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ABSTRACT. Solvent mapping moves molecular probes, small organic molecules containing various functional
groups, around the protein surface, finds favorable positions, clusters the conformations, and ranks the
clusters based on the average free energy. Using at least six different solvents as probes, the probes
cluster in major pockets of the functional site, providing detailed and reliable information on the amino
acid residues that are important for ligand binding. Solvent mapping was applied to 12 structures of the
peroxisome proliferator activated recepfofPPARy) ligand-binding domain (LBD), including 2 structures
without a ligand, 2 structures with a partial agonist, and 8 structures with a PPAR agonist bound. The
analysis revealed 10 binding “hot spots”, 4 in the ligand-binding pocket, 2 in the coactivator-binding
region, 1 in the dimerization domain, 2 around the ligand entrance site, and 1 minor site without a known
function. Mapping is a major source of information on the role and cooperativity of these sites. It shows
that large portions of the ligand-binding site are already formed in the PRgBstructure, but an important
pocket near the AF-2 transactivation domain becomes accessible only in structures that are cocrystallized
with strong agonists. Conformational changes were seen in several other sites, including one involved in
the stabilization of the LBD and two others at the region of the coactivator binding. The number of probe
clusters retained by these sites depends on the properties of the bound agonist, providing information on
the origin of correlations between ligand and coactivator binding.

The peroxisome proliferator activated receptgPPARy)* 12) and biochemicall3, 14) studies have helped to elucidate
is a ligand-activated transcription factor and member of the the mechanism of ligand-induced transcriptional activation
nuclear receptor superfamily that plays an important role in by PPARy. Upon binding of an agonist, the PPARBD
adipogenesis and glucose homeostasis. PPARd the undergoes conformational changes, most notably in the AF-2
closely related receptors PPARNd PPAR bind a variety region. These changes result in the displacement of co-
of fatty acids and their metabolite${3). Synthetic PPAR repressor proteins that inhibit transcription and the recruit-
agonists, including thiazolidinediones (TZDs), have been ment of coactivator proteins that are required for transcrip-
shown to be effective as insulin-sensitizing agents, reducing tional activation.

insulin resistance and lowering plasma glucose levels in Although the basic principles that govern the activation
patients with type-2 diabeted)( The effects of ligands on ¢ PPARy are well-established2( 3), several important
PPARy are mediated through the ligand-binding domain questions remain. First, the AF-2 region of PPABan be
(LBD), a region of 270 amino acid residues in the C-terminal i, g active-like state without a bound ligand, and because
half of the receptor2). In addition to its role in ligand  {he structural differences between such an “active” apo AF-2
binding, the LBD also contains dimerization and transacti- yomain and an AF-2 domain with a bound ligand and
vation regions, including the transcriptional activation func- -5 ctivator are quite small, the origin of the activation
tion 2 (AF-2) associated with helix 12 (H12). Structura( «gyitch” is not obvious. Biochemical studies suggest that

ligand binding stabilizes H12 in the active conformation, both
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practice as insulin-sensitizing agents. Both TZDs have similar Here, we describe the application of solvent mapping to
effects on normalization of glycemic levels but exert dispar- the PPAR LBD. Our overall aims are to find the “hot spots”
ate actions on high-density lipoprotein (HDL) metabolism. of the protein where most organic probe molecules cluster,
Whereas rosiglitazone decreases HDL and increases the leveo determine if these sites play any role in the binding of
of low-density lipoprotein (LDL), pioglitazone significantly  ligands, coactivators, or dimeric partners, and to study the
raises HDL and lowers LDL1®). These differences may effects of the conformational changes upon the binding of
result from distinct modes of interaction between PRAR various ligands. These analyses are now possible because
and the coactivator protein PG@tinduced by rosiglitazone  of the availability of 12 PPAR LBD X-ray structures,
compared to pioglitazond §); however, the molecular basis including 2 without a ligand, 2 with a partial agonist, and 8
for any such differences are unclear. Third, PRABNds with 6 different agonists bound. In all structures, any
to DNA as a heterodimer with the retinoid X receptor (RXR), clustering of the probes occurs at a number of distinct sites,
and there is some evidence that allosteric communicationrevealing 10 binding “hot spots”. A total of 4 of the 10 sites
occurs between the receptor partners, affecting ligand bindingare in the ligand-binding site, 2 in the coactivator-binding
(15—18). However, the mechanism of interaction between region, 1 in the dimerization domain, 2 around the ligand
PPAR/’s dimerization and ligand-binding site is not clear. entrance site, and 1 minor site without a known function.
These observations suggest that the PPAEBD is a After the number of probes in each of the 10 sites for all of
complex system in which the identity of a particular ligand the 12 structures was determined, we were able to obtain
is transmitted to transcriptional coregulators by ligand- information on ligand-induced conformational changes, the
induced conformational changes, both directly in the co- potential interactions among “hot spots”, and interactions
regulator-binding region and indirectly in distal parts of the between these sites and the rest of the protein. In particular,
LBD. we find that large portions of the PPAFRbinding site are

already formed in the ligand-free structure, but an important
pocket near the AF-2 domain is accessible only in structures
that are cocrystallized with strong agonists. Mapping also
shows that the binding of agonists restricts the size of a distal
pocket and thus contributes to the stabilization of the LBD.
Agonist binding introduces conformational changes in several
other sites, including two at the site of coactivator binding.
The number of probe clusters retained by these sites is shown
to depend on the properties of the agonist and hence may
help to understand the observed differences in coactivator
'binding and transactivation profiles.

In the present study, we use computational solvent
mapping (9—21) to identify 10 important binding sites as
“hot spots” on the PPAR LBD. We then investigate the
roles, relative importance, and cooperativity of these sites
in ligand and coactivator binding and try to determine the
specific LBD amino acid residues that are primarily respon-
sible for the changes in these properties. Computational
solvent mapping is based on the original experimental studies
of Ringe and co-worker2@—24), who determined protein
structures in agueous solutions of various organic solvents
and in each case found only a limited number of organic
molecules bound to the. protein in the first vyater layer. The MATERIALS AND METHODS
power of the method arises when at least six structures of a

given protein solved in different solvents are superimposed,  Uniform Sobent Mapping.The goal of this method is to
because different solvent molecules tend to cluster in the obtain information on the regions of a protein that are most

active site, forming “consensus” sites that delineate the |ikely to bind organic solvents used as molecular probes.

important subsites of the binding pocke2(-26). No a priori assumptions on the location or properties of the
We have shown that solvent mapping of proteins can be binding site are made. The algorithm consists of five
carried out computationally rather than experimental§ computational steps as followg1).

21), and we employ this computational approach here. The  Step 1. Rigid-Body SearcA multistart simplex method
method moves small organic molecules containing various js used to move the probes around the protein, starting from
functional groups (“molecular probes”) around the protein evenly distributed points over the protein surface, generating
surface, finds favorable positions using empirical free-energy over 6000 docked conformations for each probe. The scoring
functions, clusters the conformations, and ranks the clustersfunction in the search is given l¥Gs = AEgiec + AGges +
based on average free ener@l) We employ at least Six  V,, whereAEgc.denotes the direct (Coulombic) part of the
different probes, retain the five lowest free-energy clusters electrostatic energyAGges is the desolvation free energy,
for each probe, and define the positions at which several and Ve, is an excluded volume penalty term such that
clusters overlap as the consensus sites. Mapping a numbet= 0 if the ligand does not overlap with the protein. The
of enzymes has shown that the largest consensus sites (i.eglectrostatic energy is determined by the expresAiBge.
consensus sites with the highest number of overlapping = S;®q;, whereg; is the charge of théh probe atom and
clusters) are almost always localized to major subsites of ®; is the electrostatic field of the solvated protein at that
the enzyme active site, and as a result, the amino acidpoint (30—32). The electric field® is calculated by a finite
residues that interact with the probes also bind the specific difference PoissonBoltzmann (FDPB) method3() using
ligands of the protein21). Thus, the method can provide the CONGEN program32). Dielectric constants = 4 and
detailed and reliable information on important amino acid 78 are used for the protein and solvent, respectively. We
residues in the binding site. It is important to note that the use the template partial charges provided by the Quanta
mapping finds the active site even when it is not the largest program 83) for the probe molecules. The desolvation term,
pocket 1), and in this sense, it performs better than binding AGges is obtained by the atomic contact potential (ACP)
site identification methods based on purely geometric criteria model, @4) an atomic-level extension of the Miyazawa
(27—29). Jernigan potential30).
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Table 1: PPAR Structures in the PDB, Studied by Computational Solvent Mapping

chairt X-ray structure H12 ligand binding affinity ligand efficacyuM) ref

1prg (a) homodimer on none 56

1prg (b) homodimer off none

4prg (a) homodimer on GWO0072 ICs0=110 nM 15-20% 7

(partial agonist) in 100 nM rosiglitazone, of rosiglitazone
Ki=70nM

4prg (b) homodimer off GWO0072

2prg (a) homodimer and on rosiglitazone (TZD) 16 = 0.44+ 0.04uM ECso = 0.043 5
SRC-1 peptide

1fm6 (d) PPAR/RXRa heterodimer  on rosiglitazone (TZD) 16 = 0.44+ 0.04uM ECso = 0.043 8
with SRC-1 peptide

1fm9 (d) PPAR/RXRa heterodimer ~ on farglitazar (G1262570) K;=1.0nM EGo= 0.000 20 8
with SRC-1 peptide (L-Tyr derivative)

1k74 (d) PPAR/RXRo heterodimer  on GW409544 EGso = 0.000 28 9
with SRC-1 peptide (L-Tyr derivative)

1i7i (a) homodimer on tesaglitazar (AZ242) st= 0.2uM EGCso=1.3 10

in 250 nM rosiglitazone

1i7i (b) homodimer off tesaglitazar (AZ242)

1nyx (a) homodimer on ragaglitazar (DRF2725) sJd& 0.0924 0.003uM ECs0=0.6 11

1knu (a) homodimer on 3q (carbazole analogue similar to ragaglitazar E&=0.17 12

of ragaglitazar)

2PDB code. The number in parentheses specifies the chain stidiedition of the H12 helix. “On” and “off” denote active (or active-like) and
inactive positions of the helix, respectively.

