binding
to T0070907-bound LBD (Figure 4B @). Focusing on Gly399, a residue near the AF-2 surface that
displays two T0070907-bound NMR peaks in slow exchange corresponding to the active or
repressive LBD state but only one GW9662-bound active state peak 1082,2202,2305) cobinding of the
non-covalent synthetic ligand causes the two NMR peaks in slow exchange to converge to one NMR
peak. The NMR peaks corresponding to the repressive T0070907-bound conformation disappear,
while the remaining peaks have NMR chemical shift values similar to the T0070907-bound active
state but shifted along the active-repressive continuum (i.e., diagonal between the active and

repressive T0070907-bound NMR peaks) that correlates with function B2

Among the synthetic ligands we tested, MRL24 cobinding shows an increase in TRAP220
coactivator peptide recruitment to T0070907-bound PPARy LBD and the largest shift NMR-detected
shift of the LBD conformational ensemble towards an active state. In contrast, nTZDpa cobinding
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Figure 4.

NMR implicates covalent inhibitor-induced stabilization of a repressive LBD

conformation in the mechanism of weakening non-covalent synthetic ligand cobinding.

Overlays of 2D ['H,">N]-TROSY-HSQC NMR data of '°N-labeled PPARy LBD preincubated with covalent inhibitor, (A) GW9662
or (B) T0070907, in the absence or presence of the indicated non-covalent synthetic ligands added at 2 molar equivalents. (C)
Overlays of 2D ["H,"°N]-TROSY-HSQC NMR data of '°N-labeled PPARy LBD in the presence of non-covalent synthetic ligands
(singly bound state) compared to the cobound states with a covalent inhibitor.
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shows an antagonist-like profile in the TR-FRET data, decreasing both NCoR1 corepressor and to a
lesser degree TRAP220 coactivator interaction, and shifts the NMR-detected shift of the LBD
conformational ensemble towards an intermediate state between the active and repressive
T0070907-observed populations.

Taken together, these NMR-detected observations support the mechanism whereby the repressive
conformation helix 12 within the orthosteric pocket of T0070907-bound LBD is displaced to a
solvent-exposed active conformation. Furthermore, comparison of 2D [1H,15N]-TROSY-HSQC NMR
data of 15N-labeled PPARy LBD bound to the synthetic ligands alone, or cobound with GW9662 or
T0070907, show similar spectral profiles with more subtle CSPs (Figure 4C %) compared to the
larger NMR CSPs observed when comparing '°N-labeled PPARy LBD bound to each synthetic
ligand alone or T0070907-bound LBD relative to GW9662-bound LBD (Supplementary Figure S2)
19C2 This suggests the active conformation of the PPARy LBD when bound to a synthetic ligand
alone vs. cobound to a covalent ligand are similar, which is supported by the TR-FRET data (Figure
3®) showing that synthetic ligand cobinding to T0070907-bound PPARy LBD decreases

corepressor peptide interaction.

Crystal structures reveal disparate

alternate site ligand binding poses

To visualize the ligand cobinding poses, we first crystalized complexes of PPARy LBD covalently
bound to GW9662 or T0070907, which produced solvent exposed active (chain A) and inactive
(chain B) helix 12 conformations similar to apo-PPARy LBD 377, then we added synthetic ligands
to the crystals using soaking methods. We obtained seven crystal structures in total where each
synthetic ligand was cobound to either GW9662 or T0070907, except for SR1664 for which we only
obtained a structure cobound to T0070907 (Supplementary Table S1, Supplementary Figure S3).
In most structures, electron density was observed for non-covalent and covalent ligands in both
chains. However, in the nTZDpa structures, the covalent ligand was not observed in chain A; and
nTZDpa was observed in chains A and B when cobound to GW9662, but only chain B when
cobound to T0070907. The structures show high structural similarity to the transcriptionally active
LBD conformation with rmsd values ranging from 0.77-1.03® (Supplementary Table S2).

