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ABSTRACT: Covalent modification of proteins is important for normal
cellular regulation. Here, we report on the covalent modification of
peroxisome proliferator-activated receptor γ (PPARγ), an important drug
target, by oxo-fatty acids. In this study, ESI mass spectroscopy showed
that the reactivities of oxo-fatty acids with PPARγ are different from one
another and that these behaviors are related to the structure of the fatty
acids. X-ray crystallography showed that three oxo-fatty acids all bound to
the same residue of PPARγ (Cys285), but displayed different hydrogen
bonding modes. Moreover, fatty acids formed covalent bonds with both
PPARγ moieties in the homodimer, one in an active conformation and the
other in an alternative conformation. These two conformations may
explain why covalently bound fatty acids show partial rather than full
agonist activity.

■ INTRODUCTION

Post-transcriptional protein modification such as phosphor-
ylation,1 acetylation,2 ubiquitination,3 and SUMOylation4

modulates the structure and thus regulates the function of
proteins in important biological events. Covalent protein
modification includes modification by lipids, in which Michael
addition of protein to lipid occurs. In this reaction the protein
acts as a nucleophile while the lipid acts as an electrophile.
Covalent modification of protein by lipids makes a substantial
contribution to the physiological response under oxidative
inflammatory conditions.5 Since our understanding of protein
modification by fatty acids is still fragmented, it is important to
use a systematic approach.
Inflammatory conditions create a microenvironment that

promotes enzymatic and nonenzymatic oxidation of unsatu-
rated fatty acids to oxo-fatty acids, resulting in an increase in
electrophilic fatty acids. Many metabolic and inflammatory
events are thought to be regulated by a population of redox-
related transcriptional regulatory proteins and enzymes that
respond to electrophilic lipid derivatives such as oxo-fatty acids.
For example, nuclear factor (erythroid-derived 2)-like 2 (Nrf2)
is a well-described redox-dependent transcription factor that
plays an important role in the regulation of gene expression
related to oxidative and inflammatory injury.5 Under basal
conditions Nrf2 is bound to Kelch-like ECH-associated protein
1 (Keap1); however, when Keap1 is modified by an
electrophilic fatty acid (OA-NO2), a change in its structure
leads to the release of Nrf2. This allows Nrf2 to bind the
antioxidant response element and activate the expression of
phase II genes that code for the antioxidant proteins that
remove electrophilic compounds.

Peroxisome proliferator-activated receptor γ (PPARγ) is a
nuclear receptor that regulates energy homeostasis events such
as fatty acid storage and glucose metabolism. PPARγ is also a
redox-dependent transcription factor.5,6 Several classes of fatty
acids have been suggested to be physiologically relevant PPARγ
ligands, including prostaglandins, leukotrienes, hydroxy fatty
acids, phospholipids, oxo-fatty acids, and nitro fatty acids.7

However, the functional roles of these classes of fatty acids are
unclear. We previously reported that PPARγ covalently binds to
oxo-fatty acids.8 However, details about the covalent bond
formation, substrate differences, and resulting biological activity
have not been elucidated. In this study we used a chemical
approach with PPARγ as a model protein and fatty acids as its
covalent modifiers. Here we used X-ray crystallographic analysis
and ESI-MASS spectrometry in this systematic study of the
binding mode of oxo-fatty acids and their reactions with
PPARγ.

■ RESULTS AND DISCUSSION

Design and Synthesis of Oxo-Fatty Acids. To system-
atically evaluate the reactivity of oxo-fatty acids with PPARγ, we
designed the compounds shown in Figure 1. 4-Oxo-
docosahexaenoic acid (4-oxoDHA) 1 and 5-oxo-eicosapentae-
noic acid (5-oxoEPA) were synthesized using strategies
analogous to those described previously.9,10 5-Oxo-tricosahex-
aenoic acid (5-oxoTrHA) 2 and 6-oxo-tetracosahexaenoic acid
(6-oxoTHA) 3 were synthesized from tricosahexaenoic acid
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(TrHA) 4 and tetracosahexaenoic acid (THA) 5, respectively,
as shown in Scheme 1. This is the first report of the synthesis of
5-oxoTHA 2 and 6-oxoTrHA 3. Briefly, TrHA 4 or THA 5 was
treated with iodine in the presence of γ-collidine in methylene
chloride to afford iodolactone which was then, without
purification, treated with DBU in benzene to afford the lactone
6 (47%) or 7 (19%), respectively. The lactone was hydrolyzed
in alkaline solution to produce the hydroxyl fatty acid, which
was then oxidized by using Dess−Martin periodinane to give 5-
oxoTrHA 2 (15%) or 6-oxoTHA 3 (60%).
Cell-Based Assay. Transcriptional activity of PPARγ in 5-

