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Based on X-ray crystallographic analysis of a peroxisome proliferator-activated receptor (PPAR) a/d dual
agonist complexed with human PPARs ligand binding domain (LBD), we previously reported the design
and synthesis of a pyrene-based fluorescent PPARa/d co-agonist 2. Here, we found that the fluorescence
intensity of 2 increased upon binding to hPPARa-LBD, in a manner dependent upon the concentration of
the LBD. But, surprisingly, the fluorescence intensity of 2 decreased concentration-dependently upon
binding to hPPRd-LBD. Site-directed mutagenesis of the two hPPAR subtypes clearly indicated that
Trp264 of hPPARd-LBD, located between H20 helix and H3 helix (omega loop), is critical for the concen-
tration-dependent decrease in fluorescence intensity, which is suggested to be due to fluorescence reso-
nance energy transfer (FRET) from the pyrene moiety of bound 2 to the nearby side-chain indole moiety
of Trp264 in the hPPARd-LBD.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Peroxisome proliferator-activated receptors (PPARs) are ligand-
activated transcription factors that belong to the nuclear receptor
superfamily.1–3 They mediate pleiotropic biological responses,
and have well-established regulatory roles in lipid, lipoprotein
and glucose homeostasis.4–6 PPARs are activated by endogenous
fatty acids, especially unsaturated fatty acids such as eicosapenta-
enoic acid (EPA), docosahexaenoic acid (DHA), and synthetic ago-
nists.7 Three subtypes have been found to date: PPARa (NR1C1),
PPARd (NR1C2) and PPARc (NR1C3),8 and each subtype has a char-
acteristic tissue distribution pattern.9 PPARa is mostly expressed in
tissues with high fatty acid catabolism activity, such as liver, kid-
ney, skeletal muscle, cardiac muscle and adrenal glands.10 PPARc
is expressed mainly in white and brown adipose tissue, macro-
phages and vascular smooth muscles.11 In contrast, PPARd is ubiq-
uitously expressed.12

Two of these PPAR subtypes are well-known molecular targets of
drugs used to treat type II diabetes mellitus and dyslipidemia, that
is, the insulin-sensitizing glitazones, such as pioglitzone and rosig-
litazone, are classical full agonists of PPARc,13 while the dyslipide-
mia-normalizing fibrate class of compounds, such as fenofibrate
ll rights reserved.
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and bezafibrate, are weak agonists of PPARa.14 On the other hand,
the availability of PPARd knockout animals and selective ligands
led us to examine the involvement of PPARd in fatty acid metabo-
lism, insulin resistance, reverse cholesterol transport and inflamma-
tion.15 Since activation of PPARd was reported not only to improve
glucose tolerance and insulin resistance, but also to restore embryo
implantation,16 myelination in the brain17 and osteoclastic bone
resorption,18 there is increasing interest in this receptor subtype
as a target for drug development.

For our research directed toward the structural development of
subtype-selective human PPAR (hPPAR) agonists,19–23 we needed a
simple method to evaluate the hPPARd binding activity of test
compounds without the use of isotope-labeling, which has a vari-
ety of disadvantages. We proceeded to design and synthesize a
fluorescent hPPARa/d co-agonist 2, which proved suitable for use
in a homogeneous fluorescence polarization assay format.24 The
small planar fluorophore pyrene was selected based on the X-ray
crystallographic structure of the complex of our hPPARa/d co-ago-
nist 1 with hPPARa ligand binding domain (LBD) (Fig. 1, PDB:
2ZNQ), in which the hydrophobic 2-fluoro-4-trifluoromethyl-
phenyl group of 1 is located in the cavity of the Y-shaped pocket
of hPPARa-LBD (Fig. 1).25