We compared our cobound crystal structures to published structures of PPARy LBD bound to non-
covalent ligands—BVT.13 .3..3.9., MRL24 .3??.3..'.—.—'.‘7.., nTZDpa .3..8.9., and SR1664 alone 2. or cobound to

Overall, the LBD conformations when bound to a single ligand or cobound two ligands are highly
similar, with only relatively minor conformational changes in certain residue side chains.
Although this is largely influenced by the crystallized forms used for soaking, these findings are
also consistent with the aforedescribed 2D NMR data, which indicates a similar LBD conformation
for these different liganded states.

Focusing on the non-covalent synthetic ligand cobinding poses (Figure 5A (%), most of the
structures surprisingly showed that the ligand adopts a cobound conformation similar to
orthosteric binding pose observed in crystals structures of PPARy LBD bound to the synthetic
ligand alone (Figure 5B (®). Slight reorientations of portions of the synthetic ligand occur to
accommodate the cobinding mode, as there are clashes between the synthetic orthosteric and
covalent orthosteric ligand binding modes (Figure 5C @). Of note, below we use “orthosteric
binding pose” to refer to the crystallized ligand conformation when PPARy LBD is bound to a
single ligand.

The BVT.13 cobinding pose is similar to its orthosteric binding pose located near the B-sheet.
However, the 2,4-dichloro group clashes with the orthosteric GW9662 and T0070907 binding poses,
specifically the phenyl and pyridyl groups respectively, resulting in a slight reorientation of the
2,4-dichloro group to accommodate the cobound state. The MRL24 cobinding pose is also similar to
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Non-covalent synthetic ligands adopt orthosteric
binding modes when cobound with a covalent inhibitor.

(A) Ligand cobinding modes in crystal structures of PPARy LBD. (B) Comparison of the non-covalent synthetic ligand
orthosteric binding mode (singly bound) and ligand cobinding mode with a covalent inhibitor (transparent sticks).
Differences between these binding modes are indicated with a black arrow. (C) Structural clashes observed between the
covalent inhibitor orthosteric binding mode (transparent sticks) and the non-covalent synthetic ligand binding mode. PDB
codes for crystal structures used in the overlays are listed in the Methods section.
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its orthosteric ligand binding pose, which was surprising given its larger scaffold size significantly
clashes with the orthosteric covalent ligand binding pose. The nTZDpa cobinding pose is also
similar to its orthosteric binding pose near the B-sheet. However, the 1-chloro group clashes with
the orthosteric covalent ligand binding pose, resulting in a minor reorientation in the cobinding
pose. Finally, the SR1664 cobinding pose reveals an alternate site binding mode similar to the
crystallized binding pose in the presence of NCOA1 peptide, with a slight reorientation of the
benzoic acid group that avoids a clash with the orthosteric T0070907 binding pose. Notably, these
alternate site binding modes are distinct from the orthosteric SR1664 binding mode obtained
without coregulator peptide, which shows a large steric clash with the orthosteric covalent ligand
binding pose.

Focusing on the covalent ligand binding poses, previously determined crystal structures ... show
that GW9662 and T0070907, when bound alone, are oriented in different directions within the
orthosteric pocket in the active state when soaked into apo-PPARy LBD or repressive state when
cobound to NCoR1 corepressor peptide, pointing towards or away from the B-sheet surface,
respectively (Figure 6A ). Cobinding of a non-covalent synthetic ligand has different effects on
the covalent ligand binding pose (Figure 6B(®). For BVT.13, the covalent ligand cobinding pose is
similar to the orthosteric binding pose. For MRL24, the cobound covalent ligands adopt a similar
binding pose that is different from the active and repressive orthosteric binding poses. For
nTZDpa, the cobound covalent ligands adopt different orientations, both of which are distinct
from the active and repressive covalent ligand only-bound states. For SR1664, the cobinding mode
of T0070907 is similar to the orthosteric binding mode. These structures show that the
conformation of the covalent ligand can change and adapt to the cobound non-covalent ligand.