oxoTrHA 2 or 6-oxoTHA 3 treated Cos7 cells was evaluated by
using a luciferase assay kit. The EC50 of 5-oxoTrHA 2 and 6-
oxoTHA 3 was 11 μM and 4 μM, respectively (Figure 2).
These relatively high EC50 values may be due to the oxo-fatty
acids trapped by nucleophiles such as GSH in the cytoplasm.11

The results indicated that both 5-oxoTrHA 2 and 6-oxoTHA 3
are ligands for PPARγ. However, compared to the activity of
the full PPARγ agonist pioglitazone in Cos7 cells, the oxo-fatty
acids tested here only showed partial agonistic activity (55−
70%). It should be noted that PPARγ full agonists used for type
2 diabetes such as thiazolidinediones are related to serious
PPARγ-dependent and PPARγ-independent side effects.12,13

Therefore, development of a partial agonist against PPARγ is an
important strategy in the development of type 2 diabetes
therapy.
Crystal Structure. To analyze the interactions between the

oxo-fatty acids and the PPARγ-ligand binding domain (LBD),

we obtained crystals of the PPARγ-LBD/5-oxoTrHA 2 and
PPARγ-LBD/6-oxoTHA 3 complexes and solved the crystal
structures. We chose co-crystallization to obtain crystals that
reflect the reaction in the cell system. Table 1 summarizes the
crystallographic data collection and structure refinement
statistics for the two structures. The PPARγ-LBD/5-oxoTrHA
2 complex (Figure 3A,B) and the PPARγ-LBD/6-oxoTHA 3
complex (Figure 3C,D) showed quite similar structures; the
RMSD of all backbone atoms was measured to be 0.2 Å. These
structures are also similar to that of the PPARγ-LBD/4-
oxoDHA 1 complex that we previously reported.8 As shown in
Figure 3E, the protein was packed in crystals as a homodimer in
which molecule A adopted an active conformation while
molecule B adopted an alternative conformation.14 Helix 12
(magenta) of molecule A folds back to cover the ligand-binding
pocket (LBP), while helix 12 (blue) of molecule B binds to the
coactivator binding site of molecule A in an adjacent crystal
unit (Figure 3E). Thus, two conformers, molecule A and
molecule B, are distinct from each other and both conformers
are thought to be local minimum structures reflecting protein
dynamics in solution. Therefore, we think that the homodimer
obtained in this study is valuable and informative.
Figure 4 shows the positioning of the ligands in the LBP of

the protein and the interactions between the ligands and the
residues. Figure S1 shows the superposition of the simulated
annealing composite omit map (CNS, blue) and the refined
version of the 2Fo-Fc map (Refmac5, yellow). The ligands (2
and 3) were accommodated in both molecules A and B but the
positioning and conformation of each ligand in each molecule

Figure 1. Structures of oxo-fatty acids and PPARγ ligands.

Scheme 1

Figure 2. Effect of oxo-fatty acids on PPARγ transcriptional activity.
Cos7 cells were transfected with a GAL4-PPARγ chimera expression
plasmid (pSG5-GAL-hPPARγ), a reporter plasmid (MH100 × 4-TK-
Luc), and an internal control plasmid containing sea pansy luciferase
expression constructs (pRL-CMV) and then treated with the indicated
oxo-fatty acids or with the PPARγ agonist pioglitazone. Transcriptional
activity of PPARγ was evaluated by luciferase activity.
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were clearly different (Figures 3 and 4). In all complexes, the
ligand formed a covalent bond with Cys285 on the LBP. The
covalent bond was formed by 1,6-Michael addition of Cys285
to an electrophilic dienone moiety of the fatty acids. Ligands 2
and 3 were accommodated in molecule A in a manner similar
to that of 4-oxoDHA 1. Thus, the carboxylic acid formed
hydrogen bonds with Tyr473 in helix 12 and three additional

