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SUMMARY
Ligand binding to proteins is not a static process, but rather involves a number of complex
dynamic transitions. A flexible ligand can change conformation upon binding its target. The
conformation and dynamics of a protein can change to facilitate ligand binding. The conformation
of the ligand, however, is generally presumed to have one primary binding mode, shifting the
protein conformational ensemble from one state to another. We report solution NMR studies that
reveal peroxisome proliferator-activated receptor γ (PPARγ) modulators can sample multiple
binding modes manifesting in multiple receptor conformations in slow conformational exchange.
Our NMR, hydrogen/deuterium exchange and docking studies reveal that ligand-induced receptor
stabilization and binding mode occupancy correlate with the graded agonist response of the ligand.
Our results suggest that ligand and receptor dynamics affect the graded transcriptional output of
PPARγ modulators.

INTRODUCTION
Activation of receptors by small molecule ligands is generally described in terms of their
ability to agonize (activate) or antagonize (block) receptor function. Nuclear receptors (NRs)
are multidomain ligand-dependent transcription factors for which the molecular basis for
ligand-mediated receptor activation is often described by the “helix 12” or AF-2 (activation
function-2) conformational model (Heldring et al., 2007). This model proposes a switch
between an active and inactive conformation of the receptor. Specifically, ligand binding
induces stabilization of the conformational mobility of the C-terminal helix, helix 12, of the
ligand binding domain (LBD) and helix 12 is referred to as the master regulator of
transcriptional activation of NRs. This model has been viewed as a molecular roadmap for
NR drug discovery, detailing how to turn the receptor “on” or “off” via structure-function
mechanisms (Moore et al., 2006). NR ligands can induce a spectrum or graded response
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such as full agonism, partial agonism, antagonism, and inverse agonism (Germain et al.,
2006). For some NRs, such as the estrogen receptors (ERs), the structural basis of the
extremes of these responses, full agonism or antagonism, is well described by the helix 12
conformational model (Heldring et al., 2007). Full agonist ligands position helix 12 in a
conformation favoring interaction with coactivator proteins. Antagonist ligands block
receptor activation either by promoting corepressor interaction or by positioning helix 12 to
preclude coactivator binding. Antagonists have also been shown to destabilize coreceptor (in
the case of homodimeric and heterodimeric receptors) and other cofactor binding.

In contrast, the molecular mechanisms providing partial agonism are less well understood.
Crystal structures of the apo LBD of the NR peroxisome proliferator-activated receptor γ
(PPARγ) as well as co-crystal structures of PPARγ LBD bound to ligands with partial
agonist activity all reveal helix 12 in the canonical agonist position (Bruning et al., 2007),
providing little insight into the mechanism of action of full vs. partial agonists. In fact, all
crystal structures of the PPARγ LBD whether apo or bound to agonist or antagonist, have
similar backbone folds with little variation in helix 12 positioning (Bruning et al., 2007;
Chandra et al., 2008; Uppenberg et al., 1998). Similar observations were made in the crystal
structures of full length PPARγ in complex with its coreceptor retinoid X receptor α
(RXRα), DNA, ligands and coactivator NR box peptides (Chandra et al., 2008). Thus, while
crystal structures of PPARγ reveal atomic differences in the ligand contacts within the
receptor ligand-binding pocket (LBP), they provide no insight into the graded activity of
ligands. Based on these observations, we hypothesized that differences in PPARγ ligand
binding modes and activity were largely controlled by receptor dynamics (Berger et al.,
2003; Bruning et al., 2007; Johnson et al., 2000). Such dynamic effects are not easily
resolved within the scope of and time scales sampled by x-ray crystallography (Brunger,
1997). In support of this notion, hydrogen/deuterium exchange (HDX) kinetic profiles
implicate ligand subtype-specific differences in receptor conformational dynamics in the
mechanism of graded PPARγ agonism. NMR studies also reveal that a selective PPARγ
modulator can alter dynamics of the receptor in a manner that leads to selective gene
expression profiles (Berger et al., 2003). However, the mechanism is more complex as
ligands not only regulate helix 12/AF-2-mediated interactions with coregulators, but also
modulate posttranslational modifications and other protein/coregulator binding sites (Choi et
al., 2011; Choi et al., 2010). For simplicity, we refer to helix 12-mediated agonism here as
“classical agonism”, whereas other modes of modulation of specific NR target genes are
helix 12-independent and involve more global alterations in receptor dynamics that alter
specific post-translational modifications.

Here we applied solution NMR spectroscopy to further examine the mechanisms
contributing to graded PPARγ agonism. NMR is sensitive to structure and dynamics on time
scales ranging from ps-s and slower, and in the slower cases NMR is able to observe
multiple populations, even those that are lowly populated (Henzler-Wildman and Kern,
2007; Kleckner and Foster, 2011). In contrast, HDX and crystallography report on slower
time scales and, in the case of crystallography, the information gleaned typically describes a
low energy conformation averaged over all molecules within the crystal lattice (Brunger,
1997). From a functional point of view, fast motions (ps-ns) indeed impact the function of
proteins. However, slower motions (µs-s and slower) play an important role in many
biological processes, including enzyme catalysis and biomolecular interactions. We show
that PPARγ modulators with graded response profiles not only differentially stabilize
distinct regions of the receptor surface important for function, but also sample multiple
binding modes within the LBP of the receptor in slow conformational exchange. The ability
of the ligands to sample multiple binding modes propagates these dynamic effects to the
protein surfaces important for its function. Our findings support the view that both ligand
and protein dynamics contribute to the mechanism of action of PPARγ modulators.
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RESULTS
Graded response of PPARγ modulators is not apparent from PPARγ LBD co-crystal
structures