Notably, orthosteric ligand K; values for the non-covalent compounds (Figure 2B ) correlate with
the ability of the non-covalent ligand to push the covalent ligand into a cobinding binding mode
that is distinct from the active and repressive covalent ligand binding modes (Figure 6B ().
MRL24 and nTZDa, which are the most potent non-covalent ligands tested, pushed the covalent
ligands into different non-natural conformations, whereas BVT.13 and SR1664 do not. Taken
together with structural data showing that the covalent ligands naturally exchange between
different active and repressive binding poses 1088,220% these findings indicate the malleability of
the dynamic orthosteric pocket, the natural orthosteric binding mode of the non-covalent ligand,
and the relative orthosteric affinity of the non-covalent ligand may determine whether the
covalent ligand traps a non-covalent ligand in the entrance to and/or the B-sheet region of the
orthosteric pocket.

Discussion

Crystal structures of PPARy bound to covalent and non-covalent synthetic ligands have shown
overlapping ligand binding modes, indicating the covalent ligands should block binding of the
non-covalent ligands. We and others have posited that cobinding of a non-covalent synthetic
ligand to the PPARy LBD prebound to a covalent ligand (GW9662 or T0070907) would reveal an
alternate site binding mode, different from the crystallized binding modes. To our surprise, the
non-covalent ligand can bind via its native orthosteric binding mode by pushing the covalent
ligand aside, or slightly adapt its binding mode within the orthosteric pocket. Our structural
analysis of non-covalent ligand cobinding with a covalent ligand reveals several important
observations and conclusions.

Each of the non-covalent synthetic ligands utilizes unique mechanisms to cobind with the covalent
ligands, as inferred from our crystal structures in which pre-formed crystals of the PPARy LBD
were soaked with non-covalent synthetic ligands BVT.13 cobinds to a region of the orthosteric
pocket that only slightly overlaps with the orthosteric covalent ligand binding pose, adopting a
cobinding pose that is similar to when soaked into apo-PPARy LBD crystals. MRL24 and nTZDpa
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Covalent inhibitors adopt different binding modes to

accommodate a cobound non-covalent synthetic ligand.

(A) Structural overlay showing the orthosteric binding modes of GW9662 and T0070907 in crystal structures of PPARy LBD in
active and repressive conformations. (B) Comparison of the covalent binding modes when singly bound (orthosteric) and
cobound to a non-covalent synthetic ligand. Black arrows indicate the conformational differences between the orthosteric
binding modes vs. cobinding modes. PDB codes for crystal structures used in the overlays are listed in the Methods section.
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cobinding pushes the covalent orthosteric ligand into a different conformation, allowing these
ligands to adopt their orthosteric binding modes in the cobound state. This finding was surprising
for MRL24 in particular, as its orthosteric binding mode overlaps considerably with the orthosteric
covalent ligand binding mode. In contrast, SR1664 cobinding occurs to the so-called alternate site,
located at the entrance to the orthosteric pocket.

In our previous study, we observed synthetic and natural/ endogenous ligand co-binding via co-
crystallography where preformed crystals of PPARy LBD bound to unsaturated fatty acids (UFAs)
were soaked with a synthetic ligand, which pushed the bound UFA to an alternate site within the
orthosteric ligand-binding pocket .- In the scenario of synthetic ligand cobinding with a covalent
inhibitor, it is possible that soaking a covalent inhibitor into preformed crystals where the PPARy
LBD is already bound to a non-covalent ligand may prove to be difficult. The covalent inhibitor
would need to flow through solvent channels within the crystal lattice, which may not be a
problem. However, upon reaching the entrance surface to the orthosteric ligand-binding pocket, it
may be difficult for the covalent inhibitor to gain access to the region of the orthosteric pocket
required for covalent modification as the larger non-covalent ligand could block access. This
potential order of addition problem may not be a problem for studies in solution or in cells, where
the non-covalent ligand can more freely exchange in and out of the orthosteric pocket and over
time the covalent reaction would reach full occupancy.