residues (Ser289, His323, and Lys367/His449), and the tail of
each ligand extended to the β-sheet side of the LBP. In
molecule B, ligands 2 and 3 localized to the β-sheet side of the
LBP, with the carboxylic acids of the ligands forming a
hydrogen bond with Arg288 at helix 3.
Under the conditions we used, the PPARγ-LBD is known to

crystallize as a homodimer in which molecule A and B form

Table 1. Summary of Data Collection Statistics and Refinement of Crystal Structures

ligand 5-oxoTrHA 6-oxoTHA

X-ray source KEK-PFAR NW-12A KEK-PFAR NW-12A
Wavelength (Å) 0.97800 0.97800
Space group C2 C2
Unit cell dimensions:
bond (Å) a = 93.33, b = 61.96, c = 118.79 a = 93.34, b = 61.92, c = 118.82
angle (deg) α = 90.00, β = 102.86, γ = 90.00 α = 90.00, β = 102.72, γ = 90.00
Resolution range (Å)a 36.18−2.30 (2.39−2.30) 40.97−2.40 (2.53−2.40)
Total number of reflections 65160 86740
No. of unique reflections 26806 24200
% completenessa 90.7 (85.9) 93.0 (89.7)
Rmerge

a,b 0.055 (0.274) 0.074 (0.435)
Refinement statistics:
Resolution range (Å)a 22.93−2.30 33.29−2.40
R factor (Rfree/Rwork)

a,c 0.2664/0.2278 0.2788/0.2288
aValues in parentheses are for the highest-resolution shell. bRmerge = Σ|(Ihkl − ⟨Ihkl⟩)|/(ΣIhkl), where ⟨Ihkl⟩ is the mean intensity of all reflections
equivalent to reflection hkl. cRwork (Rfree) = Σ||Fobs|−|Fcalc||/Σ|Fobs|, where 5% of randomly selected data were used for Rfree.

Figure 3. Crystal structures of PPARγ-ligand binding domain (LBD)/oxo-fatty acid complexes and crystal packing. (A) Molecule A shows the active
conformation of the PPARγ-LBD/5-oxoTrHA 2 (Cyan) complex. (B) Molecule B shows the alternative conformation of the PPARγ-LBD/5-
oxoTrHA 2 (Cyan) complex. (C) Molecule A shows the active conformation of the PPARγ-LBD/6-oxoTHA 3 (Green) complex. (D) Molecule B
shows the alternative conformation of the PPARγ-LBD/6-oxoTHA 3 (Green) complex. (E) Crystal packing of PPARγ-LBD/5-oxoTrHA 2 is formed
with asymmetric units that contain molecule A (pink) with helix 12 (magenta) folding back to cover the ligand binding pocket (LBP) and molecule
B (gray) with helix 12 (blue) binding to the coactivator binding site of molecule A.
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active and alternative conformations, respectively. In most
cases, synthetic ligands which have polar contact with H12 are
contained in molecule A, but there are no ligand in molecule
B.15−25 However, in the present case, the oxo-fatty acids 2 and
3 were accommodated in molecule B of the LBP (Figures 3 and
4). The molecule B conformation observed here is similar to
the unliganded molecule B conformations (PDB: 4EMA;
RMSD: 0.35 Å).26 The LBP is large enough to permit the
flipping of the carboxylic head of the fatty acid from the Tyr473
side chain to the β-sheet side of the LBP, allowing both
conformations of the ligand, one conformation that is
characteristic when bound to full agonists and the other
characteristic of partial agonists (Figure 4 A-D).
We reanalyzed crystal structures that we reported previously

and noticed that oxidized fatty acids that show partial agonist
activity for PPARγ were accommodated in molecule B with a
similar binding mode as the oxo-fatty acids in the present study,
in which the carboxylic acid of the fatty acid and the Arg288 of
the LBP formed a salt bridge.8,14,27 Almost all crystals of
PPARγ-LBD/agonist complexes reported so far had been
prepared by the ligand soaking method instead of the co-
crystallization method that we used. In co-crystallization, almost
all PPARγ-LBD proteins immediately accommodate the full
agonist to form an active conformation (molecule A), resulting
in the lack of alternative conformation (molecule B). Therefore,
the crystals of the homodimer consisting of molecule A and