We focused on three potent PPARγ modulators (Acton et al., 2005) with low nM binding
affinities that afford graded agonism profiles (Figure 1A): (a) the prototypical full agonist
rosiglitazone; (b) MRL20, a full agonist that exhibits ~60% transactivation activity
compared to rosiglitazone; and (c) MRL24, a partial agonist that exhibits ~25% activity
compared to rosiglitazone. The degree of transactivation in a cell-based receptor:promoter-
reporter co-transfection assay (Figure 1B) is concordant with the ability of the ligands to
induce interaction of a NR receptor interaction domain (RID) from the steroid receptor
coactivator-1 (SRC1) protein with PPARγ LBD as determined in a homogeneous time
resolved fluorescence (HTRF) assay (Bruning et al., 2007). More recently, we determined
that the anti-diabetic efficacy of PPARγ modulators correlates with ligand binding affinity
as well as their ability to block phosphorylation of PPARγ at Ser245, but not with the degree
of classical agonism (Choi et al., 2010) (Ser273 in the PPARγ2 sequence; PPARγ1
numbering is used in structural studies and thus used here). The potency of blockage of
Ser245 (Ser273:PPARγ2) phosphorylation by ligands appears to be associated with the
strength of interaction of the ligand with the backbone amide at Ser342, with the carboxylic
acid moiety of MRL24 being in closest proximity to this amide. Consistent with our
previous findings for MRL24 and rosiglitazone (Choi et al., 2010), all three modulators
blocked Ser245 (Ser273:PPARγ2) phosphorylation (Figure 1C), and densitometry analysis
suggest an efficacy rank order of MRL24 > rosiglitazone > MRL20. However, crystal
structures of the PPARγ LBD bound to these ligands reveal largely unchanged backbone
conformations (Figure 1D) (Bruning et al., 2007), though principal component analysis
reveals some propensity for structural differences originating from the LBP (Figure 1E).
Although MRL20 and MRL24 are regioisomers, and thus nearly chemically equivalent, they
flip binding mode within the LBP of PPARγ (Figure 1F) (Bruning et al., 2007).

NMR analysis of the PPARγ LBD
NMR data collected on apo PPARγ LBD reveals approximately half of the expected NMR
resonances (Figure 2A). The absence of resonances here is likely due to conformational
exchange on an intermediate NMR time scale (kex ≈ |Δv|, or the chemical shift differences
between states, which is on the order of 103/sec) (Johnson et al., 2000; Kleckner and Foster,
2011). Backbone chemical shift assignments were obtained for the PPARγ LBD bound to
the ligands rosiglitazone, MRL24 and MRL20. Binding of the PPARγ full agonist,
rosiglitazone, restores nearly all NMR resonances (Figure 2B), suggesting that it fully
stabilizes the receptor conformation on an intermediate time scale and is consistent with
published NMR and HDX studies of PPARγ full agonists (Bruning et al., 2007; Hamuro et
al., 2006; Johnson et al., 2000; Lu et al., 2008). The majority of residues for which NMR
data is missing in the apo form are located within the ligand-binding pocket and AF-2
coregulator-binding surface (Figure 2A), which comprises H3, H4–5 and H12.

Compared to apo receptor, the partial agonist MRL24 and near full agonist MRL20 only
partially stabilized the receptor conformation on an intermediate time scale (Fig 2c,d,
respectively). For MRL24, the missing resonances populate the AF-2 surface, including H3,
H4–5, H7, H8, H10–H11, and H12 (Figure 2C), and residues assigned in these regions show
very broad resonances, suggestive of conformational exchange on the µs-ms time scale.
These observations are in general agreement with those observed for the PPARγ partial
agonist nTZDpa (Berger et al., 2003). For MRL20, the regions stabilized differ compared to
the partial stabilization afforded by MRL24, including missing resonances in β1, H2’, and
H3, and to a lesser degree on H4–5, loop β3–β4, H7, H8, H10–11, and H12 (Figure 2D);
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resonances in the latter regions also show some degree of line broadening. These
observations are consistent with the functional profile of these ligands in that MRL20 better
stabilizes the AF-2/helix 12 region through a ligand-receptor hydrogen bond (Bruning et al.,
2007) and displays a higher transactivation profile (Figure 1B) and a higher degree of
interaction with SRC-1 RID compared to MRL24 (Bruning et al., 2007). In contrast, MRL24
better stabilizes the β-sheet region in the LBP and Ser245 (Ser273:PPARγ2) surface and is
more efficacious at blocking Cdk5-mediated phosphorylation of Ser245 (Figure 1C).
Furthermore, our NMR data suggests that helix 12 is conformationally dynamic on an
intermediate NMR time scale in the presence of MRL24, and to a lesser degree for MRL20,
in contrast to the single conformation implied in ligand-receptor co-crystal structures (Figure
1D) (Bruning et al., 2007).

HDX analysis of the PPARγ LBD
For the studies reported here, we obtained HDX-MS data on a high resolution mass
spectrometer offering improved sequence coverage compared to our previous analysis
(Bruning et al., 2007). Compared to apo receptor, ligand binding induces stabilization of
several regions of the PPARγ LBD (Table S1). Rosiglitazone protected hydrogen exchange
in H2, H3, H4–5, β2–β4, H6, L6–7, H7, H10–11 and H12 (Figure 2E). The level of
protection was robust for H3, H10–11 and H12 and correlates well to residues with missing
apo NMR resonances that are observed in the presence of rosiglitazone. The level of
protection from hydrogen exchange induced by MRL24 and MRL20 is also consistent with
our NMR observations. In particular, MRL24 afforded robust protection of hydrogen
exchange for residues in the β-sheet region and H6 (Figure 2F), which are regions where
NMR chemical shift assignments were obtained (Figure 2C). Other regions that did not
show robust alterations of HDX kinetics in the presence of MRL24 had many missing
resonances in the NMR data, including H4–5, H10–11, and H12. MRL20 induces moderate
protection from hydrogen exchange for residues within H10–11 and H12 (Figure 2G), more
so than MRL24 but less than rosiglitazone. This is consistent with the NMR data, where we
observed NMR resonances for some, but not all, residues within H10–11 and H12 in the
presence of MRL20 (Figure 2D). Thus, the degree of ligand-induced stabilization observed
by NMR via the number of observed resonances within H10–11 and H12, as well as the
degree of ligand-induced protection from hydrogen exchange, is correlated with the graded
response of PPARγ agonists in a manner that is not apparent from co-crystal structures.