Our data provide support to structural model where in the absence of ligand, the PPARy LBD
exchanges between a transcriptionally repressive conformation where helix 12 is solvent occluded
within the orthosteric pocket and a solvent exposed active conformation 192 70070907 binding
slows the rate of exchange between these two conformations, stabilizing a long-lived active and

repressive state 2252, GW9662-bound PPARy LBD also samples active and repressive states, as

4002
Agonist binding occurs via a two-step mechanism involving a fast encounter complex binding step
at the entrance to the orthosteric pocket followed by a slow conformational change where the
ligand translocates into the orthosteric pocket 262 Our NMR data here show that non-covalent
ligand cobinding to T0070907-bound PPARy LBD selects for an active conformation, as the
repressive conformation NMR peak disappears. This indicates non-covalent ligand cobinding
prevents the LBD from adopting a transcriptionally repressive helix 12 conformation within
orthosteric pocket, explaining why non-covalent ligand cobinding of MRL24 and other PPARy
agonists with a covalent ligand activates PPARy transcription 1262-2122 Another way to test this
structural model could be through the use of covalent PPARy inverse agonist analogs with graded
activity 232 where one might posit that covalent inverse agonist analogs that shift the LBD
conformational ensemble towards a fully repressive LBD conformation may better inhibit

synthetic ligand cobinding.

Our findings may have profound implications as these GW9662 and T0070907 have been used in
many published studies as covalent inhibitors to block ligand binding to PPARYy to test for binding
and functional specificity in cells. As of May 2024, more than 1,900 citations referring to “GW9662
or T0070907” are reported in PubMed. Nearly 1,000 of these publications were published in 2015
or later, after the original report that GW9662 and T0070907 are not effective inhibitors of ligand
binding 8= yet many in the field continue to use these compounds as covalent inhibitors. Our
findings strongly suggest GW9662 and T0070907 should not be used as antagonists to block
binding of other synthetic PPARy ligands. On the other hand, GW9662 and T0070907 display
unique pharmacological properties as a transcriptionally neutral antagonist and repressive
inverse agonist, respectively 22C2and thus it would be appropriate to use these compounds as
pharmacological ligands. It may be possible to use the crystal structures we obtained to guide
structure-informed design of covalent inhibitors that would physically block cobinding of a

synthetic ligand. This could be the potential mechanism of a newer generation covalent antagonist
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inhibitor we developed, SR16832, that more completely inhibit alternate site ligand binding of an
analog of MRL20, rosiglitazone and the UFA docosahexaenoic acid (DHA) 2122 and thus may be a

better choice for the field to use as a covalent ligand inhibitor of PPARy.

Materials and methods

Materials and reagents

All compounds used in this study—GW9662, T0070907, BVT-13, nTZDpa, MRL24, and SR1664—
were obtained from commercial sources including Cayman Chemicals, Tocris Bioscience, and
Sigma-Aldrich with purity >95%. Peptides of LXXLL-containing motifs from TRAP220/MED1
(residues 638-656; NTKNHPMLMNLLKDNPAQD) and NCoR1 (2256- 2278;
DPASNLGLEDIIRKALMGSFDDK) with or without a N-terminal FITC label with a six-carbon linker
(Ahx) and an amidated C-terminus for stability were synthesized by LifeTein.