molecule B could not be obtained in the presence of a full
agonist. Based on the combined data, we propose that this
double position of ligands 2 and 3 in the LBP, which stabilizes
helix 12 in a different way, may reflect an equilibrium among
populations of active and alternative conformations of the
PPARγ/fatty acid complex. Similar findings have been
demonstrated in interactions between estrogen receptor α
and its ligand.28,29 Quite recently, we have reported similar
observations in the crystal structure of a complex of another
nuclear receptor; vitamin D receptor (VDR) and its partial
agonist showed that the ligand binds to VDR in two
conformations, one of which is the agonist/VDR complex
structure and the other of which is the antagonist/VDR
complex structure.30 We suggested that the activity of the
partial agonist is dependent on the sum of agonistic and
antagonistic activities derived from the agonist and antagonist
binding conformers, respectively. The two conformations
observed here, molecule A and molecule B, may be a similar
example that could help explain the partial agonism of ligand-
dependent nuclear receptors.

ESI-Mass Spectra. We used ESI-mass spectrometry to
confirm the conjugate addition of PPARγ to the various oxo-
fatty acids and to compare the electrophilic activity of the fatty
acids. First, we used apo-PPARγ-LBD to obtain a good
spectrum as shown in Figures 5A and S2. Multiple peaks were
observed in this spectrum that were identified as adducts of

Figure 4. Comparison of the binding conformations of oxo-fatty acids (2 and 3) in molecules A and B of the PPARγ-LBD. (A, C) Binding
conformation of 5-oxoTrHA 2 (cyan) and 6-oxoTHA 3 (green) in molecule A. These oxo-fatty acids accommodated in molecule A make polar
contacts with amino acids including Tyr473 of helix 12. (B, D) The binding conformation of 5-oxoTrHA 2 (cyan) and 6-oxoTHA 3 (green) in
molecule B. These oxo-fatty acids accommodated in molecule B make a salt bridge with the Arg288 of helix 3.
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H2O or Na, or as a molecule with an undigested C-terminal Tyr
(Figure S2). Figure 5 shows the ESI-mass spectra of the
PPARγ-LBD in the absence and presence of different ligands.
In the presence of pioglitazone, the PPARγ-LBD peak showed a
31 205 Da product that corresponded to the molecular weight
(MW) of the PPARγ-LBD alone (Figure 5B). For all other
compounds, the MW of the PPARγ-LBD increased by the MW
of each ligand (Figure 5C−K). This increase in MW of the
PPARγ-LBD demonstrated that these ligands covalently bound
to PPARγ-LBD. GW9662 has been previously reported to be a
covalent binding antagonist of PPARγ.31 We and another group
have reported the covalent binding of 4-oxoDHA 1, 5-oxoEPA,
6-oxoOTE, 9-oxoODE, 13-oxoODE,8 and 15d-PGJ2.

32 Here,
we confirm that 5-oxoTrHA 2 and 6-oxoTHA 3 make covalent
bonds with PPARγ-LBD (Figure 5E,G).
We next investigated the reactivity of the covalent bond

formation between the ligands and the PPARγ-LBD by
measurement of the ESI-mass spectra of the PPARγ-LBD
following simultaneous incubation with two different ligands for
20 min (Figure 6). Figure 6A shows the spectrum of the
PPARγ-LBD incubated in the presence of both 4-oxoDHA 1
and 5-oxoTrHA 2 (black). Both 4-oxoDHA 1 and 5-oxoTrHA
2 adducts were observed but the peaks did not separate. We
therefore divided the spectrum into the spectrum of the 4-
oxoDHA 1 adduct (red) and that of the 5-oxoTrHA 2 adduct
(green) based on a comparison of the original spectrum of the
PPARγ-LBD incubated with 4-oxoDHA 1 (Figure 5C) or 5-
oxoTrHA 2 (Figure 5E) alone. The ratio of 4-oxoDHA 1 to 5-

Figure 5. Measurement of reactivity of oxo-fatty acids by ESI-mass
spectrometry.