Two receptor populations in slow conformational exchange
A number of residues within the PPARγ LBD were observed with two populations of NMR
chemical shifts when bound to MRL24, and to a lesser extent MRL20 (Figure 3A). In
contrast, the rosiglitazone-bound receptor primarily afforded only one major population of
NMR chemical shifts (Figure S1). For example, Asp380 displays a single peak in the 3D
TROSY-HNCO data for all forms studied, apo or bound to ligand (Figure 3A). However,
Met348, Lys230, and others display two populations of NMR resonances in the presence of
MRL24, suggestive of slow conformational exchange on a time scale of ms or slower.
Similarly, when bound to MRL20, several residues also display two populations of NMR
resonances, such as Lys230. In addition, the line shapes of other residues display significant
line broadening, including Met348 (Figure 3A), which is suggestive of conformational
exchange on the µs-ms time scale. Notably, the two populations of NMR resonances are
present through all NMR data used to assign backbone chemical shifts (Figure 3B) and
when heterodimerized to the RXRα LBD complexed with 9-cis retinoic acid (Figure 3C).
We attempted to use ZZ-exchange spectroscopy (EXSY) to quantify the rate of slow
exchange, which was limited due to spectral overlap. No exchange peaks were observed for
resonances with resolved signals using relaxation delays ranging from 5 to 900 ms. This
suggests the rate of slow exchange is likely on the order of seconds, either near the limit
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(near 0.2/s) or outside of the slow exchange regime detectable by EXSY (kex ≈ 0.2–100/s)
(Kleckner and Foster, 2011). In addition, no exchange peaks were observed in 15N-NOESY-
TROSY data (τmix = 120 ms). A similar slowly exchanging process, undetectable by EXSY,
has been observed for the uncatalyzed cis/trans proline isomerization in CypA (Bosco et al.,
2002).

The average population fractions for a group of well-resolved resonances are Pa≈0.7 and
Pb≈0.3 when bound to MRL24. Residues with two populations when bound to MRL24
comprise the LBP and surrounding regions, including the β-sheet surface, H2, H3, H4–5,
H6, H7 and H10–11 (Figure 3D). These residues are contiguous with residues missing
resonances likely due to intermediate conformation exchange and thus do not have NMR
chemical shift assignments. For MRL20, the two populations of resonances are less
abundant compared to MRL24, in particular in H2, H4–5, H6 and H10–11, some of which
are missing likely due to intermediate exchange, but nonetheless populate similar regions
within the ligand-binding pocket (Figure 3E) with average population fractions for a group
of well-resolved resonances of Pa≈0.85 and Pb≈0.15. Comparison of NMR data for the
PPARγ LBD bound to MRL24 and MRL20 vs. apo receptor (Figure 2A,C,D and 3A)
suggests that the two populations of NMR chemical shifts observed in the presence of
MRL24 and MRL20 are not a consequence of sampling apo and holo (ligand-bound)
receptor states, but rather two distinct ligand-bound conformations. This is particularly
notable for Lys230, which displays a different amide proton chemical shift in the apo form
compared to the two populations observed for receptor-bound MRL24 and MRL20. These
observations are supported by circular dichroism (CD) thermal melt analysis, which reveals
our samples are fully saturated under our experimental conditions and confirm a 1:1 ligand-
receptor stoichiometry (Figure S2).

Multiple ligand binding modes for MRL20 and MRL24
Residues displaying two populations of NMR chemical shifts when bound to MRL24 or
MRL20 map primarily to the LBP of the PPARγ (Figure 3D,E). We posited that slow
conformational exchange between different ligand conformations could be the origin of the
two receptor populations. To investigate this hypothesis, we used 1H and 19F ligand-
observed NMR techniques to directly monitor receptor-bound MRL20 and MRL24. For
the 19F NMR studies, there is one CF3 group in the regioisomers MRL20 and MRL24,
giving rise to one 19F NMR peak (Figure 4A,F). When bound to the PPARγ LBD, MRL20
(Figure 4B) shows several peaks in the 19F NMR data, some of which are low intensity
signals. These data suggest a primary chemical shift environment (a primary conformation)
for the CF3 group (δ = −55.1 ppm) and up to four minor chemical shift environments (δ =
−56.4, −57.4, −8.5, −59.6 ppm; four minor conformations). In contrast, when bound to the
PPARγ LBD, MRL24 (Figure 4G) shows one primary peak in the 19F NMR data, suggesting
a single unique chemical environment for the CF3 group in MRL24. These trends generally
hold within the context of the PPARγ/RXRα heterodimer (Figure 4C,H), although three of
the four minor MRL20 19F chemical shift populations are not observed (Figure 4C),
suggesting that heterodimerization with RXRα could influence the conformation of MRL20
bound to PPARγ. This can be rationalized as previous NMR studies have shown that the
binding of the RXRα heterodimer partner to PPARγ causes chemical shift perturbations
within H12 (Lu et al., 2008). Thus, because the acid group of MRL20 makes a hydrogen
bond contact with Y473 in H12, and because the binding of RXRα influences the
conformation of H12, heterodimerzation could have an impact on the conformational
dynamics of receptor-bound MRL20.

For the 1H NMR studies, 1D 1H spectra for MRL20 (Figure 4D) and MRL24 (Figure 4i)
were used to assign aliphatic proton resonances (~1–4 ppm; inset structures), which are
better resolved and fewer in number compared to the aromatic region (~6–8 ppm), after
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considering peaks arising from the buffer and bulk water (Figure S3). When bound to the
PPARγ LBD, MRL20 (Figure 4E) shows a large signal likely corresponding to the methyl
near carboxylic acid group (group 1 in the inset). There are three other peaks that likely
correspond to the remaining aliphatic signals (groups 2–4, marked with ○), however several
minor populations are observed. When considered with the MRL20 19F NMR data (Figure
4A–C), the data suggest a primary conformation of MRL20 when bound to PPARγ, as well
as several other chemical states (conformations) that are lowly populated. However, the
methyl group near the carboxylic acid (group 1 in the inset), which associates near helix 12
in the PPARγ LBP (ligand-binding pocket) likely exists in one unique chemical environment
due to the nature of the dynamics (vide infra); this is further described in Figure S4.