Protein expression and purification

Human PPARy LBD (residues 203-477, isoform 1 numbering) was expressed in Escherichia coli
BL21(DE3) cells using autoinduction ZY media or M9 minimal media supplemented with NMR
isotopes (15NH4C1) as a Tobacco Etch Virus (TEV)-cleavable N-terminal His-tagged fusion protein
using a pET46 Ek/LIC vector (Novagen) and purified using Ni-NTA affinity chromatography and gel
filtration chromatography. The purified proteins were concentrated to 10 mg/mL in a buffer
consisting of 20 mM potassium phosphate (pH 7.4), 50 mM potassium chloride, 5 mM tris(2-
carboxyethyl)phosphine (TCEP), and 0.5 mM ethylenediaminetetraacetic acid (EDTA). Purified
protein was verified by SDS-PAGE as >95% pure. For studies using a covalent orthosteric
antagonist, PPARy LBD protein was incubated with at least a ~1.05x excess of GW9662 or
T0070907 at 4°C for 24 h to ensure covalent modification to residue C285, then buffer exchanged
the sample to remove excess covalent antagonist and DMSO. Complete attachment of the covalent
antagonist occurs within 30-60 minutes, as detected using an LTQ XL™ linear Ion trap mass
spectrometer with an electrospray ionization source (Thermo Scientific).

Crystallization and structure determination

For T0070907- and GW9662-bound PPARy LBD complexes, protein was incubated at a 1:3
protein/ligand molar ratio in PBS overnight. Proteins were buffer exchanged to remove DMSO and
concentrated to 10 mg/mL. All crystals were obtained after 3-8 days at 22°C by sitting-drop vapor
diffusion against 50 puL of well solution using 96-well format crystallization plates. The
crystallization drops contained 1 pL of protein complex sample mixed with apo crystal seeds
prepared by PTFE seed bead (Hampton research) and 1 L of reservoir solution containing 0.1 M
MOPS (pH 7.6) and 0.8 M sodium citrate for T0070907 or GW9662-PPARy LBD complexes; 0.1 M
MES (pH 6.5), 0.2 M ammonium sulfate. The non-covalent ligands (BVT.13, MRL24, nTZDpa,
SR1664) were soaked into T0070907 or GW9662-PPARy LBD complex crystals by adding 1.5 pL of
compound at a concentration of 2 mM suspended in reservoir solution containing 5% DMSO for 5
days. Data were processed, integrated, and scaled with the programs Mosflm and Scala in CCP4

4122, The structure was solved by molecular replacement using the program Phaser 20

433

NMR spectroscopy

2D [1H,15N]-TROSY HSQC NMR data of 200 yM 15N-labeled PPARy LBD, pre-incubated with a 2x
molar excess of covalent ligand overnight at 4°C, 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
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potassium chloride, 1 mM TCEP, pH 7.4, 10% D,0). Data were processed and analyzed using
Topspin 3.0 (Bruker Biospin) and NMRView] (OneMoon Scientific, Inc.) 82, respectively. NMR

with conversed NMR peak positions to the previous ligand-bound forms using the minimum

chemical shift perturbation procedure 40,

Time-resolved fluorescence resonance
energy transfer (TR-FRET) assay

The time-resolved fluorescence resonance energy transfer (TR-FRET) assays were performed in
black 384-well plates (Greiner) with 23 pL final well volume containing 4 nM Hisg-PPARy LBD with
or without covalently modification by GW9662 or T0070907, 1 nM LanthaScreen Elite Th-anti-His
Antibody (ThermoFisher), and 400 TRAP220 or NCoR peptide in TR-FRET buffer (20 mM KPO, pH
7.4, 50 mM KCl, 5 mM TCEP, 0.005% Tween 20). Compound stocks were prepared via serial dilution
in DMSO, added to wells in triplicate, and plates were read using BioTek Synergy Neo multimode
plate reader after incubating at 25°C for 1 h. The Tb donor was excited at 340 nm, its 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 and fit to
sigmoidal dose-response equation — or biphasic or bell shaped dose response equations when
appropriate, determined by comparison of fits to both equations and F test where the simpler
model is selected if the P value is less than 0.05.