Figure 6. Covalent-binding ability of various oxo-fatty acids to PPARγ-
LBD. The reactivity of oxo-fatty acids with the PPARγ-LBD was
compared by measuring the ESI mass spectra of the PPARγ-LBD in
the presence of two different ligands. (A) 4-oxoDHA 1 vs 5-oxoTrHA
2. The black line indicates the original spectrum. To separate the peaks
of the 4-oxoDHA 1 and 5-oxoTrHA 2 adducts, the original spectrum
was divided into the spectrum of the 4-oxoDHA 1 adduct (red) and
that of the 5-oxoTrHA 2 adduct (green) based on a comparison of the
original spectra of the PPARγ-LBD incubated with 4-oxoDHA 1
(Figure 5C) or 5-oxoTrHA 2 (Figure 5E) alone. The ratio of the 4-
oxoDHA 1 adduct (red) and the 5-oxoTrHA 2 adduct (green) was
about 2:3. (B) 5-oxoTrHA 2 vs 6-oxoTHA 3. No peaks corresponding
to a 5-oxoTrHA 2 adduct appeared. (C) 9-oxoODE vs 6-oxoTHA 3.
No peaks corresponding to a 9-oxoODE adduct appeared. (D) 13-
oxoODE vs 6-oxoTHA 3. The ratio of 13-oxoODE:6-oxoTHA 3
adducts was about 2:4. (E) 6-oxoOTE vs 6-oxoTHA 3. The ratio of 6-
oxoOTE:6-oxoTHA 3 adducts was about 1:5. (F) 15d-PGJ2 vs 6-
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oxoTrHA 2 adducts was about 2:3, indicating that 5-oxoTrHA
2 is somewhat more reactive than 4-oxoDHA 1. When PPARγ-
LBD was incubated with both 5-oxoTrHA 2 and 6-oxoTHA 3
(Figure 6B), the spectrum showed that only a 6-oxoTHA 3
adduct, not a 5-oxoTrHA 2 adduct, was detected, indicating
that 6-oxoTHA 3 is more reactive than 5-oxoTrHA 2 when
binding to the LBP (Figure 6B).
A difference of only one carbon between 5-oxoTHA 2 and 6-

oxoTrHA 3 significantly changed the reactivity of the fatty
acids. This suggests that the flexible region adjacent to the
reaction center plays an important role. There are two rigid
moieties: one is the carboxylic acid fixed by multiple hydrogen
bonds and the other is the dienone moiety composed of sp2
carbons (Figure 7). 4-OxoDHA 1 and 5-oxoTrHA 2 have only
two or three carbons between the rigid parts, respectively, while
6-oxoTHA 3 has four. The reaction center, a conjugated olefin,
of the less flexible 4-oxoDHA 1 has less of a chance to contact
the thiol group of Cys285. In this reaction, the flexibility of 6-
oxoTHA 3 appears to be an important feature required for
access to the thiol group (Figure 7).

The 9-oxoODE and 13-oxoODE are regioisomers of oxo-
linoleic acid that have the same molecular weight. An adduct of
9-oxoODE was not detected when 6-oxoTHA 3 was used as a
competitor (Figure 6C). In contrast, an adduct of 13-oxoODE
appeared when coincubated with 6-oxoTHA 3. The adduct
ratio of 6-oxoTHA 3:13-oxoODE was about 4:1 (Figure 6D).
These results demonstrated that 6-oxoTHA 3 is a better
substrate than either 13-oxoODE or 9-oxoODE and that 13-
oxoODE is a better substrate than 9-oxoODE. Even though 9-
oxoODE has a longer alkyl chain linking the carboxylic acid and
the dienone than that of 6-oxoTHA 3 or 13-oxoODE, 9-
oxoODE had the lowest reactivity (Figure S3). This is because
the carboxylic acid is fixed on helix 12, and the dienone position
of 9-oxoODE is too far from Cys285. This result shows that
there is an ideal alkyl chain linking the carboxylic acid and the
dienone for optimal PPARγ-LBD binding of oxo-fatty acids.
To further examine the relationship between the total