Step 2. Minimization and Rescorin§tep 1 produces a based on probe orientations and free energies. The latter are
large number of proteinligand complexes at various local included, because similar conformations with very different
minima of AGs. The free energy of each complex is free energies usually have different mechanisms of binding
minimized using the more accurate free-energy potential (e.g., different hydrogen-bonding interactions), and hence it
= AEeec + AEgw + AGj., Where AE,q, denotes the is preferable to group them into different subclusterg).(
receptor-ligand van der Waals energy, and the superscript The subclusters of thigh cluster are ranked on the basis of
in AG},..emphasizes that the desolvation term includes the the probabilitiesp; = Q;/Q;, whereQ; is the sum of the
change in the solutesolvent van der Waals interaction Boltzmann factors over all conformations of thk cluster
energy. The SUMEee. + AG], is obtained by the analytic andQj is obtained by summing the Boltzmann factors over
continuum electrostatics (ACE) mod&ad), as implemented  the conformations in thgth subcluster only. Each subcluster
in version 27 of Charmm37, 38) using the parameter set With pj > 0.05 was represented by a single conformation.
from version 19 of the program. The minimization is The HBPLUS program39, 40) of Thornton and co-workers
performed using an adopted basis Newt&aphson method ~ Was used to find the nonbonded interactions and hydrogen
(37). During the minimization, the protein atoms are held Ponds formed between each probe conformation and the
fixed, while the atoms of the probe molecules are free to Protein. After counting all interactions, we have determined
move. their distribution among the residues of the protein.

Step 3: Clustering and Rankinghe minimized probe Targeted Salent Mapping Uniform mapping is adequate
conformations from Step 2 are grouped into clusters basedfor finding relatively shallow binding regions on ap-
on Cartesian coordinate information. The method creates aproximately spherical proteins but is far from ideal for
number of clusters such that the maximum distance betweenPPARy, which has a very deep binding site. To improve
a cluster’'s hub and any of its members (the cluster radius) sampling, even in the uniform mapping, we restricted
is smaller than half of the average distance between all of considerations to a box around the lower half of the LBD.
the existing hubs. We have slightly modified this algorithm The consensus sites from the uniform mapping identify the
by introducing an explicit upper bound 4 A on thecluster locations that bind clusters of organic solvents. The goal of
radius. Only clusters with more than 8 entries are retained targeted mapping is to determine, with higher accuracy, the
(19—-21). For each retained cluster, we calculate the partition number of clusters that stay in each such site after the probes
function Q; = ¥; exp(—AG/RT), obtained by summing the have been moved around by the search. For each probe, we
Boltzmann factors over the conformations in fHecluster start 30 simplex minimization runs from the center of each
only. The clusters are ranked on the basis of their averagesite, thereby generating 30 docked conformations. Thus,
free energieSAGLI= ¥;p;AG;, wherep; = exp(—AG/RT)/ considering seven different organic molecules as probes, 210
Qi and the sum is taken over the members ofitheluster. probes are distributed in each site. We have tested whether

Step 4. Determination of Consensus Sifes.each solvent,  this number is sufficiently high by repeating some of the
we select the minimum free-energy conformation in each of mapping calculations by increasing the number of starting
the five lowest average-free-energy clusters. The structurespoints to seven and found no significant changes in the
are superimposed, and the positions at which several suchmapping results.
probes overlap are defined as consensus sites. The consensusPPARy Structures Studiedhe structures mapped (Table
sites are ranked according to the number of structures thatl) are the ligand-free PPARLBD [PDB code 1prg, %, 6)],
they contain, each representing a low-energy probe cluster.LBD cocrystallized with the partial agonist GW0072 [PDB

Step 5. Subcluster Analysisor each ligand, the clusters code 4prg 7)], and LBD structures with six different
at the consensus sites are further divided into subclustersagonists, including roziglitazone [PDB codes 2prg and 1fm6,
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Ficure 1: PPARy agonists included in this work, including the code of the corresponding structure in the33pB (

see refsb and 8, respectively], twoL-tyrosine derivatives
GI252670, also called farglitazar [PDB code 1fn®) 9)]
and GW409544 [PDB code 1k79), the dihydrocinnamate
derivative tesaglitazar or AZ242 [PDB code 1i7i0f],
ragaglitazar [PDB code 1ny4 ()], and 3q, an agonist similar
to ragaglitazar [PDB code 1knaZ)]. The structures of these
agonists are shown in Figure 1, with the exception of 3q,
which is very similar to ragaglitazar. PPARBInds to DNA

the receptor’s ligand-dependent AF-2 region. A critical step
during the activation process involves ligand-induced alter-
ation of the conformation of H12 to an active or “on”
position, shown in Figure 2A, which acts as a molecular
switch and creates a binding cleft on the receptor for the
coactivator 2, 3). A cleft for the corepressor is formed in
the same surface region when H12 is in the inactive or “off”
position. In the unliganded LBD, the flexible pocket is

as a heterodimer with the RXR. Three of the X-ray structures believed to be in an equilibrium of conformational states and
(1fm6, 1fm9, and 1k74) are heterodimers and also include can adopt the active state even in the absence of an agonist

short fragments of the coactivator protein SRC-1. In the
remaining six X-ray structures, the PPARLBD is a

homodimer. In 1prg, 4prg, and 1i71, H12 is in the active
conformation in chain a and in the inactive conformation in

(2, 13, 14).

Uniform Mapping.Seven solvent molecules were used as
probes: acetone, acetonitrile, urea, methanol, 2-propanol,
tert-butyl alcohol, and phenol. The initial probe positions

chain b. Therefore, we have mapped both chains in thesewere distributed in a box covering the entire lower half of
three structures, resulting in a total of 12 mapping calcula- the LBD such that the box included any point witt8 A of

tions.

RESULTS
Structure of the PPAJRRLBD. To provide context for our

the ligand, with no further a priori assumptions on the
location of the binding site. We performed two sets of
uniform mapping, first with boxes defined for each structure
separately and then with a generic box applicable to all

results, we first summarize the structural properties of the structures. Because the original algorithm for selecting initial

PPARy LBD (5—12). The domain is comprised of a three-
layer antiparalleti-helical sandwich of 13 helices and a small
four-strandeqb sheet (Figure 2A). This architecture is very
similar to that of other nuclear receptors, with the exception
of an extra helix, designated Hbdetween the firsf strand
and H3. The three long helices (H3, H7, and H10/H11) form
the two outer layers of the sandwich. The middle layer of
helices (H4, H5, H8, and H9) occupies the top half of the

probe positions assumes a globular protein shape with
relatively small pockets, it was clear that there would be a
limited number of points placed in the interior of the large
and deep binding site. Although the results of the two sets
of mapping calculations showed some dependence on the
size of the box, both methods identified the same 10 locations
in the lower half of the PPAR LBD as consensus sites
(Table 2 and Figure 2B). While no consensus site was found

domain and is absent from the bottom half, thereby creating beyond these 10 positions, none of the 12 structures has all

a very large cavity£1400 &) for ligand binding. This large
ligand-binding cavity has a distinct, three-arm Y shape,
allowing PPAR to bind ligands with multiple branches or
singly branched ligands in multiple conformations. On its
lower half, the right-hand side of the LBD is sealed by a
two-strandegb sheet and, on the left-hand side, by the short
C-terminalo helix (H12) of the receptor, which constitutes

of the 10 sites. For reference, Figure 2B also shows the bound
agonist farglitazar (G1262570) from the structure 1fm9 (see
Table 1).

Four of the sites identified (P4P4) are within the ligand-
binding site (Figure 2B). Site P1 is on the left arm of the
Y-shaped cavity, adjacent to the carboxyl group of the
PPARy ligand GI262570, which makes hydrogen bonds with
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FiGure 2: Structure of the PPARLBD. (A) Polypeptide backbone is shown as a cartoon, indicating the h2lices that comprise the

domain. The agonist farglitazar (GI1262570, from PDB structure 1fm9) is shown as a stick representation. (B) Approximate location of the
“hot spots” or sites identified by the uniform mapping. SitesP% are subsites of the ligand-binding site of PRARith P1 located at

the TZD or carboxyl headgroup of the bound agonist, P2 slightly to the right, and P3 and P4 at the upper and lower distal ends, respectively,
of the ligand-binding site. Sites F and B are, respectively, in the front and back of the LBD, with the latter in the dimerization domain. Sites
C1 and C2 are located in the region of coactivator binding, with C2 overlapping with the SRC-1 peptide. Finally, sites E1 and E2 are in
channels leading to the binding site, with E2 overlapping the putative ligand entrance. Figures were prepared using3ryMol (