Structural comparisons to published crystal structures
Structural overlays were compared to crystals structures of PPARy LBD bound to GW9662 (PDB

structural alignment and rmsd calculations of the cobound structures to the transcriptionally
active (PDB 60N]J) PPARy LBD conformation was performed via the RCSB webserver (https://www
.rcsh.org/alignment/ @) using the jFATCAT rigid structural alignment algorithm.
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Reviewer #1 (Public review):
Summary:

PPARgamma is a nuclear receptor that binds to orthosteric ligands to coordinate
transcriptional programs that are critical for adipocyte biogenesis and insulin sensitivity.
Consequently, it is a critical therapeutic target for many diseases but especially diabetes. The
malleable nature and promiscuity of the PPARgamma orthosteric ligand binding pocket has
confounded the development of improved therapeutic modulators. Covalent inhibitors have
been developed but they show unanticipated mechanisms of action depending on which
orthosteric ligands are present. In this work, Shang and Kojetin present a compelling and
comprehensive structural, biochemical, and biophysical analysis that shows how covalent
and noncovalent ligands can co-occupy the PPARgamma ligand binding pocket to elicit
distinctive preferences of coactivator and corepressor proteins. Importantly, this work shows
how the covalent inhibitors GW9662 and T0070907 may be unreliable tools as pan-
PPARgamma inhibitors despite their wide-spread use.

Strengths:

- Highly detailed structure and functional analyses provide a comprehensive structure-based
hypothesis for the relationship between PPARgamma ligand binding domain co-occupancy
and allosteric mechanisms of action.

- Multiple orthogonal approaches are used to provide high resolution information on ligand
binding poses and protein dynamics.

- The large number of x-ray crystal structures solved for this manuscript should be applauded
along with their rigorous validation and interpretation.
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Jinsai Shang et al., 2024 eLife. https://doi.org/10.7554/eLife.99782.2 19 of 23


https://doi.org/10.7554/eLife.99782.2
https://doi.org/10.7554/eLife.99782.2.sa2

7 eLife

Reviewer #2 (Public review):
Summary:

The flexibility of the ligand binding domain (LBD) of NRs allows various modes of ligand
binding leading to various cellular outcomes. In the case of PPARY, it's known that two ligands
can cobind to the receptor. However, whether a covalent inhibitor functions by blocking the
binding of a non-covalent ligand, or cobind in a manner that weakens the binding of a non-
covalent ligand remains unclear. In this study, the authors first used TR-FRET and NMR to
demonstrate that covalent inhibitors (such as GW9662 and T0070907) weaken but do not
prevent non-covalent synthetic ligands from binding, likely via an allosteric mechanism. The
AF-2 helix can exchange between active and repressive conformations, and covalent
inhibitors shift the conformation toward a transcriptionally repressive one to reduce
orthosteric binding of the non-covalent ligands. By co-crystal studies, the authors further
reveal the structural details of various non-covalent ligand binding mechanisms in a ligand
specific manner (e.g., an alternate binding site, or a new orthosteric binding mode by alerting
covalent ligand binding pose).

Strengths:
The biochemical and biophysical evidence as presented is strong and convincing.
Additional comments:

The co-crystal studies were performed by soaking a non-covalent ligand to LBD pre-
crystalized with a covalent inhibitor. Since the covalent inhibitors would shift the LBD
toward transcriptionally repressive conformation which reduces orthosteric binding of non-
covalent ligands, one might ask if the sequence was reversed (i.e., soaking a covalent
inhibitor to LBD pre-crystalized with a non-covalent ligand), would similar conclusion be
drawn? The authors have reasonably speculated that it might be difficult to soak a covalent
inhibitor into preformed crystals where the PPARy LBD is already bound to a non-covalent
ligand, because the larger non-covalent ligand could block the covalent inhibitor to gain
access to the region of the orthosteric pocket required for covalent modification.

https://doi.org/10.7554/eLife.99782.2.sa1

Author response:

The following is the authors’ response to the original reviews.