carbon-chain length of the fatty acid and its reactivity with the
PPARγ-LBD, we analyzed the ESI spectrum of the PPARγ-LBD
that was simultaneously incubated with 6-oxo fatty acids of
different carbon chain lengths (Figure 6E). The spectrum
showed an adduct ratio of 6-oxoTHA (C24) 3:6-oxoOTE
(C18) of about 3:1, indicating that 6-oxoTHA 3 is a better
substrate than 6-oxoOTE. This result suggests that the carbon
chain length of the fatty acid affects its reactivity. A
hydrophobic pocket might release the less hydrophobic 6-
oxoOTE more frequently than 6-oxoTHA 3 before the reaction
occurs. This suggests that Koff, which is affected by hydrogen
bonding with H12 and hydrophobic interactions with the LBP
residues, is probably also important for determining the rate of
covalent bond formation.
Next, we tested whether this conjugate addition reaction is

reversible: 6-oxoTHA 3 was added to the 4-oxoDHA 1 adduct
and incubated for 18 h. No peaks corresponding to a 6-
oxoTHA 3 adduct were observed; only peaks corresponding to
the original 4-oxoDHA 1 adduct were detected (data not
shown). This result suggests that the reaction of the conjugate
addition to PPARγ is irreversible. The irreversibility of this
reaction is perhaps due to the fact that Cys285 is located in the
center of the ligand binding pocket, where it is buried within
the molecule, and therefore no other molecule can access such
a ligand to deprotonate it from the Michael adduct.
Consequently, a retro-Michael reaction would not occur unless
PPARγ was degraded.
To test the potency of 6-oxoTHA 3 reactivity with PPARγ,

15d-PGJ2, GW9662, and pioglitazone were used as competitors.
15d-PGJ2 is known to be a covalent modifier, not only of
PPARγ, but also of several other proteins including IκB kinase33

and eIF4A.34 GW9662 is a covalent modifier that is an
antagonist of PPARγ, and pioglitazone is a noncovalent PPARγ
ligand that is widely used as an anti-diabetic drug. When 15d-
PGJ2 was incubated with the PPARγ-LBD together with 6-
oxoDHA, only the 6-oxoDHA adduct, and not the 15d-PGJ2
adduct, was detected (Figure 6F). This result indicated that
15d-PGJ2 is less potent than several oxo-fatty acids in terms of
its reactivity with PPARγ. In the presence of GW9662, although
the GW9662 adduct was detected, the adduct ratio of
GW9662:6-oxoTHA 3 was 1:4, indicating that 6-oxoTHA 3
is a better substrate for PPARγ than the antagonist GW9662
(Figure 6G). A mixture of pioglitazone (pio) and the PPARγ-
LBD showed the same spectrum as that of apo-PPARγ-LBD,
indicating that pioglitazone was completely dissociated from
the PPARγ-LBD (Figure 6H). This result also indicates that

Figure 6. continued

oxoTHA 3. No peaks corresponding to a 15d-PGJ2 adduct appeared.
(G) GW9662 vs 6-oxoTHA 3. The ratio of GW9662 and 6-oxoTHA 3
adducts was about 1:4. (H) Pioglitazone alone. No peaks
corresponding to a pioglitazone adduct appeared; only peaks
corresponding to apo-PPARγ-LBD were observed. (I) Pioglitazone
vs 6-oxoTHA 3. Pioglitazone was incubated with PPARγ-LBD for 18
h, then 6-oxoTHA 3 was added. The spectrum was measured 1 min
after 6-oxoTHA 3 addition. No peaks corresponding to apo-PPARγ-
LBD appeared; only peaks corresponding to a 6-oxoTHA 3 adduct
were observed.

Figure 7. Structure−reactivity relationship of oxo-fatty acids. The
range of movement of the reaction center is restricted because of the
fixed carbonic acid and rigid conjugated moiety (yellow square). The
longer alkyl chain highlighted in pale blue ellipsoid makes the reaction
center flexible. Therefore, the conjugated olefin of 6-oxoTHA 3 has a
higher probability of being attacked by thiol.
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PPARγ was denatured at the time of detection. Finally, 6-
oxoTHA 3 was added to the PPARγ-LBD/pioglitazone
mixture, and the mixture was then loaded onto the ESI
instrument within 1 min (Figure 6I). A 6-oxoTHA 3 adduct
was observed instead of the apo-PPARγ-LBD. This result
suggests that pioglitazone in the LBP was rapidly replaced with
6-oxoTHA 3, and that the electrophilic 6-oxoTHA 3 had
completed the formation of a covalent bond with the PPARγ-
LBD within 1 min.
Using these approaches, we identified relationships between

structure and reactivity of oxo-fatty acids. We call this approach
a structure−reactivity relationship (SRR) study. This SRR
study is a new way to compare reactivities of biomolecules and
may help to probe kinetic parameters of covalent reactivity.