MRL24 (Figure 4I) shows two populations of 1H resonances when bound to the PPARγ
LBD (Figure 4J). For the more easily resolved aliphatic groups (Figure S3), the largest
chemical shift change is observed for the methyl near carboxylic acid group (group 1 in the
inset; Δδ = 0.2 ppm), followed by the methylether group (group 3; Δδ = 0.09 ppm),
methylene group (group 4; Δδ = 0.07) and 2-methylindole group (group 2; Δδ = 0.05 ppm;
resonances are broader and less intense compared to the others). When considered with the
MRL24 19F NMR data (Figure 4F–H), the data suggest that the aliphatic groups of MRL24,
which comprise two of the three ligand side chains, sample two conformations. However,
the CF3 group of MRL24, which associates near helix 12 in the PPARγ LBP on the third
ligand side chain, exists in one unique chemical environment (conformation); this is further
described in Figure S4. For each of the four observable MRL24 protons in this aliphatic
region (Figure 4I,J; between 1–4 ppm), two peaks are observed suggesting two primary
ligand conformations in slow exchange with average population fractions of Pa≈0.6 and
Pb≈0.4.

When considered with structures of the PPARγ LBD co-crystalized with these ligands
(Bruning et al., 2007), the receptor-bound ligand-detected NMR data reveals mechanistic
insight into the binding mode dynamics of the ligand (Figure 5A; Figure S4). NMR
resonances originating from the ligand side chain near helix 12 within the LBP gives rise to
one NMR chemical shift population (Figure 4; Figure S4). In contrast, NMR resonances for
the ligand side chains that associate within the LBP near the β-sheet, which is larger in
volume compared to the region near helix 12 (Sheu et al., 2005), display multiple
populations (Figure 4; Figure S4). A model describing the dynamics of receptor-bound
MRL24 consistent with our NMR observations would suggest that the ligand flips its
binding mode around an axis of rotation positioned parallel to the 2-methylindole and CF3
groups. These groups display the smallest chemical shift change among all MRL24 aliphatic
groups, whereas the methyl near carboxylic acid group and methylether group at the ends of
two ligand side chains display the largest chemical shift changes.

Molecular docking reveals the propensity for multiple ligand binding modes
To provide additional insight into the ability of MRL20 and MRL24 to adopt multiple
binding modes, we performed molecular docking simulations using the program AutoDock
Vina (Trott and Olson, 2010). Analysis of the top five binding models for the docking of
MRL20 revealed one significant primary binding mode with ~91% occupancy (Figure 5B),
according to the canonical Boltzmann distribution at the temperature used in the NMR
experiments. Several other lowly populated binding modes were reported, including a
secondary binding mode with ~6% occupancy, and three additional binding modes with
occupancy values around or less than 1%. For MRL24, analysis of the top five binding
modes (Figure 5C) revealed a primary binding mode with ~62% occupancy, a secondary
binding mode with ~31% occupancy, whereas the remaining binding modes had occupancy
values of ~2% or less. For both ligands, the primary binding mode (Figure 5D,E; blue)
closely resembles the binding mode captured in PPARγ crystal structures (Bruning et al.,
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2007). The secondary binding mode (Figure 5D,E; pink) displays a ligand orientation
flipped ~180° in a manner concordant with our NMR data (Figure S4) around an axis of
rotation positioned parallel the ligand side chain associated near H12 within a smaller region
of the LBP (Figure 5A). For MRL24, the axis of rotation is approximately parallel to the 2-
methylindole and CF3 groups. For both ligands, the remaining three binding modes
displayed the ligand associating near the LBP entry/exit site (Figure 5A). None of the
docked binding modes predicted for MRL20 correspond to the crystallized MRL24 binding
mode and vice versa. Boltzmann distribution analysis of the energy separation between the
primary/crystal structure orientation, the secondary (flipped) binding mode and other modes
indicates that the flipped mode could be significantly populated for both ligands, with
MRL24 occupying the flipped state to a larger degree than MRL20 (Figure 5B,C). As
schematically detailed in Figure S4 and discussed above, these docking results agree with
our NMR observations and are consistent with the topology of the PPARγ LBP. Namely, the
portion of the ligand that flips binding mode orientation in the molecular docking is located
within a larger pocket of the LBP, and atoms of the ligand within this region of the pocket
display multiple populations in the NMR data.

DISCUSSION
Much of what is known about NR structure-function relationships has been derived from
hundreds of x-ray crystallography studies, which have captured static conformational
“snapshots” of many ligand-receptor complexes. However, biological complexes are
dynamic and undergo constant flexing throughout a hierarchy of motional time scales, which
plays an important role in biological function. The concept of structural dynamics in the NR
field has been derived primarily from the structural plasticity of H12 in the receptor LBD
switching between an “on” (agonist) and “off” (antagonist) conformation in ligand-receptor
co-crystal structures. More recently, HDX studies have revealed that the receptor dynamic
profiles of some NR-ligand complexes correlate with the pharmacological phenotype of the
ligand in a manner that could not be inferred from static crystal structures (Bruning et al.,
2007; Dai et al., 2009; Dai et al., 2008; Zhang et al., 2010). However, one key observation
lacking from these studies relates to the dynamics of ligand binding, in particular the ability
to bind in different binding modes and the effect on receptor conformation. Although
crystallography provides high-resolution atomic insight into the molecular details of NR
ligand-receptor interactions and HDX is sensitive to detecting ligand-induced changes in
receptor dynamics, these techniques are not suitable for observing multiple conformational
populations in solution. Here, our solution NMR studies provide the first insight describing a
potential role for both ligand and receptor dynamics in the mechanism of action of graded
PPARγ modulators.