Public Reviews:
Reviewer #1 (Public Review):
Summary:

PPARgamma is a nuclear receptor that binds to orthosteric ligands to coordinate
transcriptional programs that are critical for adipocyte biogenesis and insulin sensitivity.
Consequently, it is a critical therapeutic target for many diseases, but especially diabetes.
The malleable nature and promiscuity of the PPARgamma orthosteric ligand binding
pocket have confounded the development of improved therapeutic modulators. Covalent
inhibitors have been developed but they show unanticipated mechanisms of action
depending on which orthosteric ligands are present. In this work, Shang and Kojetin
present a compelling and comprehensive structural, biochemical, and biophysical
analysis that shows how covalent and noncovalent ligands can co-occupy the
PPARgamma ligand binding pocket to elicit distinctive preferences of coactivator and
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corepressor proteins. Importantly, this work shows how the covalent inhibitors GW9662
and T0070907 may be unreliable tools as pan-PPARgamma inhibitors despite their
widespread use.

Strengths:

- Highly detailed structure and functional analyses provide a comprehensive structure-
based hypothesis for the relationship between PPARgamma ligand binding domain co-
occupancy and allosteric mechanisms of action. - Multiple orthogonal approaches are
used to provide high-resolution information on ligand binding poses and protein
dynamics.

- The large number of x-ray crystal structures solved for this manuscript should be
applauded along with their rigorous validation and interpretation.

Weaknesses

- Inclusion of statistical analysis is missing in several places in the text. - Functional
analysis beyond coregulator binding is needed.

We added additional statistical analyses as recommended (Source Data 1, a Microsoft Excel
spreadsheet).

Related to functional analysis, we cite and studies from our previous publication (Hughes et
al. Nature Communications 2014 5:3571) where we demonstrated that the covalent inhibitor
ligands (GW9662 and T0070907) do not block the activity of other ligands using a PPARy
transcriptional reporter assay and gene expression analysis in 3T3-L1 preadipocytes. Our
study here expands on this finding and other published studies showing the structural
mechanism for the lack of blocking activity by the covalent inhibitors.

Reviewer #2 (Public Review):
Summary:

The flexibility of the ligand binding domain (LBD) of NRs allows various modes of ligand
binding leading to various cellular outcomes. In the case of PPARYy, it's known that two
ligands can co-bind to the receptor. However, whether a covalent inhibitor functions by
blocking the binding of a non-covalent ligand, or co-bind in a manner that weakens the
binding of a non-covalent ligand remains unclear. In this study, the authors first used TR-
FRET and NMR to demonstrate that covalent inhibitors (such as GW9662 and T0070907)
weaken but do not prevent non-covalent synthetic ligands from binding, likely via an
allosteric mechanism. The AF-2 helix can exchange between active and repressive
conformations, and covalent inhibitors shift the conformation toward a transcriptionally
repressive one to reduce the orthosteric binding of the non-covalent ligands. By co-
crystal studies, the authors further reveal the structural details of various non-covalent
ligand binding mechanisms in a ligand-specific manner (e.g., an alternate binding site,
or a new orthosteric binding mode by alerting covalent ligand binding pose).

Strengths:
The biochemical and biophysical evidence presented is strong and convincing.
Weaknesses:

However, the co-crystal studies were performed by soaking non-covalent ligands to LBD
pre-crystalized with a covalent inhibitor. Since the covalent inhibitors would shift the LBD
toward transcriptionally repressive conformation which reduces orthosteric binding of
non-covalent ligands, if the sequence was reversed (i.e., soaking a covalent inhibitor to
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LBD pre-crystalized with a non-covalent ligand), would a similar conclusion be drawn?
Additional discussion will broaden the implications of the conclusion.

This is an interesting point, which we now expand upon in a new (third) paragraph of the
discussion in our revised manuscript:

“In our previous study, we observed synthetic and natural/endogenous ligand co-binding via
co-crystallography where preformed crystals of PPARy LBD bound to unsaturated fatty acids
(UFAs) were soaked with a synthetic ligand, which pushed the bound UFA to an alternate site
within the orthosteric ligand-binding pocket 8. In the scenario of synthetic ligand cobinding
with a covalent inhibitor, it is possible that soaking a covalent inhibitor into preformed
crystals where the PPARy LBD is already bound to a non-covalent ligand may prove to be
difficult. The covalent inhibitor would need to flow through solvent channels within the
crystal lattice, which may not be a problem. However, upon reaching the entrance surface to
the orthosteric ligand-binding pocket, it may be difficult for the covalent inhibitor to gain
access to the region of the orthosteric pocket required for covalent modification as the larger
non-covalent ligand could block access. This potential order of addition problem may not be a
problem for studies in solution or in cells, where the non-covalent ligand can more freely
exchange in and out of the orthosteric pocket and over time the covalent reaction would
reach full occupancy.”