■ CONCLUSION

We have described the characteristics of covalent modification
of PPARγ by an oxo-fatty acid using X-ray crystal structure
analysis and ESI-mass spectrometry. The results suggest that
reactivity during covalent bond formation depends on the
structure of the fatty acids. Crystal structures showed that
covalently bound fatty acids caused PPARγ to adopt one of two
conformations, active and alternative, which may explain the
structural basis of partial agonism toward PPARγ. This study
contributes not only to our understanding of the physiological
roles of covalent modification of proteins but will help inform
the design of drugs that can alter covalent modification of target
proteins.

■ METHODS

General Experimental Procedures. TrHA and THA were
synthesized using docosahexaenoic acid (DHA) ethyl ester
according to a previously reported procedure.35 All other
reagents were purchased from commercial sources and were
used without further purification. Organic solvents were dried
by standard methods. All reactions were performed under a
nitrogen atmosphere. Silica gel (Silica Gel 60, spherical, Cica-
Reagent) was used for column chromatography, and precoated
silica gel 60F254 plates (0.25 mm, Merck) were used for TLC.
1H NMR (300 MHz) and 13C NMR (75 MHz) were recorded
in CDCl3 solution with TMS using a Bruker AV300 instrument
as an internal standard; the chemical shifts are given in d values.
Splitting patterns are indicated as follows: s, singlet; d, doublet;
t, triplet; q, quartet; quint, quintet; m, multiplet. High
resolution mass spectra were obtained using JEOL AccuTOF
LC-plus JMS-T100LP and JEOL MS700 spectrometers.
Chemical Synthesis. Experimental details and character-

ization data for the preparation of 5-oxoTrHA 2 and 6-oxoTHA
3 are provided in the Supporting Information.35,36

Transfection and Transactivation Assay. COS-7 cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 5% fetal bovine serum (FBS).
Cells were seeded on 24-well plates at a density of 2 × 104 per
well. After 24 h, a mixture containing 0.18 μg of a reporter
plasmid (MH100 × 4-TK-Luc),37 0.05 μg of a GAL4-hPPARγ
chimera expression plasmid (pSG5-GAL-hPPARγ),38 0.02 μg
of the internal control plasmid containing sea pansy luciferase
expression constructs (pRL-CMV), and 0.75 μL of the Trans
IT-LT1 reagent (Mirus, Madison, WI) were added to each
well.39 The MH100 × 4-TK-Luc reporter plasmid contains four
copies of the MH100 GAL4 binding site. After 8 h incubation,
the cells were treated with either the ligand or ethanol vehicle

and were cultured for 16 h. Cells in each well were harvested
with a cell lysis buffer, and their luciferase activity was measured
using a luciferase assay kit (Promega, WI, USA). Trans-
activation that was measured as luciferase activity was
normalized with the internal control. All experiments were
performed in triplicate.