Examination of the fluorescence properties of 2 complexed with
hPPARa-LBD afforded surprising results. We found that the
fluorescence intensity of 500 nM 2 increased with increasing
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Figure 1. (A) Zoomed view of the binding mode of the hydrophobic tail part of 1 complexed with hPPARd-LBD. Protein is represented as a white ribbon model and the
surrounding amino acids are depicted as cyan space-filling models. 1 is depicted as a cylinder model. (B) Chemical structures of 1 and 2.
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concentration of hPPARa-LBD in binding buffer (Tris–HCl 20 mM,
NaCl 150 mM, TCEP (tris[2-carboxyethyl]phosphine hydrochlo-
ride)1 mM, pH 7.5) (Fig. 2, top left), as expected. We confirmed that
the combination of hPPARa-LBD and the binding buffer used did
not show significant fluorescence. But, in the case of hPPARd-
LBD, 2 showed the opposite property, that is, the fluorescence
intensity of 500 nM 2 decreased with increasing concentration of
hPPARd-LBD in binding buffer (Fig. 2, top right).

These bi-directional fluorescence properties of 2, depending on
complexation with either hPPARa-LBD or hPPARd-LBD, are inter-
esting, and in the present work we used point-mutated hPPARa-
LBD and hPPARd-LBD to examine the structural basis of this
phenomenon.

2. Results and discussion

The fluorescence intensity of a fluorescent ligand is usually ex-
pected to increase upon binding to the target molecule because of
the hydrophobic nature of the binding pocket, and in this context,
the augmentation of the fluorescence of 2 upon binding to
hPPARa-LBD is reasonable. Therefore, there must be a special
explanation for the concentration-dependent attenuation of the
fluorescence of 2 upon binding to hPPARd-LBD.

Figure 3A–D shows the binding modes of 2 complexed with
hPPARa-LBD (Fig. 3A and B)26 and 1 complexed with hPPARd-LBD
(Fig. 3C and D).25 The pyrene ring of 2 is buried in the Y2 arm of
the hPPARa LBD, which is composed of the side chains of the amino
acids Leu247, Glu251, Val255, Leu258, Ile272, Cys275, Thr279,
Val332, Ala333 and Ile339. It is noteworthy that all these amino
acids are aliphatic. However, in the case of the hPPARd-LBD, the
Figure 2. (A) Fluorescence spectra of 500 nM 2 during cumulative addition (0–2.3 lM) o
and 390 nM, respectively. (B) Fluorescence spectra of 500 nM 2 during cumulative addi
Y2 arm is composed of the side chains of Ile249, Leu255, Glu259,
Trp264, Val281, Arg284, Val341, Val348, Phe352 and Leu353, that
is, the Y2 arm of hPPARd-LBD contains two aromatic amino acids,
Trp264 and Phe352. The trifluoromethyl group of 1 is less than
2 Å away from Trp264, while it is more than 3.5 Å from Phe352.
Therefore, the tryptophan residue might interact with the pyrene
moiety of 2, when 2 is bound to the hPPARd-LBD.

The aromatic amino acids tryptophan, tyrosine and phenylala-
nine are all intrinsically fluorescent, but tryptophan is the most
powerful fluorophore of the three, because tyrosine and phenylal-
anine have low excitation coefficients and low quantum yields.27

We speculated that fluorescence quenching involving Trp264
might occur when 2 is excited in the complex with hPPARd-LBD,
that is, the fluorescence energy of the excited-state pyrene might
be transferred to the nearby Trp264. There is another tryptophan
residue in hPPARd-LBD, that is, Trp256 (Fig. 3E), but this is located
in the H2 helix and the side-chain indole residue faces outside of
the hPPARd-LBD, so it is unlikely to be involved in fluorescence
quenching.

In order to test our working hypothesis, we constructed four
mutant hPPARs-LBDs, that is, Trp264 of hPPARd-LBD was changed
to Leu (hPPARdW264L-LBD), and the corresponding Leu of
hPPARa-LBD was changed to Trp (hPPARaL258W-LBD), Trp264 of
hPPARd-LBD was changed to Ala (hPPARdW264A-LBD), and
Trp256 of hPPARd-LBD was changed to Ala (hPPARdW256A-LBD).
The effects of these mutated hPPAR-LBDs on the fluorescence prop-
erties of 2 were then examined.