Table 2: “Hot Spots” of PPAR Identified by Uniform Mapping

site? description surrounding residites
P1 binding the TZD and carboxyl groups of agonists F282, C285, Q286, S289, H323, Y327, F363, H449, L469, Y473
and interacting with helix H12
P2 buried between H3 and H5 C285, R288, S289, 1326, Y327, L330, F363, M364
and overlapping the middle of the agonists
P3 upper distal end of the binding site between H2 and H3 R288, E291, A292, E295, M329, E343
and reached only by the partial agonist GW0072
P4 hydrophobic pocket close to the entrance S255, E259, F264, H266, V277, A278, R280,
and close to the distal-end group of agonists 1281, G284, F287, 1341, S342, M348
B surface pocket in the back between H7 and H10/H11 P366, E369, F370, K373, D441, Q444, 1445, E448
and overlapping the dimerization region
F surface pocket between H3 and H12 Q283, Q286, F287, S464, H466, L469
C1 surface pocket between H10 and H12 and V450, L453, Q454, K457, M463, L465, Q470, Y473, K474, D475

possibly contributing to cofactor binding
C2 between H5 and H12 and overlapping with the binding site V293, T297, V315, L318, K319, T447, L468, E471, 1472
of the coactivator peptide SRC-1
El pocket defined by the lower ends of helices H3, H7, and H10 E276, 1279, R357, F360, M364, E460, D462
E2 putative ligand entrance between'ld8d thes sheet K244, F247, G258, E259, K261, 1262, F264,
K265, 1341, S342, Q345, G346

a“Site” and “hot spot” will be used interchangeable for the 10 positions shown in Figure 2B. Site®34Pdre in the ligand-binding pocket; B
and F, in the back and front of the LBD, respectively; C1 and C2, in the coactivator-binding region; and E1 and E2, in the ligand-entrance region.
b One letter amino acid codes.

residues S289, H323, H449, and Y473. This largely hydro- the top of the LBD domain. The only ligand known to reach
philic pocket is important for the binding of all strong into this site is the partial agonist GW0072, which places
agonists and accommodates the polar TZD or carboxyl one of the two benzylamide groups in P3. The P3 site is a
headgroup that interacts with H12. In the structure with large pocket, which is at least partially open in all PBAR
GI262570, the cavity extends downward to accommodate structures. Site P4 surrounds the 5-methyl-2-phenyloxazole
the benzophenone tail of the agonist. The P2 site is buriedgroup on the distal end of GI262570. The largely hydro-
between helices H3 and H5, slightly to the right of P1. phobic pocket is defined by H3 from the left and by {he
Although sites P1 and P2 share a number of amino acids,sheet and helix H2from the right. Short ligands such as
some important residues, primarily Q286, H323, and Y473, rosiglitazone do not extend far enough to reach the P4 site.
are part of P1 but not of P2 (Table 2). Site P3 is at the end The other “hot spots” found by the mapping are outside
of the right arm of the Y-shaped cavity, defined by helix the PPAR ligand-binding site. Site B is at the back of LBD,
H3 from the left, helix H2 from the right, the loop connecting between helices H7 and H10 (see Figure 2B) and is part of
helices H1 and H2 from the top, and helix H5 from the back. the dimerization region, involved in forming the PPAR

P3 is out of the reach of the agonist GI1262570, toward to RXRa heterodimer. Site F is between helices H3 and H12
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Table 3.

Ranking of Probe Clusters within Consensus Sites for Ligand-Free and

Partial-Agonist-Bound Structures of PPABased on the Results of Targeted Mapping

consens. probé
PDB ID and chaih Sitef site! acetonitrile acetone tert-butanol phenol methanol 2-propanol urea
1prg (a) 1 P3 1(4.73) 1(8.87) 1(6.44) 1(7.72) 1(9.61) 1(8.48) 3(8.71)
5 (8.67) 2 (5.90)
2 P2 4 (1.05) 4(0.93) 2(0.88) 5 (0.46) 5 (0.60) 4(1.22) 4 (0.50)
5(0.51) 5(0.51)
3 P4 3(2.30) 3(3.33) 3(0.25) 3(2.73) 3(4.04) 3(1.82) 2(3.83)
4(0.61)
4 C1 2(7.77) 2(8.14) 5 (6.76) 4(8.35) 2(8.11) 2(8.23) 1(7.84)
5 Cc2 4(11.99) 5 (11.08)
1prg (b) 1 P2 3(1.13) 3(0.72) 3(0.61) 3(0.41) 3(2.09) 3(1.12) 4(0.92)
4(0.47) 4(0.43) 5(0.38) 4 (0.66)
2 P3 1(5.27) 2(9.00) 1(6.42) 2(8.15) 1(9.94) 2(8.91) 2(9.20)
5 (6.36) 3(8.392)
3 P4 2(7.03) 1(4.01) 2(0.42) 1(3.15) 4(4.41) 1(1.91) 1(3.20)
5 (4.39)
4 c2 4(8.12) 5 (9.08)
5 B 4(11.72)
5 (14.28)
4prg (a) 1 P3 5(2.84) 3(0.61) 1(1.72) 1(0.64) 1(1.26) 2(0.52) 5(1.08)
2 (1.56)
2 F 2(10.8) 2 (11.39) 3(9.73) 4 (10.96) 4(11.23) 4 (10.82) 4(10.72)
3 P4 1(0.29) 2(0.17) 5(0.37) 1(0.16) 1(0.17)
4 c1 4 (12.35) 4(12.10) 3(12.49) 2(11.08)
5 P2 1(1.68) 3 (4.00) 3(2.81)
6 B 4 (11.08) 3(11.86) 5(11.88)
7 Cc2 5(14.73) 5(13.91) 5 (15.49)
4prg (b) 1 P4 1(0.61) 2(0.70) 1 (0.56) 1(0.37) 1(2.06) 1(0.28) 1(0.54)
2 P3 2 (4.26) 2(0.74) 4(0.53) 3(3.03) 2(2.28) 4(1.62)
3 F 3(8.91) 1(9.53) 3(6.77) 3(8.79)
5 (6.64)
4 P2 3(0.43) 4(1.17) 4(0.71) 2 (2.61)
3(1.01)
5 B 4 (12.48) 2 (13.33) 5 (13.90) 5(11.51)
Ranking of Probe Clusters within Consensus Sites for Agonist-Bound Structures
of PPARy Based on the Results of Targeted Mapping
consens probé
PDB ID and chaih sitef site! acetonitrile acetone tert-butanol phenol methanol 2-propanol urea
2prg (a) 1 P1 2(0.71) 3(0.34) 1(0.27) 1(0.88) 4(0.41) 1(0.77) 2(0.85)
2 F 1(6.67) 4 (7.30) 3(6.32) 3(6.32) 2(6.12) 3(6.26)
3 C2 4(10.22) 2(10.71) 5(10.04) 5 (11.65) 3(10.83) 5(9.52)
4 P3 1(7.73) 5 (6.00) 1(8.54) 4(7.38) 1(7.70)
5 P4 5 (4.20) 2 (3.86) 2 (2.57) 2 (5.16)
4(3.12)
E2 3(7.95) 4(8.12) 3(8.42) 4(7.57)
7 C1 5 (8.05) 5 (8.46)
1fm6 (d) 1 P1 4 (0.43) 1(0.56) 1(0.67) 1(0.54) 2(0.35) 1(0.25) 3(0.46)
3(1.25) 5(1.99)
2 P3 1(8.03) 5 (7.64) 5 (6.57) 2(7.78) 3(9.66) 4(7.72) 2 (7.75)
3 C2 5 (10.35) 4 (9.46) 4 (9.58) 5(9.62) 5(9.97) 5(9.36)
4 P4 2 (5.47) 2 (5.88) 2 (3.29) 4(0.12) 2 (5.39)
5 c1 3(7.73) 3(6.24) 3(7.41)
6 E2 1(8.80) 1(8.03)
7 F 4 (7.36) 4 (7.20)
1fm9 (d) 1 P4 3(3.31) 5(0.78) 4(0.69) 1(2.05) 3(2.65) 1(2.78)
5(1.13) 5(0.61)
2 P1 4(0.57) 2 (0.80) 2 (0.45) 2 (0.66) 1(0.71) 1(0.67)
3 E2 2 (6.22) 4 (5.94) 2(7.88) 2 (6.94) 5(6.31)
4 C1 1(7.67) 4(5.94) 5 (7.95) 4(7.78) 4 (6.20)
5 E1l 1(7.47) 1(7.49) 3(8.31) 2 (7.86)
6 P3 5(8.19) 3(7.38) 3(8.01)
7 C2 3(9.32) 3(9.42) 5 (10.07)
1i7i (a) 1 P4 5(0.53) 3(0.81) 5(0.54) 5(0.37) 5(1.16) 4 (0.90) 4(3.94)
5(9.84) 5(0.87) 5(1.02)
2 P1 2(0.34) 1(1.21) 1(0.93) 1(0.61) 2(1.04) 1(0.24) 2(0.89)
4 (1.10)
3 P3 1 (8.50) 2(8.02) 1(9.65) 2(8.34) 1(8.92)
4 C1 3(7.35) 2(7.79) 3(8.50) 3(7.77) 3(6.59)
5 C2 4(9.53) 4(9.81) 4 (9.36) 3(10.41)
6 B 4(12.12) 2 (11.29) 3(11.87)
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Table 3 (Continued)