Recommendations for the authors:
Reviewer #1 (Recommendations For The Authors):

- IC50 or EC50 values are not reported for the coregulator interaction assays, R2 for fit
should also be reported where Ki and IC50s are disclosed.

We now report fitting statistics and IC50/EC50 values when possible in Figure 2B and Source
Data 1 along with R2 values for the fit. We note that some data do not show complete or
robust enough binding curves to faithfully fit to a dose response equation.

- Reporter gene or gPCR should be performed for the combinations of covalent and
noncovalent ligands to show how these molecules impact transcriptional activities rather
than just coregulator binding profiles.

We previously performed PPARy transcriptional reporter assay and gene expression analysis
in 3T3-L1 preadipocytes to demonstrate that cotreatment of a covalent inhibitor (GW9662 or
T0070907) with a non-covalent ligand does not block activity of the non-covalent ligand and
showed cobinding-induced activation relative to DMSO control (Hughes et al., 2024 Nature
Communications). We did not specifically mention this in our original manuscript, but we
now call this out in the first paragraph of the results section.

- Inclusion of a structure figure to show the different helix 12 orientations should be
included in the introduction. Likewise, how the overall structure of the LBD changes as a
result of the cobinding in the discussion or a summary model would be helpful.

Our revised manuscript includes a structure figure called out in the introduction describing
the active and repressive helix 12 PPARy LBD conformations (new Figure 1). There are no
major changes to the overall structure of the LBD compared to the active conformation that
crystallized, so we did not include a summary model figure but we do refer readers to our
previous paper (Shang and Kojetin, Structure 2021 29(9):940-950) in the penultimate
paragraph of the discussion. We also added the following sentence to the crystallography
results section related to the overall LBD changes:

Jinsai Shang et al., 2024 eLife. https://doi.org/10.7554/eLife.99782.2 22 of 23


https://doi.org/10.7554/eLife.99782.2

7 eLife

“The structures show high structural similarity to the transcriptionally active LBD
conformation with rmsd values ranging from 0.77-1.03A (Supplementary Table S2)”

Atypo in paragraph 3 of the discussion says "long-live” when it should probably say
"long-lived."

We corrected this typo.

Reviewer #2 (Recommendations For The Authors):

It's interesting that ligand-specific binding mode of non-covalent ligands was observed.
Would modifications of the chemical structure of a covalent inhibitor alter the allosteric
binding behavior of non-covalent ligands in a predictive manner? If so, how can such SAR
be used to guide the design of covalent inhibitors to more broadly and effectively inhibit
agonists of various chemical structures? Discussion on this topic could be valuable.

This is an interesting point, which we now discuss in the penultimate and last paragraphs of
the discussion:

“Another way to test this structural model could be through the use of covalent PPARy inverse
agonist analogs with graded activity 23, where one might posit that covalent inverse agonist
analogs that shift the LBD conformational ensemble towards a fully repressive LBD
conformation may better inhibit synthetic ligand cobinding.”

“It may be possible to use the crystal structures we obtained to guide structure-informed
design of covalent inhibitors that would physically block cobinding of a synthetic ligand. This
could be the potential mechanism of a newer generation covalent antagonist inhibitor we
developed, SR16832, that more completely inhibit alternate site ligand binding of an analog of
MRL20, rosiglitazone and the UFA docosahexaenoic acid (DHA)

21 and thus may be a better choice for the field to use as a covalent ligand inhibitor of
PPARYy.”

https://doi.org/10.7554/eLife.99782.2.sa0
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