As shown in Figure 4A–D, Trp264 but not Trp256 is required for
the change of the fluorescence properties of 2. The fluorescence
intensity of 2 was augmented in the presence of increasing
f hPPARa-LBD in binding buffer. Excitation and emission wavelengths were k = 345
tion (0–1.6 lM) of hPPARd-LBD in binding buffer.
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Figure 3. (A) hPPARa-LBD–2 complex. Protein is represented as a brown ribbon model and the ligand is depicted as a cylinder model. (B) Zoomed view of the binding mode of
the hydrophobic pyrene moiety of 2 in hPPARa-LBD–2 complex. The surrounding amino acids are depicted as magenta cylinder models. (C) hPPARd-LBD–1 complex. Protein
is represented as a brown ribbon model and the ligand is depicted as a cylinder model. (D) Zoomed view of the binding mode of the hydrophobic 4-trifluorophenyl moiety of 1
in the hPPARd-LBD–1 complex. The surrounding amino acids are depicted as magenta cylinder models. (E) Primary and secondary structures of hPPARd-LBD. Helical regions
are shown as yellow cylinders. Two tryptophan residues are circled in red.

Figure 4. Fluorescence spectra of 500 nM 2 during cumulative addition of (A) hPPARd264L-LBD 0–1.0 lM, (B) hPPARdW264A-LBD 0–1.8 lM, (C) hPPARdW256A-LBD 0–
1.6 lM, and (D) hPPARa258 W-LBD 0–3.2 lM, each in binding buffer. Excitation and emission wavelengths were k = 345 and 390 nM, respectively.
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amounts of hPPARdW264L-LBD (0–0.97 lM) or hPPARdW264A-
LBD (0–1.80 lM), while hPPARdW256A-LBD did not affect the fluo-
rescence of 2. The fluorescence of 2 was decreased in the presence
of increasing amounts of hPPARdW225A-LBD (0–1.63 lM). These
results indicated that the critical amino acid associated with the
bi-directional fluorescence properties of 2 is residue 264 located
in the omega loop position of hPPARs-LBD. Contrary to our expec-
tation, the change of the side-chain amino acid of hPPARa-LBD 258
residue from leucine to tryptophan did not behave apparently in
the same way as wild-type hPPARd-LBD. The change of the fluores-
cence intensity of 2 was not significant in the presence of increas-
ing amounts of hPPARaL258W-LBD (0–3.2 lM). Although the
exact reason still remain unknown, until now. But FRET is reported
to be very sensitive to a distance between the two fluorophore,
attenuated depending to the (distance between the two fluoro-
phore).6 As reported previously, the shapes of the hydrophobic
pockets hosting the hydrophobic tail part of the present series of
compounds are somewhat different, that is, the hydrophobic pock-
et of hPPARa-LBD is wider than that of hPPARd-LBD. Therefore, we
speculated that the distance between the two fluorophore is some-
what longer in the case of the binding of 2 complexed with
hPPARa-d L258W-LBD.

3. Conclusion

The fluorescence properties of 2 change in opposite directions
upon binding with hPPARd-LBD and with hPPARa-LBD. The unex-
pected attenuation in the fluorescence of 2 complexed with
hPPARd-LBD can be attributed to fluorescence energy transfer from
the excited-state pyrene to the nearby Trp264 residue of the
hPPARd-LBD. Therefore, it might be possible to create dual-format
hPPARd and hPPARa ligand binding assays simply by utilizing the
fluorometric changes elicited by binding of endogenous and/or
exogenous ligands. We are now working to construct such a
system.