Ranking of Probe Clusters within Consensus Sites for Agonist-Bound Structures
of PPARy Based on the Results of Targeted Mapping

consens probe
PDB ID and chaih Sitef sitef acetonitrile acetone tert-butanol phenol methanol 2-propanol urea
1i7i (b) 1 P4 2 (3.39) 1(3.27) 1(1.66) 1(3.77) 1(2.14) 2 (3.25)
3(0.46) 3(0.85)
2 P1 4(0.27) 3(0.62) 2 (0.64) 2 (0.56) 5(0.80) 2(0.52) 5(0.38)
3 P3 1(8.84) 2 (7.65) 1(7.49) 2 (9.69) 3(8.10) 1(8.67)
4 B 5(14.46) 4(13.89) 4 (13.09) 5(14.69) 4 (13.46)
5 F 5 (8.76) 5 (9.55) 5(8.78) 4 (8.32) 3(7.48)
6 C1 4(7.64) 3(8.22) 3(7.92) 4(8.72)
1k74 (d) 1 P1 3(0.70) 1(0.92) 2(0.27) 1(0.38) 2(0.64) 1(0.60) 4(0.72)
5(0.76) 2 (0.50)
2 El 1(8.46) 1(8.94) 3(8.83) 4 (8.96) 4(8.91) 3(8.45)
3 C1 4 (7.10) 3(7.95) 4(6.97) 3(7.79) 5(6.28)
4 P4 2 (0.66) 5(0.85) 5(0.53) 5(2.64) 2(1.13)
5 P3 2(7.62) 3(9.41) 2(8.41)
6 Cc2 4 (10.15) 3(10.27) 5(10.88)
7 E2 1(8.23) 1(7.06)
1knu (a) 1 P4 1 (4.45) 1(3.55) 1(0.47) 3(0.82) 4 (1.38) 2(3.21)
4 (1.48) 5(0.63) 3(0.75)
2 P1 3(1.07) 2(0.85) 1(0.67) 1(0.67) 1(1.05) 1(0.79)
3 C1 5(7.74) 4(6.77) 2 (6.72) 5(7.97) 5(7.98) 4(6.13)
4 Cc2 3(8.46) 3(8.73) 4 (10.04) 3(10.87) 4 (9.66)
5 P3 2(4.73) 4(3.85) 2 (4.64) 2 (4.49)
6 E2 5(8.93) 2 (9.09) 3(8.24)
7 F 5 (8.35) 5 (7.43)
1nyx (a) 1 P1 2(0.27) 1(1.28) 4 (1.00) 1(0.72) 1(1.64) 1(0.92) 2 (1.15)
5(1.72) 3(1.44)
2 Cc2 4(8.16) 3(8.43) 1(7.87) 2(8.99) 4 (9.85) 2(9.03) 5(8.52)
3 C1 5(7.58) 4(8.27) 2 (7.69) 3(8.28) 4(7.92) 4(8.12)
4 B 1(11.85) 3(11.88) 2(11.37) 5(11.54)
5 P3 3(4.77) 4 (4.95) 5 (6.18) 3(5.75)
6 E2 2(10.02) 3(10.42)
7 P4 5 (4.52) 5(0.91)

1(3.77) 1(2.14) 2 (3.25)

a Free-energy rank of the probe cluster in the consensus site, where 1 denotes the lowest free-energy cluster. The number in parentheses shows
the distances (in angstroms) between the cluster center (the lowest free-energy ligand conformation in the cluster) and the nearest atom of the
bound ligand (agonist or partial agonist). A cell with no entry indicates that the particular probe does not form a cluster in the conse@bansite.
identifier is given in parenthesesConsensus site ranked according to the number of clusters contéBee . Table 2 and Figure 2B for description
and location, respectively, of the “hot spots”.

but on the surface rather than in the ligand-binding site. Sitesare likely to play some roles in the recognition of other
C1 and C2 are near helix H12, close to the putative region molecules by PPAR
of coactivator/corepressor binding. Site C2, located between Targeted MappingTo further explore the 10 sites identi-
helices H12 and H5, overlaps with the binding site of the fied by the uniform mapping, additional mapping calculations
SRC-1 coactivator peptide, which is present in several of were carried out from initial points placed in each of the
the PPAR X-ray structures. C1 is on the opposite side of sites. Our goal was to determine which sites are capable of
H12, between H11 and H12. Sites E1 and E2 are surfaceretaining most of the probe clusters when the probes are
pockets at the openings of the ligand-binding site. Site E2, moved toward their respective free-energy minima using a
defined by helices H2and H3 and th¢ sheet, is located in ~ nonlinear simplex method. ). The five lowest-free-energy
a position that is frequently mentioned as the putative clusters for each probe were superimposed to find the
entrance to the binding site. Site E1 is located between theconsensus sites shown in Table 3. The integers in this table
lower ends of H3 and H7. represent the ranking of probe clusters in term of their free
Because the results of targeted mapping describe theenergy. For example, the first row for 1prg (a) shows that
relative importance of the individual sites better than those the largest consensus site 1 found by the mapping is located
from uniform mapping, the latter are not discussed further. in the P3 site, which includes the first and fifth lowest free-
However, we emphasize that the 10 “hot spots” are consist-energy clusters of acetonitrile, the first lowest free-energy
ently determined by the uniform mapping method without cluster of acetone, and so on. The numbers in parentheses
any a priori assumptions about their locations. We recall that show the distances between the cluster center (the lowest
to determine consensus sites we consider the centers (i.efree-energy ligand conformation in the cluster) and the
the lowest energy conformations) of the five lowest free- nearest atom of the bound ligand (agonist or partial agonist)
energy clusters of each probe, i.e., a total of 35 probe in the particular structure. Because 1prg is ligand-free, we
positions. In all 12 mapped PPARtructures, any 2 or more  placed the agonist G1262570 in its binding site by over-
of these probe positions overlap in 1 of the 10 “hot spots”. lapping the structures 1prg (a) and 1fm9 (d). Thus, the entry
Thus, we conclude that these 10 locations are the primary“1 (4.73)” in the top line for 1prg (a) in Table 3 indicates
sites accessible for the binding of small probes and that theythat the center of the lowest free-energy cluster for aceto-
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FiGure 3: Largest consensus sites in selected PPARD structures based on the 5 lowest free-energy clusters identified by targeted
mapping. The color scheme used for the ligands is violet, 2-propanol; green, acetone; blue, acetonitrile tentamggl alcohol; red,

phenol; yellow, methanol; and teal, urea. The protein and ligands are shown in cartoon and space-filling representations, respectively.
Targeted mapping was performed on the apoprotein; the bound agonists are shown superimposed for reference only. From the consensus
site with the largest number of probe clusters (consensus site 1 in Table B)pfSthe largest consensus sites are shown. (A) 5 largest
consensus sites for the active-like conformation of the ligand-free PRAI® structure (PDB code 1prg, chain a). The agonist farglitazar
(GI262570, from PDB structure 1fm9) is shown for reference. As shown in Table 3, the consensus sites numbered on the LBD structure
correspond to the following sites: 1, site P3; 2, site P2; 3, site P4, 4, site C1; and 5, site C2 (cf. Figure 2B). (B) 7 largest consensus sites
for the PPAR LBD, cocrystallized with the agonist farglitazar (PDB code 1fm9). As shown in Table 3, the locations of the consensus sites
are 1, site P4; 2, site P1; 3, site E2; 4, site C1; 5, site E1; 6, site P3; and 7, site C2. (C) 7 largest consensus sites foyth8 PPAR
cocrystallized with the agonist rosiglitazone (PDB code 2prg). The locations of the consensus sites are 1, P1; 2, F; 3, C2; 4, P3; 5, P4, 6,
E2; and 7, C1. (D) 7 largest consensus sites for the active-like conformation of theyPEB{Rstructure, cocrystallized with the partial

agonist GW0072 (PDB code 4prg for chain a). The locations of the consensus sites are 1, site P3; 2, site F; 3, site P4, 4, site C1; 5, site
P2; 6, site B; and 7, site C2 (see Table 3).

nitrile is 4.73 A from the closest atom of the GI262570 consensus sites are P3, P2, and P4, with 9, 9, and 8 clusters
ligand. For all other structures, we use the native ligand in of probes, respectively. Thus, a large fraction of the binding
the binding site for reference. site is readily accessible even in the ligand-free structure.
Figure 3A shows the results of mapping for chain a of However, the probe molecules cannot reach site P1, on the
the apo structure 1prg. Mapping was performed on the left end of the binding site, in contact with H12. In fact, site
ligand-free structure, but the figure also includes the agonist P2 is located at the benzophenone moiety of the agonist,
farglitazar (G1262570) in the binding site for reference. Each rather than at its carboxyl headgroup. In chain a of 1prg,
consensus site is ranked on the basis of the number of probénelix H12 is in the active conformation, and Figure 3A shows
clusters that it contains. As shown in Table 3, the largest that sites C1 and C2 in the coactivator-binding region are
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Ficure 4: Distribution of intermolecular interactions among ligands and individual residues of PPBR. The interactions were determined

from two sources: extracted from the PDB structure using the HBPLUS program (on the left side) and by computational mapping.
Computational mapping results are based on the interactions found between varioug RBilRes and the probes in the 10 pockets
P1-E2. The color scheme used is as follows: white, no interaction; wheat, less than 2% of the total; coral, between 2 and 10%; and
crimson,>10%. (A) Nonbonded interactions. (B) Hydrogen bonds.