Our data suggest that the degree of partial agonism exhibited by MRL20 and MRL24 is
associated with (1) the presence of two receptor populations in slow conformational
exchange, (2) the degree of receptor intermediate conformational exchange within the LBP
and AF-2 region, (3) the degree of receptor stabilization observed by NMR and HDX, and
(4) the ability of the ligand to sample multiple binding modes and the relative binding mode
occupancy. It is well accepted that the ability of a ligand to interact with H12 via a hydrogen
bond with Tyr473 plays an important role in the stabilization of receptor conformation and
transcriptional agonism. Our studies implicate a role for intermediate time scale dynamics in
the H12/AF-2 surface as a likely origin for reduced transactivation response. This type of
general phenomenon, where the dynamics of a protein negatively affects its function, has
been previously described as “dynamic dysfunction” (Mauldin et al., 2009; Peng, 2009). In
the case of MRL20 and MRL24, which are less efficacious agonists compared to
rosiglitazone, sampling more than one ligand binding mode allosterically propagates a
conformational disorder to surfaces of the receptor that are important for function,
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contributing to their reduced degree of agonism while independently contributing to their
ability to stabilize the Ser245 (Ser273:PPARγ2) phosphorylation surface.

Our ligand-observe NMR data suggest that MRL20 prefers one conformation and samples
several other lowly populated conformations. On the other hand, MRL24 samples two
primary conformations with relative populations of ~60% and ~40%. This can be
structurally rationalized by the observation that the MRL24 acid group forms a hydrogen
bond with Ser342 on β3 within the large cavity of the PPARγ LBP. The formation of this
hydrogen bond may lock the ligand into one of these two preferred conformations and slow
the conformational exchange of MRL24 to the point where two significant populations are
observed. In contrast, although MRL20 may prefer one binding mode, it samples several
other binding modes at lower occupancy, perhaps as it does not form a hydrogen bond with
Ser342. These observations and relative populations are corroborated by molecular docking
studies on MRL20 and MRL24 that reveal these ligands can flip binding mode orientation in
the large pocket within the LBP that displays ligand-specific differences in receptor
intermediate and slow time scale dynamics. Two different interpretations of our ligand-
observe NMR data would suggest that either the ligand rotates while bound in the pocket, or
that it binds in two different orientations as a result of ligand on-off exchange. In terms of
the latter interpretation, the slow rate of exchange observed is consistent with the low Kd of
these ligands. The ability of MRL20 and MRL24 to sample multiple binding modes would
certainly impact the dynamics of the receptor, which is apparent in the relative receptor
populations observed in our NMR studies. When considered with graded transactivation
profiles and differences in efficacy for blocking Ser245 phosphorylation, the data suggest
that the dynamics of the ligand and receptor would both affect function. One caveat to the
docking results is that, because the bonds are rotatable during the in silico docking,
programs such as AutoDock Vina and others can have difficultly finding a “correct” bound
conformation, leading to artifactual results such as 180° flipped binding modes (Trott and
Olson, 2010). However, our docking results (Figure 5b–e) are supported by our NMR results
(Figures 3 and 4): (i) in terms of the ability to sample multiple binding modes; (ii) the
relative populations of the binding modes (% ligand occupancy in the docking vs. ligand Pa
and Pb in the NMR studies); and (iii) chemical shift differences of the functional groups of
MRL24 that suggest two binding modes rotating about an axis of rotation that would result
in a 180° flip. Our results perhaps challenge the notion that there could be one “correct” in
silico docked conformation.

Despite the large differences in receptor stabilization induced by MRL24 binding, it is just
as good as rosiglitazone, if not better, at blocking Cdk5-mediated phosphorylation of Ser245
in vitro and in vivo (Choi et al., 2010). Our NMR data reveal that MRL24 better stabilizes
the β-sheet region and the Ser245 site compared to rosiglitazone, as inferred via relative
NMR cross-peak intensities for residues in these regions. Also in agreement with our data
showing that MRL20 is less efficacious than these ligands in blocking Ser245
phosphorylation in vitro, our NMR data reveal that MRL20 is less effective at stabilizing the
β-sheet region and the Ser245 site. Furthermore, MRL20 and MRL24 both significantly and
differentially impact the intermediate and slow time scale dynamics of PPARγ near the β-
sheet region, H2, H2’ and H7. These are regions that are near or involved in a long-range
contact between the PPARγ LBD and the RXRα DBD in the intact PPARγ/RXRα structure
(Chandra et al., 2008). This observation, combined with our NMR observations revealing
that these ligands regulate the dynamics of this surface, suggests a potential for long-range,
ligand-mediated dynamic allostery between RXRα DBD and PPARγ LBD. However, a
recent solution analysis using SAXS, SANS and FRET suggests this long-range interaction
may only be stabilized by a minor transient conformation (Rochel et al., 2011).
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There is an apparent correlation between the relative receptor NMR populations induced by
ligand binding and the degree of ligand-induced transactivation. For example, rosiglitazone
stabilizes PPARγ Lys230 (Figure 3A) into one chemical shift population (Pa≈1, Pb≈0),
whereas two populations are observed for the graded agonists MRL20 (Pa=0.81, Pb=0.19)
and MRL24 (Pa=0.76, Pb=0.24). Though the functional implications of the relative
populations Pa and Pb are not completely apparent, generally the shift in population balance
is associated with the degree of agonism. Furthermore, our observation that MRL20 and
MRL24 sample multiple binding modes suggests that perhaps one binding mode may be
more active in terms of classical transactivation. More apparent is the correlation between
the degree of H11/H12 stabilization on the intermediate time scale and graded
transactivation response. MRL20, which displays ~60% transactivation compared to
rosiglitazone, only induces a partial stabilization of H11 and H12 compared to the full
stabilization afforded by rosiglitazone. The degree of stabilization induced by MRL24 is
even less, which is consistent with its ~25% transactivation response compared to
rosiglitazone. As noted before, these observations are inconsistent with the single H12
conformation observed in the ligand-receptor co-crystal structures (Bruning et al., 2007).
The combination of our NMR and HDX data support a model by which increased
conformational mobility of H12 negatively affects coregulator interaction and
transactivation (Bruning et al., 2007). Thus, the “active” conformation of H12 in the ligand-
receptor co-crystal structures may indeed represent a conformational “snapshot” of the
receptor-coregulator interaction, but is not fully representative of the receptor LBD
conformation in solution.