4. Experimental

4.1. Chemistry

4.1.1. Preparation of (S)-2-(4-methoxy-3-((pyrene-1-
carboxamido)methyl)benzyl) butanoic acid (2)

The preparation of 2 has been reported.24 The physicochemical
properties of 2 used in this study were as follows: 1H NMR
(500 MHz, CDCl3) d 8.46 (d, 1H, J = 9.4 Hz), 8.17 (m, 2H), 7.98 (m,
5H), 7.32 (s, 1H), 7.10 (d, 1H, J = 5.6 Hz), 6.80 (d, 1H, J = 5.6 Hz),
6.63 (m, 1H), 4.70 (m, 2H), 3.82 (s, 3H), 2.87 (m, 1H), 2.74 (m,
1H), 2.56 (m, 1H), 1.50 (m, 2H), 0.94 (t, 3H, J = 7.5 Hz). HRMS;
(M+H)+ Calcd for C30H27NO4, 466.2018. Found 466.2029. Anal.
Calcd for C30H27NO4: C, 77.40; H, 5.85; N, 3.01. Found: C, 77.24;
H, 6.07; N, 3.00. ½a�D 24.6�(c 0.20, MeCN).

4.2. Site-directed mutagenesis

The plasmids encoding wild-type hPPARa and wild-type
hPPARd-LBDs, used as templates for mutagenesis, were the same
as those used in the previous crystallographic study.24 The plas-
mids pET28a-hPPARaLBD and pET18a-hPPARd-LBD were gener-
ated by cloning DNAs encoding hPPARaLBD (residues 200–468)
and hPPARd-LBD (residues 206–477), respectively, into the pET28a
vector (Novagen, Wisconsin, USA). Polymerase chain-reaction
(PCR)-mediated mutagenesis was carried out using the Quick-
Change site-directed mutagenesis kit (Stratagene, California,
USA). The forward and reverse primers were complementary and
contained the designed nucleotide changes. The primer sequences
were as follows (only the forward primers are shown, and the de-
signed changes are indicated by lower-case letters): hPPARaLBD
L258W, 50-TGGTGGCCAAGtgGGTGGCCAATGG-30; hPPARdLBD-
W256A, 50-GAGACATTGgcGCAGGCAGAGA-30; hPPARdLBD-W264L,
50-GGGGCTGGTGctGAAGCAGTTG-30; hPPARdLBD-W264A, 50-GGG
GCTGGTGgcGAAGCAGTTG-30. The designed mutations were con-
firmed by sequencing.

4.3. Purification of wild-type and mutant hPPAR-LBDs

The wild-type and mutant proteins were prepared as described
previously.28 The constructs were expressed as N-terminal His-
tagged proteins and purified to homogeneity by means of three
steps of column chromatography (HisTrap HP nickel-chelate col-
umn (GE Healthcare), HiTrap Q anion-exchange column (GE
Healthcare), HiLoad 26/60 Superdex 75 gel-filtration column (GE
Healthcare)).The concentrations of the purified wild-type and mu-
tant proteins were as follows: hPPARa-LBD wild, 9.6 mg/mL;
hPPARd-LBD wild, 0.70 mg/mL; hPPARa-LBD L258W, 3.6 mg/mL;
hPPARdLBD-W256A, 12 mg/mL; hPPARdLBD-W264L, 0.60 mg/mL;
hPPARdLBD-W264A. 0.80 mg/mL.

4.4. Fluorescence measurements

Fluorescence spectra were measured at 25 �C on a Hitachi F2500
spectrofluorophoto-meter with a 1-cm path-length quartz cell. To a
500 nM solution of 2 in binding buffer (Tris–HCl 20 mM, NaCl
150 mM, TCEP (tris[2-carboxyethyl]phosphine hydrochlo-
ride)1 mM, pH 7.5) was added 4 lL of each PPAR-LBD solution in
a cumulative manner. The system was excited at 345 nM.
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