already formed (consensus sites 4 and 5, respectively, inagonist-bound LBD, the clustering of the probes occurs
Figure 3A), albeit site C2 contains only two probe clusters. deeper in the binding site than it does in the ligand-free
We note that for 1prg most probe clusters with the lowest structure. These differences will be examined in detail in
or second lowest free energy are in site P3 (see Table 3),the Discussion. The ligand-bound structure also contains site
further supporting that P3 is a well-formed pocket prior to P3, ranked 6, as well as sites C1 and C2 in the coactivator-
ligand binding. binding region (consensus sites 4 and 7, respectively, in
Figure 3B shows results from the mapping of the LBD in Figure 3B). However, P3 is smaller, and C1 and C2 are both
the structure 1fm9, cocrystallized with the agonist farglitazar larger than the corresponding sites in the ligand-free structure.
(GI262570). As noted above, the agonist was removed duringAgonist binding results in two new sites, E1 and E2
the mapping calculations and is shown only for reference. (consensus sites 5 and 3, respectively, in Figure 3B), whose
In this case, the two largest consensus sites (ranked as Dotential origin will be discussed further in this paper. Note
and 2) are P4 and P1, with 8 and 6 clusters, respectively.that five of the six probe clusters in Site P1 have the lowest
The probe clusters in site P1 cover both the carboxyl or second lowest free energy (Table 3). Table 3 shows that
headgroup and part of the benzophenone moiety. A com-this is the case for almost all agonist-bound structures,
parison of parts A and B of Figure 3 reveals that, in the indicating that the binding of a strong agonist results in a
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Table 4.
rmsd Values for R280 (Upper Triangle) and 1281 (Lower Triarfgle)
1prg (a) 1prg (b) 2prg (a) 4prg (a) 1fm9 (d) 1k74 (d) 1i7i (a) 1nyx (a)
1prg (a) 0 0.98 0.94 0.84 1.77 3.89 1.13 0.88
1prg (b) 0.50 0 1.31 1.03 1.38 3.69 1.41 1.37
2prg (a) 0.56 0.99 0 1.39 1.58 3.75 0.84 0.85
4prg (a) 0.49 0.32 0.95 0 1.94 3.64 1.47 1.39
1fm9 (d) 1.35 1.64 0.95 1.70 0 0.87 1.33 1.82
1k74 (d) 1.00 1.21 0.75 1.26 0.77 0 3.57 4.35
1i7i (a) 1.17 1.38 0.90 1.38 1.12 0.99 0 1.25
1lnyx (a) 0.37 0.80 0.50 0.76 1.29 1.10 1.14 0
rmsd Values for F282 (Upper Triangle) and Q286 (Lower Triarigle)
1prg (a) 1prg (b) 2prg (a) 4prg (a) 1fm9 (d) 1k74 (d) 1i7i (a) 1nyx (a)
1prg (a) 0 0.46 0.66 0.59 2.36 2.29 1.21 0.58
1prg (b) 2.41 0 0.78 0.67 2.11 2.09 1.16 0.60
2prg (a) 1.58 1.54 0 1.06 2.18 2.16 0.93 0.48
4prg (a) 1.39 1.90 1.07 0 2.39 2.24 1.65 0.87
1fm9 (d) 1.23 2.47 2.14 1.83 0 0.65 2.18 2.00
1k74 (d) 1.01 2.31 1.92 1.57 0.87 0 2.29 2.02
1i7i (a) 1.34 1.94 1.10 142 1.71 1.49 0 1.00
1lnyx (a) 0.73 2.25 1.50 1.60 1.30 1.06 0.96 0
rmsd Values for Q288 (Upper Triangle) and R363 (Lower Triarigle)
1prg (a) 1prg (b) 2prg (a) 4prg (a) 1fm9 (d) 1k74 (d) 1i7i (b) 1nyx (a)
1prg (a) 0 5.60 4.45 2.34 4.11 4.24 3.76 4.39
1prg (b) 3.22 0 3.20 5.81 3.69 3.78 3.60 3.35
2prg (a) 3.78 2.19 0 4.58 0.69 0.82 0.93 0.38
4prg (a) 2.58 1.70 2.52 0 4.28 4.34 4.01 453
1fm9 (d) 0.84 3.20 3.52 2.45 0 0.56 0.56 0.55
1k74 (d) 0.64 2.96 3.42 2.35 0.48 0 0.80 0.67
1i7i (a) 3.15 2.13 1.51 2.02 2.81 2.73 0 0.72
1nyx (a) 0.93 2.62 3.26 2.15 0.99 0.64 2.67 0
rmsd Values for H449 (Upper Triangle) and Y473 (Lower Triaryle)
1prg (a) 1prg (b) 2prg (a) 4prg (a) 1fm9 (d) 1k74 (d) 1i7i (a) 1nyx (a)
1prg (a) 0 0.46 1.28 0.89 1.56 1.46 1.63 1.37
1prg (b) 10.93 0 1.21 0.97 1.34 1.27 1,47 1.23
2prg (a) 0.94 10.12 0 1.63 0.73 0.64 0.74 0.44
4prg (a) 231 10.65 1.82 0 1.95 1.87 2.08 1.69
1fm9 (d) 0.84 10.62 0.91 2.57 0 0.21 0.41 0.47
1k74 (d) 0.86 10.39 0.26 1.92 0.73 0 0.51 0.44
1i7i (a) 1.19 11.23 1.51 1.51 0.64 1.33 0 0.50
1nyx (a) 111 11.86 1.67 3.25 0.96 1.51 0.74 0

armsd values, in angstroms, between the positions of a specified side chain in pairs of selected structures. The first structure is given in the
corresponding row of column 1, and the second is given in the corresponding column of row 1. Because the rmsd values are symmetric, the upper
and lower triangles of the table are used to list the rmsd values for two different side chains. By definition, any entry in the diagonal is O.

high-affinity pocket at site P1. The only exception is chain agonist GW00720. The binding mode of GW00720 differs
b of 1i71, which is an anomaly, probably because of crystal substantially from that of the other agonists. First, one of
contacts. the benzyl rings of GW00720’s dibenzylamide group is
For the rosiglitazone-bound structure 2prg, the largest present at site P3, which is not occupied by any of the strong
clusters are at sites P1, F, and C2, respectively (consensusgonists. The second major difference is that the carboxyl
sites 1, 2, and 3, respectively, in Figure 3C). As for 1fm9, group of GW0072 binds at site P4 rather than at site P1 as
most low-free-energy clusters are in pocket P1. Sites P3 andfor all other agonists. The mapping identifies sites P3, F,
P4 are the next largest clusters. Note that rosiglitazone isand P4 (consensus sites 1, 2, and 3, respectively, in Figure
too short to reach the P4 site, which is substantially smaller 3D). The next largest clusters were found at sites C1, P2, B,
in this structure than in 1fm9 (5 probe clusters rather than and C2. Most of the sites in this structure are very similar
8). The TZD group of rosiglitazone is also smaller than the to those seen in the ligand-free LBD (compare parts A and
corresponding hydroxyl and benzophenone headgroups inD of Figure 3). Indeed, sites P3 and P4 are similarly large,
farglitazar, and the extra space leads to the formation of and site P1 does not exist. Because the AF-2 motif in chain
pocket F, not present in 1fm9. As in 1fm9, the coactivator- a of 4prg has an active-like conformation, we find sites C1
binding region contains sites C1 and C2, but the latter is and C2 in the coactivator-binding region, although the latter
now substantially more dominant than in the farglitazar- contains only 3 probe clusters. Changes in the conformations
bound structure. of the pockets are also shown by the fact that the low-free-
Figure 3D shows the mapping of chain a structure 4prg, energy probe clusters now distribute between pockets P3 and
in which PPAR is cocrystallyzed with the weak partial P4 rather than binding to the P1 site as in the other agonist-
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bound structures. P4 is clearly dominating in chain b, the backbone. Although these residues are in hydrogen-
suggesting that the binding of the carboxyl group of GW0072 bonding positions, they do not actually form hydrogen bonds
at this site rearranges the residues lining the pocket, resultingwith the agonist in any of the structures. The residues that
in higher affinity for the probes. hydrogen bond with the agonists (S289, H323, H449, and
Interactions with Indiidual ResiduesTo gain insight into Y473) or with the partial agonist (R288 and S342) are
the roles of individual amino acid residues in the binding correctly identified by the mapping.
site of the PPAR LBD, the probe clusters in the 10 sites  Residues with Substanéi Conformational ChangeThe
P1-E2 were divided into subclusters based on probe mapping results shown in parts A and B of Figure 4 enable
orientations to find the residues interacting with the probes us to identify amino acid residues that frequenﬂy interact
(see the Materials and Methods). Subclustering showed thaiith the probes and hence play important roles in defining
each probe molecule binds in a number of rotational states,the 10 specific sites. One of the goals of this study is to
with the nonpolar moiety generally located in a hydrophobic elucidate how and why the importance of these sites changes
pocket and the polar part pointing toward various polar ypon the binding of various PPARigands. To address this
patches on the protein, in some cases forming a hydrogenquestion, we have considered the residues listed in Figure
bond. After a representative conformation was selected from4a and calculated their root-mean-square deviation (rmsd)
each subcluster, we counted the nonbonded interactions an@a|ues for each pair of structures. Because these results
hydrogen bonds between the probes and the protein usingconstitute a very large file, in Table 4, we list the pairwise
the HBPLUS program3g, 40) and determined their distribu-  rmsd values for 8 selected structures and for the amino acid
tion among the amino acid residues. Using a color schemeresidues that both play important roles in defining the pockets
to represent interaction frequency, Figure 4 compares theseand are subject to considerable conformational change. Thus,
distributions to the ones based on the interactions extractedsome residues that are very important, e.g., $S289 and H323,
from the 10 PPAR complexes in the PDBA4Q), with the  are not considered, because they occupy an almost invariant
experimentally observed interaction shown on the left and position in the different structures. The significance of these
the mapping results shown on the right of each column. The gistances is discussed in the next section.
color scheme used is as follows: white, no interaction; wheat,
less than 2% of the total; coral, between 2 and 10%; and DISCUSSION
crimson, over 10% of the total interactions found for the
entire LBD structure. Table 5 summarizes the results extracted from the detailed
We note that Figure 4A show only residues that interact consensus site in Table 3. For each of the 12 PPAR
with the probes in at least 3 structures; i.e., we assume thatstructures analyzed by computational solvent mapping, Table
interactions Occurring on|y in 1 or 2 structures of the 12 5 shows the number of clusters found in each of the 10 sites.
studied are not robust enough to provide reliable prediction The value in the parentheses indicates the rank of the
of ligand-binding residues. Indeed, after the removal of the consensus site based on the number of clusters found. For
residues that have only two or fewer interactions with probes, example, for 1prg (a), sites P2 and P3 both have 9 different
mapping predicts the ligand-binding residues very well, with Probe clusters. Because no other site has so many clusters,
all important residues correctly identified (Figure 4A). Note Sites P2 and P3 are ranked 1 and 2. The ranking of sites
that the partia|_agonist_bound structures 4prg (a) and 4prgW|th the same number of clusters is arbitrary and was
(b) do not have site P1, and hence, the probes for thesePrimarily used to identify the different sites in parts-®
proteins do not interact with residues Q286, H323, and Y473. of Figure 3. In this section, we show that the mapping results
Apart from a weak false-positive interaction with Y473 in summarized in Table 5 provide a substantial amount of
4prg (a), the mapping clearly discriminates the two partial information on the 10 solvent-binding “hot spots” of PPAR
agonist-bound structures from the rest, all cocrystallized with Robustness of Mapping ResulBefore discussing the
agonists. However, we predict some interactions with H449 individual sites, we note that the 12 PPARtructures studied
in both 4prg (a) and 4prg (b), indicating that this residue in this paper come in pairs, and this is clearly expressed in
reaches into site P2, although the partial agonist does notthe results of Table 5. In chains a and b of the ligand-free
interact with it. There are a few other false positives, e.g., structure 1prg, helix H12 is in active and inactive conforma-
for E259, R280, and F287, and a few false negatives, e.g..tions, respectively, and therefore, we expect differences in
for F282 and C330. However, considering that our calcula- the numbers of probes bound in the coactivator-binding
tions have been carried out with no a priori information on region. Interestingly, this difference is seen at site C1 rather
the binding site, the agreement with experimental data is than at site C2, which binds the SRC-1 coactivator peptide.
excellent. All other sites are essentially the same in the two chains, as
Table 4 shows all residues that form hydrogen bonds with emphasized by the bold font in Table 5. Similarly, chains a
the probes. There are no interactions that occur only in oneand b of the partial agonist-bound structure 4prg have H12
or two structures, and hence, we do not need the filter usedin active and inactive conformations, respectively. In this
for the nonbonded interactions. However, we predict more case, both C1 and C2 are missing in the inactive chain b,
hydrogen bonds than observed experimentally. In fact, the but all other sites are again similar. 2prg and 1fm6 are both
small polar probes tend to form hydrogen bonds with all roziglitazone-bound structures (see Table 1). Although 2prg
potential hydrogen-bond donor and acceptor groups in theis crystallized as a homodimer and 1fm6 is crystallized as a
pockets, although those group may not form any hydrogen PPARy//RXRa. heterodimer, the mapping results for the two
bonds with the particular agonist. According to Figure 4B, structures are very similar. The only important difference is
false-positive hydrogen bonds occur for residues E259, Q271,at site F, and we will show that this is due to a small change
R280, 1281, G284, C285, and Y327, in some cases involving in the conformation of the Q286 side chain. Structures 1fm9