There have been previous suggestions for a role of ligand dynamics in the mechanism of
graded agonism. The regioisomeric PPARγ ligands studied here, MRL20 and MRL24,
crystallized into two distinct conformations within the LBP of PPARγ (Figure 1F) with
binding modes associated with their respective activity profiles (Bruning et al., 2007).
However, we have shown here that the primary binding mode of one ligand (e.g. MRL20) is
not the secondary binding mode for the other (e.g. MRL24). Our previous NMR study
revealed that the PPARγ partial agonist nTZDpa induces a receptor conformation that is
distinct from and less stable than the receptor conformation when bound to the full agonist
rosiglitazone (Berger et al., 2003). An estrogen receptor (ER) partial agonist, WAY-166916,
bound differently to the receptor when mutant proteins were used that stabilized the active
and inactive conformations (Bruning et al., 2010). In this study, a series of WAY-166916-
derived ligands were synthesized that had graded transcriptional response profiles and
crystallized to the ER mutant proteins in a manner consistent with their activity profiles.
Interestingly, the authors state that ligand-receptor co-crystal structures of ER partial
agonists are hard to obtain, requiring protein mutations to stabilize receptor conformations.
Indeed, this may arise due to the general ability of NR partial agonists to bind in multiple
binding modes in a dynamic nature as opposed to a more static nature preferred for
crystallization. This implies that ligand dynamics is likely involved in the mechanism of
partial NR agonism. In terms of non-NR proteins, differences in binding modes for similar
compounds have been noted (Teague, 2003) in crystal structures of transthyretin (Faig et al.,
2001) and NAD(P)H:Quinone Oxidoreductase 1 (Faig et al., 2001), where similar ligands
also display flipped binding modes. Technologically related to our work, a ligand-detected
NMR study revealed that a single ligand can have multiple binding modes when bound to
riboflavin synthase, whereas another ligand that binds the same protein has only one binding
mode (Scheuring et al., 1996).

Our observations could have significant implications in the future development of PPARγ
partial agonists, or ligands with no agonism, which are highly sought after modulators
because they have potent insulin sensitizing activity but are anti-adipogenic with less
propensity for edema, weight gain and other unwanted effects (Choi et al., 2011; Grether et
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al., 2010; Houtkooper and Auwerx, 2010; Kahn and McGraw, 2010). Our observations may
also have implications for rational/structure-based drug design, where it is generally
assumed that ligands have one binding mode, typically inferred via crystal structures
(Guasch et al., 2011), and differences in binding modes between highly related ligands may
be considered “surprising” (Teague, 2003). Future studies will determine if this is a general
feature for graded/partial receptor agonism in other systems, as well as determine if
selecting for ligands with a single binding mode vs. multiple binding modes can have impact
on the desired pharmacological response of the ligand. Lastly, our work here shows the great
utility in combining multidisciplinary approaches, including x-ray crystallography, HDX
and NMR spectroscopy, to provide detailed insight into mechanism of action of small
molecule ligands.

EXPERIMENTAL PROCEEDURES
Protein expression, purification and sample preparation

DNA encoding the PPARγ (NR1C3) LBD (residues 205–477; UniProt ID P37231, isoform
1) and RXRα (NR2B1) LBD (residues 223–462; UniProt ID P19793) was amplified by PCR
and cloned into the expression vector pET-46 using the Ek/LIC system (EMD Chemicals/
Novagen) as a tobacco etch virus (TEV) protease-cleavable N-terminal HisTag fusion
protein. Expression and purification details are described in Supplementary Methods. The
rosiglitazone-bound sample was 1.0 mM; the MRL20, MRL24 and apo samples were 0.25
mM; in 20 mM potassium phosphate (pH 7.4), 50 mM potassium chloride, 0.05% sodium
azide (NMR buffer). A [2H,13C,15N]-PPARγ/unlabeled-RXRα LBD (RXRα complexed to
9-cis-retinoic acid) heterodimer sample was prepared from the NMR sample of
[2H,13C,15N]-PPARγ LBD bound to MRL24. For the ligand-observe experiments, 1H
experiments were performed on the aforementioned ligand-bound receptor samples; ligand
only samples were at 50 µM in NMR buffer at 0.5% DMSO; and other unlabeled-receptor
ligand experiments contained 200–500 µM protein. Ligands were added in 1.35 to 2 fold
molar excess to approximately 10 µM protein and then buffer exchanged and/or
concentrated.

NMR spectroscopy
NMR data were collected at 25 °C on a Bruker spectrometer at 700 MHz 1H frequency
equipped with a TXI probe and Varian spectrometers at 600 and 800 MHz 1H frequency
with a conventional (600 MHz) or cryogenically cooled (800 MHz) triple-resonance probe.
The proton carrier frequency was set coincident with the water resonance for all
experiments. Backbone assignments for the PPARγ LBD bound to rosiglitazone (1.0 mM
protein), MRL24 (250 µM protein) and MRL20 (250 µM protein) were obtained using 3D
TROSY-based assignment experiments available in Varian VNMRJ/BioPack or Bruker
Topspin, including HNCO, HNCA, HN(CO)CA, HN(CA)CB and HN(COCA)CB, as well
as 15N-NOESY-HSQC or 15N-NOESY-TROSY-HSQC (τmix= 120 ms), using
[2H,13C,15N]-labeled protein. 2D [1H-15N]-TROSY-HSQC and 3D HNCO data were
collected on apo/ligand-free [13C,15N]-Histag-PPARγ LBD. Data were processed with
NMRPipe (Delaglio et al., 1995) and analyzed with NMRViewJ (Johnson, 2004) (One
Moon Scientific, Inc.). Backbone chemical shift assignments were obtained for 245, 186 and
170 out of 264 non-proline PPARγ LBD residues in the presence of rosiglitazone (93%),
MRL24 (70%) and MRL20 (64%), respectively. Chemical shift assignments for the PPARγ
LBD complexed to rosiglitazone, MRL24 and MRL20 have been deposited in the
BioMagResBank (BMRB; http://www.bmrb.wisc.edu) under accession codes 17975, 17976
and 17977, respectively. ZZ-exchange spectroscopy (EXSY) was used to attempt to quantify
the rate of slow exchange (Farrow et al., 1994) using relaxation delays ranging from 5 to
900 ms. The heterodimer sample concentration was estimated to be ~75–100 µM and had
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relative decrease of ~75% in 1D 1H NMR signal compared to the [2H,13C,15N]-PPARγ
sample bound to MRL24.