Protein Expression and X-ray Crystallographic Anal-
ysis. The human PPARγ-ligand binding domain (LBD) (aa
204−477) was expressed using a modified pET30a vector with
an N-terminal 6×His tag cleavable by TEV protease. E. coli
Rosetta 2 (DE3) was freshly transformed with the plasmid and
grown in four flasks containing 0.75 L of 2×TY medium with
kanamycin 34 μg/mL and chloramphenicol 50 μg/mL at 37 °C
to an OD at 600 nm of 1.0. Protein synthesis was then induced
with 0.5 mM isopropyl-β-D-thiogalactopyranoside and the
cultures were further incubated at 20 °C for 18 h. Cells were
harvested and resuspended in 50 mL lysis buffer (20 mM Tris-
HCl pH 8, 100 mM NaCl, 10% v/v Glycerol, 1 mM TCEP, 1
mM AEBSF). Cells were lysed by sonication, and the soluble
fraction was isolated by centrifugation (18 000 × g for 20 min).
The supernatant was applied to Ni-NTA agarose (Qiagen,
Santa Clarita, CA) and the resin was thoroughly washed in
wash buffer (20 mM Tris-HCl pH 8, 100 mM NaCl, 1 mM
TCEP, 1 mM AEBSF). The human PPARγ-LBD was eluted
with elution buffer (20 mM Tris-HCl pH 8, 100 mM NaCl, 1
mM TCEP, 1 mM AEBSF, 250 mM imidazole). Turbo TEV
protease (25 mg, Accelagen) was added to the eluate and the
mixture was incubated at RT for 18 h. The cleaved protein was
concentrated in buffer (20 mM Tris-HCl pH 8, 1 mM TCEP, 1
mM AEBSF) and then passed through Ni-NTA agarose. The
flow-through was loaded onto a Resource Q (6 mL) column
(GE Healthcare) equilibrated with a 20 mM Tris-HCl buffer
(pH 7.4). The column was eluted with a NaCl gradient from 0
to 0.5 M (30 mL) in the starting buffer. The eluted fractions
were concentrated and loaded onto a Superdex 75 (24 mL) gel-
filtration column (GE Healthcare) equilibrated with 20 mM
Tris-HCl buffer (pH 7.4). The purified protein was
concentrated in buffer (20 mM Tris-HCl pH 8, 0.5 mM
EDTA) to a concentration of 8 mg/mL. Protein concentration
was estimated by measurement of UV absorbance at 280 nm.
All crystals were obtained by co-crystallization with the

relevant ligand. Co-crystallization was performed by vapor
diffusion at room temperature using a hanging drop that was
made by mixing 1 mL of protein solution (8 mg/mL, in 20 mM
Tris-HCl, 0.5 mM EDTA, pH 7.4) with 1 mM ligand in 1 mL
of reservoir solution (0.7 M sodium citrate, 0.1 M Tris, pH 8.0
or 7.4) under a nitrogen atmosphere. The mixture was stored in
the dark and prismatic crystals (100 to 200 μm) appeared after
a few days. Crystals were flash-cooled in liquid nitrogen after a
fast soaking in a cryoprotectant buffer (reservoir solution with
glycerol 20% v/v). Diffraction data sets were collected at the
beamline NW-12A of the Photon Factory Advanced Ring (PF-
AR) at the high energy accelerator research organization (KEK)
(Tsukuba, Japan). Reflections were recorded with an oscillation
range per image of 1.0°. Data were indexed, integrated, and
scaled using the MOSFLM40 and the CCP441 suite of
programs. The structures were solved using molecular
replacement and were rebuilt and refined using COOT,42

REFMAC,43 and CNS.44 At multiple stages, simulated
annealing omit maps and simulated annealing composite omit
maps (calculated in CNS v 1.2) were used to guide the
modeling of the ligand. The coordinate data for the structures
were deposited in the Protein Data Bank under the accession
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numbers 3X1H (PPARγ-LBD/5-oxoTrHA 2 complex), and
3X1I (PPARγ-LBD/6-oxoTHA 3 complex).
ESI-MASS Spectroscopy. The PPARγ-LBD (500 μL, 2.5

μM) was incubated in 200 μM ammonium acetate buffer with a
4-fold excess of ligand for 0−80 min. All ESI-TOF MS data
were collected in an Agilent MSD TOF system. The operating
conditions for MS analysis were as follows: positive ion mode,
capillary voltage (VCap) 3500 V, nebulizer gas 30 psig, drying
gas 5.0 L min−1, fragmentor 140 V, gas temperature 325 °C.
The samples were injected into the ion source using a syringe
pump (KD Scientific) and a 250 μL Hamilton syringe
connected to the ion probe with a 50 μm ID fused silica
capillary. The injection flow rate was 10 μL min−1. The
averaged MS spectra were deconvoluted using the Agilent
MassHunter Workstation Software v B.01.03.
Competitive Reactivity. Mixtures of two different ligands

(each 0.5 mM) in 6 μL EtOH were added to 2.5 μM PPARγ-
LBD in 200 μM ammonium acetate (294 μL, pH 7.0). The
reaction mixtures were kept on ice for 20 min and were then
loaded onto an ESI-TOF mass spectroscope at a flow rate of 0.2
mL/min using a syringe pump.
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