1204 Biochemistry, Vol. 44, No. 4, 2005 Sheu et al.

Table 5: Number of Clusters and Ranking of the Binding Sites, Determined by Targeted Mapping

PPARy chain
site 1prg (a) 1prg(b) 4prg (a) 4prg (b) 2prg (a) 1fm6 (d) 1fm9 (d) 1k74 (d) 1i7i(a) 1i7i(b) 1lknu (a) 1nyx (a) description
P1 7(1) 9(1) 6 (2) 9(1) 8(2) 72 6(2) 9 (1) site for TZD and carboxyl groups of
agonists
P2 9(2) 11(1) 3(5 5(4) buried between H3 and H5

P3 9(1) 9(2) 8(1) 6(2) 5(4) 7(2) 3(6) 3(5) 5(3) 6@ 4 (5) 4 (5)upper distal end of the binding site
P4 8(3) 9(3) 5@ 7(1) 5(5) 5(4) 8(1) 5(4) 10(1) 8(1) 9(1) 2(7) hydrophobic pocket toward entrance

of site

B 2(5) 3(6) 4 (5) 3(6) 5(@4) 4 (4) surface pocket in the dimerization
region

F 7(2) 5(@3) 6(2) 2(7) 5(5) 2(7) surface pocket at H3

Cli 7(@4) 4(4) 2(7) 3(5) 5(4) 5(3) 5(4) 4(6) 6 (3) 6 (3) between H10 and H12 and may
contribute to cofactor binding

C2 2(5) 24) 3(7) 6 (3) 6 (3) 3(7) 3(6) 4(5) 5 (4) 6 (2) cofactor-binding site between H5
and H12

El 4 (5) 6 (2) at the lower ends of helices H3, H7,
and H10

E2 4 (6) 2 (6) 5(3) 2(7) 3(6) 3(6) putative ligand entrance site between

H2'" and thes sheet

aFor each PPAR structure, the table shows the number of clusters found at each of the 10 sitd=2.Pllhe numbers in parentheses indicate
the rank of the corresponding consensus site among all consensus sites for that structure, ranked on the basis of the number of clusters. The bold
font emphasize the similarity of mapping results for structures that share certain properties (see the text for details).

and 1k74 were both cocrystallized witkyrosine derivatives. As shown in Table 5, site P1 is present only in structures
Farglitazar in 1fm9 has a benzophenone group, which is cocrystallized with a strong agonist. In contrast, site P2 is
replaced by the less bulky vinylogous amide substituent of already formed in the ligand-free PPARN structure 4prg,

the agonist GW409544 in structure 1k74. The latter may which has the bound partial agonist GW0073, we also find
allow for better interactions between the carboxyl headgroup site P2 rather than site P1. As noted above, sites P1 and P2
and the polar residues in site P1, which may explain why are very close to each other and share a number of residues,
this site binds more probe clusters in 1k74 (Table 5). This including F282, C285, and S289 on helix H3, Y327 on helix
difference is compensated for by the number of probes in H5, M364 on helix H7, and H449 on helix H10. However,
site P3, and the important C1 and C2 sites are identicala number of residues are absent from site P2 but become
between the two structures. Structure 1i7i has two chains,accessible to the solvent probes upon agonist binding, thereby
but chain b is in an inactive conformation with some opening up the new binding site P1. These newly accessible
segments disordered. The agonists ragaglitazar in structurgesidues include Q286, H323, and Y473. Y473 is particularly
1nyx and 3q in structure 1knu differ in their tail groups that important, because this residue is located on helix H12, and
bind close to site P4, affecting the number of probes bound access to it contributes to the stabilization of H12 in the
to P4. However, the important coactivator binding sites C1 active conformation. Hydrogen bonds are made between the
and C2 do not differ between the two structures, as expectedTZD headgroup (in structures 2prg and 1fm6) or the carboxyl
for these closely related agonists. More generally, solvent group (in the other structures with strong agonists) and the
mapping yielded similar results for similar molecules, and side chains of residues S289, H323, H449, and Y473. It
this may be regarded as an indication that the algorithm is appears that the strong nonbonded interactions and hydrogen
fundamentally robust; i.e., it exhibits only moderate sensitiv- bonds between the TZD or carboxyl group and the protein
ity to minor structural perturbations, but at the same, it is are necessary for creating a pocket at site P1. Indeed, as
sensitive enough to reflect more substantial structural dif- shown in Table 5, neither the ligand-free structure 1prg nor
ferences. the partial agonist-bound structure 4prg has any consensus

Binding at the AF-2 Motif: Sites P1 and PR.is well- site in the vicinity of site P1. However, once the hydrophilic,
known that the binding of agonists introduces localized high-affinity pocket at P1 becomes accessible, it siphons
conformational changes. For example, superimposing the@Wway the probes from P2 and the latter site is lost.
inactive and ragaglitazar-bound (active) structures, Ebdrup Table 5 further indicates that site P1 binds about the same
et al. (L1) observed that H323 and H449 were situated in number of probes in each of the structures with strong
similar positions, while Y473 in the inactive receptor was agonists bound, suggesting that the latter are likely to induce
not in place. They found it even more striking that the C similar conformational changes. Figure 4 and inspection of
terminus of the inactive receptor was positioned at ap- the structures further suggest that the side chains primarily
proximately the same position as the carboxylic acid moiety affected are R288, Q286, F363, and H449. The conforma-
of the ligand in the active receptor; i.e., the binding pocket tional change is particularly large for side chain R288. In
was partly sterically blocked by its own C-terminal residue. the active-like conformation of the ligand-free structure
However, because helix H12 is in the active conformation (chain a of 1prg), R288 protrudes into the binding site,
in chain a of the ligand-free structure 1lprg, the above overlapping with the position of any bound ligand. The same
observation is clearly not general. Using the mapping resultsside chain is turned outward in the inactive apo structure
summarized in Table 5, we are able to distinguish between (chain b of 1prg). Upon binding of a strong agonist, the R288
general and ligand-type specific conformational changes. side chain turns upward such that its extends into site P3,
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Ficure 5: Changes in the shape of the P1 and P2 pockets. (A) Comparison of the pockets in the active-like chain of the ligand-free PPAR
(PDB code 1prg for chain a) and in the rosiglitazone-bound structure 2prg. The pockets in chain a of 1prg and 2prg are shown in red and
blue, respectively. (B) Same as in A, viewed from the side. (C) Comparison of the pockets in the rosiglitazone-bound structure (PDB code
2prg) and in the active-like conformation of the PPARBD with the bound partial agonist GW0072 (PDB code 4prg for chain a). The
pockets in 2prg and chain a of 4prg are shown in blue and yellow, respectively. (D) Same as in C, viewed from the side.