Ligand-detected NMR was performed using 1D 19F and 1D 1H NMR experiments,
including a 19F NMR experiment without 1H decoupling at 659 MHz (free and receptor-
bound ligand), a 1D 1H NMR experiment with water suppression (Hwang and Shaka, 1995)
at 700 MHz (free ligand), and a [13C,15N]-isotope filtered experiment with water
suppression (Ikura and Bax, 1992) at 700 MHz (ligand bound to [2H,13C,15N]-PPARγ
LBD). Protein-ligand complex concentrations ranged from 200–500 µM. In the case of the
receptor-bound ligand NMR data, which reveals the ligand is in slow exchange between
multiple conformations, specific assignment of the receptor-bound ligand protons was
complicated because NMR spin coupling patterns are not well resolved due to the slower
ligand correlation time, comparable to that of the receptor, compared to free ligand.
Receptor-bound chemical shift assignments were mapped using the relative peak intensity
profiles and chemical shift values for groups 1, 3 and 4, leaving peaks for group 2, which
does not strictly follow the same intensity profile as free ligand perhaps due to chemical
shift line broadening. Data were processed and analyzed using dataChord Spectrum Analyst
(One Moon Scientific, Inc.).

Ligands
Rosiglitazone was obtained commercially (Cayman Chemical). MRL20 and MRL24 were
synthesized in-house using previously described methods (Acton et al., 2005).

HDX-MS
Solution phase amide HDX was performed on liganded and unliganded PPARγ LBD using a
fully automated system and in-house software described previously (Chalmers et al., 2006;
Chalmers et al., 2011; Pascal et al., 2009). Changes reported in HDX are from direct
comparisons between unliganded and liganded PPARγ LBD. Details are described in
Supplemental Methods.

Ligand docking
AutoDock Vina (Trott and Olson, 2010) was used for molecular docking studies of MRL20
and MRL24 to their respective crystal structures (Bruning et al., 2007) using standard
parameters except for the degree of exhaustiveness (=30). The search space comprised the
entire LBP of the PPARγ LBD. The ligand occupancy of the various states was calculated
(1) assuming a canonical ensemble where the number of molecules, the volume and the
temperature are fixed; and (2) all states were considered equally degenerate. The fraction of
the total ligands occupying a docked state and energy was calculated using the canonical
Boltzmann distribution:

where εo is the energy of the lowest energy level of the predicted ligand conformation, εi is
the energy of the other energy levels, kB is the Boltzman constant, T is the temperature and
the denominator is the sum of all the probabilities of the states analyzed for each ligand.
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Cell-based reporter assay
293T cells were cotransfected in batch by adding 4.5 µg each of full-length Gal4-PPARγ
and UAS-luciferase reporter using 27 µL X-treme Gene 9 transfection reagent (Roche) in
Opti-mem reduced serum media (Gibco). Cells were plated at a density of 4×106 in
100×20mm polystyrene dishes (BD Falcon) with DMEM containing 10% FBS. Following
18 hour incubation at 37°C, 5% CO2, transfected cells were plated in triplicate in white 384-
well plates (Perkin Elmer) at a density of 10,000 cells/well. Cells were treated with either
0.1% DMSO vehicle only or compound MRL-20, MRL-24 or Rosiglitazone in increasing
doses from 333 pM-10 µM for 18 hours. The luciferase was quantitated with 20 µL Brite
Lite Plus (Perkin Elmer) and read in 384-well Luminescence Perkin Elmer EnVision
Multilabel plate reader. Graphs were plotted in GraphPad Prism Software as fold change of
treated cells over DMSO control cells.

In vitro Cdk5/p35 kinase biochemical assay
In vitro Cdk5 kinase assay was performed as previously described (Choi et al., 2010).
Briefly, active Cdk5/p35 kinase was purchased from Millipore. 0.5 mg of purified WT
PPARγ was incubated with 0.25 mg active Cdk5 in kinase assay buffer (25 mM Tris-HCl
pH 7.5, 5 mM β-glycerophosphate, 2 mM dithiothreitol (DTT), 0.1 mM Na3VO4, 10 mM
MgCl2) for 2 hr at 30°C. 20 mM ATP was added to complex for 15 min at 30°C. PPARγ
ligands were pre-incubated with receptor for 1 hr prior to addition of ATP and the assay was
performed. Phosphorylation of substrates after SDS–PAGE was analyzed with an anti-
phospho Ser245 (Ser273 in PPARγ2) polyclonal antibody. Densitometry analysis using
ImageJ (NIH) was used to determine the relative efficacies for the ligands in blocking
phosphorylation of Ser245.