more tha 4 A from its original position (see Table 4). The A and B of Figure 5 show (in red) two different views of
R288 side chain also has to move to accommodate the partiathe molecular surface surrounding the cavity in chain a of
agonist in 4prg, but the conformational change is substan-1prg and reveal that in the ligand-free structure site P1 is
tially smaller. Indeed, in 4prg, the R288 side chain occupies separated from the rest of the cavity by a narrow “neck”.
a “lying-down” position at the side of the cavity, forming a The blue surface in parts A and B of Figure 5 represents the
hydrogen bond with the partial agonist (see Figure 4B).  molecular surface around the cavity in the structure with
Because the position of R288 in the ligand-free structure bound rosiglitazone (2prg) and reveals that, upon agonist
1prg (a) would clash with any bound agonist, it is tempting binding, the collective motion of the nearby side chains
to assume that the large conformational change of this sidesubstantially widens this “neck” region and site P1 site
chain creates the pocket at site P1 and provides access tthecomes accessible to the probes. Parts C and D of Figure
residues Q286, H323, and Y473, which are not accessible5 show the same two views of the cavity in 2prg but this
to the probes in the ligand-free structure. However, this is time superimposed with the cavity in chain a of the structure
not likely to be the case, because the small probes move4dprg, which includes the partial agonist GW0072 (yellow
into the pocket past R288 even in 1prg (a), still not contacting surface). As seen in these figures, the binding of GW0072
Q286, H323, and Y473. It appears that pocket P1 is the resultalso widens the “neck” region but the pocket extends much
of a complex set of cooperative conformational changes in less toward the side chains of H323 and Y473 than in 2prg,
a number of residues, primarily Q286, F363, H449, Y473, in agreement with the finding that the probes do not reach
H323, S289, and 1341, somewhat coordinated by the move-these residues (see Figure 4).
ment of R288. The small conformational change in S289 is  While the above changes are generic, the conformations
particularly telling, because it is directly controlled by the of several side chains depend on the shape of the agonist. In
conformation of the R288 side chain. Q286 moves inward particular, the inward motion of residue Q286 creates a
upon ligand binding, forming direct interactions with all surface cavity, which we identified as site F (Table 2 and
ligands, including the partial agonist. Thus, while it contrib- Figure 2); thus, the latter has its origin in the conformational
utes to forming a tighter pocket, this conformational change change of a single side chain. However, this change is small
itself again is not sufficient for creating site P1. The F363 for agonists that have a relatively large moiety protruding
side chain also moves toward the ligand, creating a moredownward from site P1. This is the case for farglitazar
restricted pocket. However, similar conformational changes (1fm9), which has a bulky benzophenone group close to its
occur in both agonist-bound and partial agonist-bound carboxyl head, or for the related agonist GW409544 (1k74)
structures. H449 moves out of the way to accommodate theand, to a lesser degree, tesaglitazar in 1i7i and ragaglitazar
ligand and allows for direct interaction between the ligand in 1nyx (Figure 1). In these structures, the Q286 side chain
and Y473. Although this movement is not very large, the remains closer to the surface of the LBD, and we do not
position of the H449 side chain in the agonist-bound 2prg is find a pocket at site F (Table 5). Another side chain whose
distinctly different from that in the other two structures. Parts conformation depends on the shape of the agonist is F282,
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which defines the lower end of site P1. The change in the structures with the-tyrosine derivative agonists tesaglitazar
position of the F282 ring creates a surface cavity at site E1 and ragaglitazar that apart from their distal ends are fairly
but only when the agonist has a long headgroup, i.e., in similar. Nettles et al.{5) demonstrated that, because of an
structures 1fm9 and 1k74 (see Table 5). allosteric effect, H11 conveys structural information between
Site P3: Partial Agonist Binding and Domain Stabiliza- the ligand and H12, thereby affecting receptor activation.
tion. As we described, site P3 is a pocket on the right arm Because the conformation of H11 is affected by dimerization
of the Y-shaped-binding site, which is out of reach of the partners, these authors also suggested that H11 may con-
known strong agonists. The only ligand known to get into tribute to phenomena such as the “phantom ligand effect”,
this pocket is the partial agonist GW0072, which has one of in which a ligand bound to one receptor partner alters the
its two benzylamide groups in site P3. According to Table activity of the other partner. Because the presence of site B
5, in the apo structure, the P3 site is wide open and availabledepends on both ligand and dimerization partner, it may play
to the probes. On the basis of the number of probe clustersa role in this communication. Indeed, residue E448 on H11
bound, the binding of the partial agonist yields a smaller P3 contributes to site B, whereas H449 is one of the major
site, and the pocket is even smaller in structures with strong hydrogen-bonding residues in site P1, suggesting that there
agonists. Indeed, we have already mentioned that, in allis relatively direct communication between the two sites.
structures with a strong agonist, the R288 side chain moves Site F is a surface pocket between H3 and H12. As we
upward into the P3 site. In this position, it interacts with the have discussed, this site is created almost exclusively by the
side chains of residues E291 and E295 and closes down parinward motion of the Q286 side chain upon binding of the
of the pocket. A less open pocket at site P3 in all agonist- partial agonist in 4prg or by the binding of agonists that do
bound structures agrees with the observations that ligandnot have a bulky group protruding downward from the site
binding globally stabilizes the LBD domai,(10, 13, 14). P1 pocket. The latter condition excludes farglitazar (1fm9),
It is generally assumed that the stabilizing effects are which has a benzophenone moiety, its vinylogous amide
concentrated around helix H12. However, our results indicate analogue GW409544 (1k74), and to a lesser degree, tesa-
that the conformational changes extend to other regions ofglitazar in 1i7i and ragaglitazar in 1nyx (Figure 1). The
the LBD domain, which is fully supported by recent data significance, if any, of this pocket for coactivator recognition
from H/D exchange experiments (Patrick Griffin, EXSAR is unknown.
Corp., personal communication). Thus, R288 appears to play Sites in the Coactator-Binding Region: C1 and C&ites
an important role in contributing to the increased stability C1 and C2 are around helix H12, close to the putative region
of the ligand-bound PPAR However, we note that ligand  of the coactivator/corepressor binding. The mapping results
binding also stabilizes the structure of PRARLO), although for site C2 are easy to interpret. This site is located between
that PPAR has a threonine residue (T279) at the correspondhelices H12 and the H4/H5 boundary, with the closest
ing position. residues on the latter being V315 and K319. The pocket
Site P4: Hydrophobic Part of the Ligand-Binding Pocket. overlaps with the binding site of the SRC-1 coactivator
Site P4 is close to the lower end of the ligand-binding site, peptide, which is present in several X-ray structures. As
defined by H3 from the left and by th@ sheet and helix ~ shown in Table 5, site C2 is present in the ligand-free and
H2' from the right. As seen in Table 5, site P4 is accessible partial-agonist-bound structures but only when H12 is in the
to probes in the ligand-free PPARStructures. The pocket active state, i.e., in structures 1prg (a) and 4prg (a). Agonist
at site P4 is slightly smaller after binding the partial agonist binding stabilizes site C2, which accommodates about the
GWO00720 (4prg), which places its carboxyl group in this same number (5 or 6) clusters in all structures with agonists.
region. P4 is also reduced in structures with short agonistsSite C1 is located on the opposite side of H12, close to the
such as rosiglitazone (2prg and 1fm6), in which the distal center of a triangle formed by H10, H12, and the loop
end does not reach site P4. P4 generally remains large forbetween the two helices. The phenyl ring of Y473 contributes
longer agonists that have their distal end group bound at P4.to this pocket, whereas its hydroxyl group forms a hydrogen
For example, the methylsulfoxy group of Az242 (1i7i) bond with the agonists. Although there is no direct evidence
occupies site P4. The comparison of agonists ragaglitazarthat this site is involved in coactivator binding, the coacti-
in 1nyx and 3q in 1knu is particularly interesting. Ragagli- vators of PPAR are large proteins and hence are likely to
tazar has a bulky phenoxazine end group and is too short toextend beyond the known SRC-1 peptide-binding site, also
reach site P4, which is small and binds only two probe covering the site C1. The C1 site is very weak or absent in
clusters (Table 5). In 3q, the phenoxazine group is replacedstructures in which H12 is in the inactive position, i.e., 1prg
by a carbazole ring, which is rotated downward into the P4 (b), 4prg (b), and 1i7i (b). The latter finding is particularly
pocket, resulting in its larger size (Table 5). interesting, because it has been observed that chain b of
Site B: Potential Hot Spot in the Dimerization Region. structure 1i7i does not adopt the active conformation despite
Site B is located in the back of the LBD, between helices the presence of the agonist tesaglitazar, possibly because of
H7 and H10/H11, and close to residue Q444 on the latter. crystal contacts1(0). As shown in Table 5, this conforma-
This site is part of the protein surface involved in forming tional difference does not affect the mapping results for the
both the PPAR/RXRa heterodimer and the PPARomo- C2 site.
dimer. Table 5 suggests that the size of site B may depend The numbers of probe clusters in C1 and C2 appear to
both on the dimeric partner and on the ligand. On one hand, provide information on the coactivator-binding specificity
we find a pocket at this site only in the homodimeric PBAR  of a particular PPAR structure. Without a ligand, site C2
structures. On the other hand, this binding site is either is very small in both chains of 1prg (Table 5), whereas site
missing or weak in ligand-free structures but is present in C1 discriminates between the active-like and inactive forms.
structures with the partial agonist GW00720, as well as in The binding of the partial agonist creates both C1 and C2 in
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the active chain a of 4prg, but both sites are of modest size.of the F282 side chain and that it exists only in structures
In addition, none of the sites is present in chain b; thus, the with theL-tyrosine-based antagonists farglitazar (1fm9) and
binding of the partial agonist GW0072 is unable to stabilize GW409544 (1k74). These agonists contain either a benzo-
the coactivator recognition pockets. Apart from the already phenone or a vinylogous amide as thtyrosine N substitu-
discussed chain b in 1i7i, all agonist-bound structures exhibit ent, which goes downward from the site P1 pocket. A line
stable C1- and C2-binding sites, which therefore appear toalong this cavity connects to site E1, but because E1 is not
be prerequisites for coactivator binding. The relative strengths seen in any other structures, the site is most likely produced
of the two pockets seem to depend on the properties of thespecifically byL-tyrosine agonists, primarily through their
agonist. In both rosiglitazone-bound structures 2prg and effects on the orientation of the F182 side chain.
1fm6, we see a modest C1 and very strong C2, the latter Conclusions.The clustering of probes in the uniform
with 6 clusters (Table 5). The mapping results for the two solvent mapping of 12 PPARstructures identifies 10 sites
structures are similar, although 2prg is a homodimer and as “hot spots” for the recognition of interaction partners by
1fm6 is a PPAR/RXRa heterodimer. The binding of the the LBD. A total of 4 of these sites (PP4) are in the
L-tyrosine derivatives in 1fm9 and 1k74 creates a relatively ligand-binding site, 2 (C1 and C2) in the coactivator-binding
large C1 site (5 clusters) and a smaller C2 site (3 clusters).area, 1 in the dimerization region (B), 2 (E1 and E2) in the
It is notable that the results are identical, despite coming lower half of LBD, where E2 is at the putative ligand-
from the mapping of two different structures. Sites C1 and entrance site, and an additional site is on the surface (F).
C2 are both relatively large in chain a of 1i7i, with 5 and 4 These sites were further explored by targeted mapping to
probe clusters, respectively, and even larger in the structuresdetermine, with higher accuracy, the number of clusters that
with ragaglitazar (1nyx) and its 3q analogue (1knu). It is remain in each pocket after the probes have been moved
reassuring that, with the already mentioned exception of around by a search. We find that large fractions of the
chain b in 1i7i, while similar structures yield similar mapping PPARy-binding site are already formed in the ligand-free
results, the sizes of C1 and C2 (i.e., the numbers of clustersstructure, but the important site P1 near the AF-2 motif is
at these sites) vary between different classes of agonists. accessible only in structures that are cocrystallized with
Putative Entrance Sites: E1 and E3ites E1 and E2 are  strong agonists. This suggests that PRARn bind a large
surface pockets at the openings on the two ends of thevariety of ligands, but only a selected class of molecules
PPARy LBD-binding site. Site E2 is located between helix with the appropriate polar headgroup can achieve the required
H2' and thef sheet. This position is frequently mentioned conformational changes at the AF-2 motif and thus serve as
as the putative entrance to the LBD-binding sit®)( As strong agonists. Our results also show that binding of such
shown in Table 5, E2 is present only in the agonist-bound agonists moves one side chain (R288) more thd to the
structures, with the exception of 1i7i (a) and 1i7i (b). distal P3 site that is wide-open in the ligand-free structure.
Inspection of these structures shows that the methylsulfoxy The newly formed salt bridges restrict the size of the pocket
group on the distal end of the agonist tesaglitazar (AZ242) at the P3 site and contribute to the stabilization of the LBD.
in these structures reaches further down into pocket P4 thanlt is interesting that the weak partial agonist GW0072, which
in the other agonist-bound structures. The relatively large binds in a very different mode from the strong agonists,
P4 site in li7i (see Table 5) draws the probes from the places one of its two benzylamide groups in P3.
entrance further into the binding site. In view of the lack of ~ We emphasize that the analysis described in this paper
any alternative site at the distal end of the binding site, our was made possible by the availability of 12 X-ray structures
results support the hypothesis that the ligands are likely to of the PPAR/ LBD, 2 without a ligand, 2 with a partial
enter through the pocket at site E2. Indeed, the loop agonist, and 8 with 6 different agonists bound. As we
connecting H2and H3 is very flexible. For example, the described, conformational solvent mapping identified 10
positions of residues 264 and 266 in this region can differ binding sites and showed how the size of these pockets differ
more the 10 A among different structures (results not shown), among the different structures. Restricting considerations
suggesting that the loop does not prevent the entrance ofonly to ligand-free conformations would have provided much
large ligands into the binding site. The conformational change less information. Indeed, in the apo structures (chains a and
is the result of agonist binding, because the rmsd values forb of 1prg), the important site P1 is not present and the
these residues are much larger between apo and agonist‘entrance sites” E1 and E2 as well as site F are also missing,
bound structures, as well as between the partial agonist-bound.e., clearly created in the process of ligand binding. The
structure and any agonist-bound structure, than between anybinding of strong agonists introduces conformational changes
two agonist-bound structures. Inspection of structures sug-at a number of further sites, including C1 and C2 in the
gests that the loop connecting H@ H3 thrusts forward more  region of coactivator binding. We consider it very important
in the agonist-bound structures than in the ligand-free onethat the numbers of probe clusters at C1 and C2 appear to
or with the partial agonist, partly resulting in the E2 pocket. provide information on the coactivator-binding specificity
Thus, while agonist binding results in the stabilization and of a particular PPAR structure. Apart from a structure with
increased compactness of some structural elements (e.g., ahissing fragments (chain b of 1i71), all agonist-bound
the AF-2 motif and the P3 site), this does not apply to this structures exhibit stable pockets at both C1 and C2 sites.
region. However, the number of probe clusters, retained at these sites,
Site E1 is located between the lower ends of helices H3 depends on the properties of the agonists, suggesting that
and H7. Originally, we thought that this could also be a mapping may help to understand the effect on the ligand on
putative ligand entrance, directed to the other (i.e., H12- coactivator binding and transactivation profiles.
contacting) end of the ligand. However, further inspection  Binding Sites Recognized by Semt Mapping in General.
revealed that site E1 is primarily created by the movement Solvent mapping by X-ray crystallography has been applied