Structural nomenclature and analysis
The sequence and secondary structure nomenclauture for the PPARγ LBD has been
described (Uppenberg et al., 1998). Secondary structure nomenclature: helix is abbreviated
as “H”; β-strand as “β”; and loop as “L” with numbers corresponding to the helix preceding
and following the loop. PyMOL was used for structural visualization (DeLano Scientific,
South San Francisco CA), and THESEUS (Theobald and Wuttke, 2006, 2008) was used for
principal component analysis of PPARγ ligand-bound structures.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Graded response of PPARγ ligands is not explained by ligand-receptor crystal
structures
(A) Chemical structures of rosiglitazone, MRL20 and MRL24. (B) Effect of ligands on
PPARγ transactivation in a cotransfection assay in 293T cells using a Gal4-PPARγ
expression vector and UAS-luciferase reporter (n=4). (C) In vitro biochemical assay
showing the ability of PPARγ ligands studied to block Cdk5-mediated phosphorylation of
PPARγ. (D) Cartoon diagram overlay of PPARγ LBD crystal structures bound to
rosiglitazone (pink; PDB 2PRG), MRL24 (blue; PDB 2Q5P) and MRL20 (orange; PDB
2Q59). (E) The first principal component from the THESEUS (Theobald and Wuttke, 2006,
2008) correlation matrix for the ML superposition of the structures in (D) mapped onto the
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PPARγ LBD (PDB 1FM6). Regions colored similarly (red or blue) are self-correlated,
whereas regions colored differently (red versus blue) are anti-correlated. (F) PPARγ LBD
structures bound to MRL24 (blue; PDB 2Q5P) and MRL20 (orange; PDB 2Q59) illustrate
these structurally similar ligands bind in distinct ligand conformations under the
crystallization conditions (Bruning et al., 2007).
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Figure 2. NMR and HDX-MS analysis reveals patterns consistent with graded responses of
PPARγ ligands
(A–D) 2D overlay of 3D TROSY-HNCO spectra and PPARγ LBD structure (PDB 1FM6)
colored by the presence (red) or lack of (white) assigned NMR chemical shifts for (A) apo
PPARγ LBD, (B) PPARγ LBD bound to rosiglitazone, (C) PPARγ LBD bound to MRL24
and (D) PPARγ LBD bound to MRL20. Proline residues, which are not assigned using
traditional NMR methods, are colored grey. Regions boxed indicate locations of resonances
that are aliased/folded. The backbone amides of the three most downfield shifted resonances
for Leu401, Leu468 and Lys230 make strong hydrogen bonds to other side-chain nuclei in
crystal structures and correspond well to ligand activity profiles. Leu468 is part of helix 12,
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and is only fully stabilized when bound to rosiglitazone; a very weak peak near the noise
level is observed for Leu468 in some data in the presence of MRL20 but not for MRL24
(not shown). Lys230 displays two populations in the presence of a graded/partial agonist.
(E–G) HDX-MS data for peptides listed in Table S1 in the presence of (E) rosiglitazone, (F)
MRL24 and (G) MRL20, mapped onto the PPARγ LBD structure (PDB 1FM6). Color key
displays percentage reduction in HDX relative to apo PPARγ LBD.
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Figure 3. NMR data implicates slow conformational exchange between two receptor
conformations in the mechanism of action of graded PPARγ modulators
(A) Regions of 3D TROSY-HNCO spectra for PPARγ LBD in the apo form or bound to
rosiglitazone, MRL24 and MRL20. NMR resonances for Asp380, Met348 and Lys230 are
fully stabilized when bound to rosiglitazone, but display varying degrees of two resonance
populations when bound to MRL24 and MRL20. (B–C) The two resonance populations
were present in (B) data used for backbone assignments, including 3D TROSY-HNCA and
TROSY-HN(CO)CA, and (C) in 3D TROSY-HNCO data for [2H,13C,15N]-PPARγ/
[unlabeled]-RXRα LBD heterodimer bound to MRL24 and 9-cis-retinoic acid, respectively.
(D,E) PPARγ LBD structure (PDB 1FM6) colored by residues with two chemical shift
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populations (red), line shapes suggesting two populations that have significant overlap
(pink), or with missing assignments likely from intermediate conformational exchange
(blue) in the presence of MRL24. Proline residues are colored grey. See also Figures S1 and
S2.
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Figure 4. Receptor-bound ligand-observe NMR data reveals multiple binding modes for graded
PPARγ modulators
Ligand-observe 1D NMR data for MRL20 (A–E) and MRL24 (F–J), including 19F (A–
C,F–H) and 1H (D,E,I,J) NMR data. 19F NMR data for MRL20 reveals that the single CF3
group (A) displays multiple populations when bound to PPARγ (B) and the PPARγ/RXRα
heterodimer (C), including one primary state and one-to-several lowly populated states. 1H
NMR data for MRL20 also reveals the aromatic and aliphatic groups (D) display a similar
profile when bound to PPARγ (E). 19F NMR data for the single CF3 group of MRL24 (F)
reveals a single resonance population when bound to PPARγ (G) or the PPARγ/RXRα
heterodimer (H). 1H NMR data for MRL24 reveals that the aromatic and aliphatic NMR
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resonances (I) are in two populations when bound to PPARγ (J). Buffer signals are marked
with an asterisk in (D,E,I,J); primary MRL20 signals are marked with open circles in (E);
four groups of two MRL24 populations are marked with solid black brackets in (J). Figure
S3 shows a zoomed in view of the aliphatic region for MRL24 in (J).
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Figure 5. Model of MRL20 and MRL24 ligand dynamics within the ligand-binding pocket and
corroboration via ligand molecular docking
(A) The ligand-observe NMR data suggest that the acid and nearby methyl groups of
MRL20 and the CF3 group of MRL24 bind in the same smaller pocket within the PPARγ
LBP. In contrast, the region of the LBP where the other ligand side chains associate
constitutes the largest cavity within the LBP, and NMR resonances corresponding to the
ligand atoms in this region display multiple populations. This suggests the ligands sample
multiple conformations/binding modes in this region of the LBP and is supported by protein
NMR studies indicating multiple receptor conformations (Figure 3). (B–C) Average
predicted binding energies and % ligand occupancy according to the canonical Boltzmann
distribution from the molecular docking of MRL20 (B) and MRL24 (C). Data for the
primary and secondary modes are colored blue and pink, respectively. (D–E) Primary (blue)
and secondary (pink) binding modes obtained in the molecular docking results for MRL20
(D) and MRL24 (E). Primary binding modes (blue) closely match the binding mode
captured in PPARγ crystal structures (Bruning et al., 2007), whereas the secondary binding
modes (pink) display a ligand orientation flipped ~180° relative to the primary orientation in
a manner concordant with our NMR data (A; Figure S4)

Hughes et al. Page 24

Structure. Author manuscript; available in PMC 2013 January 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