1208 Biochemistry, Vol. 44, No. 4, 2005 Sheu et al.

to a limited number of enzyme2%2—26). Results show that  sions and Dr. Scott Mohr for reading and improving the
the probes cluster in the active site, forming a “consensus” manuscript.

site that delineates the binding pocket. All other binding sites

are either in crystal contact, occur only at high ligand SUPPORTING INFORMATION AVAILABLE
concentrations, or are in small, buried pockets that bind only ~ Mapping results for the 12 structures studied in the paper
a subset of the solvent molecules rather than all of them. are given as PDB files. Each file contains the coordinates
The preferential binding of organic molecules to the active of the protein and the coordinates of five conformations for
site of the lysozyme has also been shown in aqueous solutioreach of the seven different ligands used in our study (35
by NMR methods 42). Using computational methods, we small molecules for each protein). The ligand conformations
have mapped some 50 enzymd®+21) and a few non- are the centers of the five lowest free-energy clusters for
enzyme proteins. These studies helped to elucidate threeeach ligand. In addition to heavy atoms, the PDB files also
properties of binding sites that attract organic molecules andinclude the hydrogen coordinates. This material is available

hence are found by mapping. First, the probes cluster in fairly free of charge via the Internet at http:/pubs.acs.org.
large pockets that can provide a substantial number of pEFERENCES

ligand—protein interactions. Indeed, the intermolecular van
der Waals energy is generally the largest contribution to the
calculated binding free energ24). Second, the pockets are 2
partially nonpolar, with the hydrophobic interactions also
contributing to the binding free energy. Third, the presence
of several polar patches in the binding site is very important,
because it enables the probes to bind in a number of
rotational/translational states. In each conformation, the polar
parts of the probe form favorable electrostatic interactions g
or possibly a hydrogen bond with one of the polar groups

of the protein 19). Because of the multiplicity of the bound
conformations, probes binding in relatively large pockets
retain more of their rotational/translational entropy than the g
ones that bind elsewhere in single conformational states, and
the resulting difference in the free energy makes tight binding

in small crevices less favorable. 7

Thus, the solvent-mapping methods used in the present
study generally identify binding sites that are relatively large
and include both nonpolar and polar patches. These condi-
tions are satisfied by the active site of most enzymes and
also by several subsites of the large PRARand-binding 8
pocket. In previous applications, we also identified ligand
entrance site2(l) similar to site E2 of the PPAR However,
it was not at all obvious that these methods would identify
interaction sites in the AF-2 and dimerization regions of a g
receptor protein such as PPARN fact, earlier calculations
showed that mapping may fail to recognize protegimotein
interactions sites, which are substantially more planar than
the sites that bind relatively small ligands. Thus, the present
identification of sites C1 and C2 in the coactivator-binding
region of PPAR was somewhat unexpected. The fact that
C1 and C2 are well-defined consensus sites suggests that
the coactivator may partially unfold before binding to
PPARy. This assumption is supported by the fact that
coactivator recognition is dominated by a single LXXLL
peptide motif, although the selection of the coactivator must
be modulated by other parts of the interfadé, (L7). More
generally, the results of this paper suggest that computational 1,
solvent mapping is a powerful tool to study the binding sites
of nuclear receptor ligand-binding domains. It will be
particularly interesting to apply the method to orphan nuclear
receptors, for which the binding site is less well-understood.
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