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PPARγ (peroxisome proliferator-activated receptor γ ) is a nuclear
receptor that is activated by natural lipid metabolites, including
15d-PGJ2 (15-deoxy-�12,14-prostaglandin J2). We previously re-
ported that several oxidized lipid metabolites covalently bind
to PPARγ through a Michael-addition to activate transcription.
To separate the ligand-entering (dock) and covalent-binding (lock)
steps in PPARγ activation, we investigated the binding kinetics
of 15d-PGJ2 to the PPARγ LBD (ligand-binding domain) by
stopped-flow spectroscopy. We analysed the spectral changes of
15d-PGJ2 by multi-wavelength global fitting based on a two-step
chemical reaction model, in which an intermediate state represents
the 15d-PGJ2–PPARγ complex without covalent binding. The

extracted spectrum of the intermediate state in wild-type PPARγ
was quite similar to the observed spectrum of 15d-PGJ2 in the
C285S mutant, which cannot be activated by 15d-PGJ2, indicating
that the complex remains in the inactive, intermediate state in the
mutant. Thus ‘lock’ rather than ‘dock’ is one of the critical steps
in PPARγ activation by 15d-PGJ2.
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(15d-PGJ2), Michael-addition, multi-wavelength global fitting
analysis, peroxisome proliferator-activated receptor γ (PPARγ ),
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INTRODUCTION

PPARγ (peroxisome proliferator-activated receptor γ ) is a nuclear
receptor that plays important roles in lipid homoeostasis, glucose
metabolism and macrophage functions [1–3]. PPARγ is activated
by several lipid metabolites, as well as their oxidized products
[4–8]. Among them, 15d-PGJ2 (15-deoxy-�12,14-prostaglandin
J2) was the first endogenous molecule shown to activate PPARγ
[4,5].

Generally, nuclear receptors are considered to undergo large
conformational rearrangements in the LBD (ligand-binding do-
main) upon ligand binding, which leads to the recruitment of co-
activators to regulate transcription [9,10]. This idea is supported
by determination of the crystal structure of nuclear receptor LBDs,
which revealed distinct conformations in the crystals. For ex-
ample, PPARα when bound with an antagonist shifts its helix 12 to
a repressed form which allows the binding of a corepressor peptide
[11]. By contrast, PPARα when bound with an agonist was shown
to be in an active form that allows for the binding of a co-activator
peptide [12]. As in the PPARγ crystal structures, the apo- and
agonist-bound forms have been solved but an antagonist-bound
form is not yet available. In the apo-form, PPARγ forms a homo-
dimer, and the individual protomers adopt two distinct conform-
ations: in one protomer, helix 12 is in an active position, while in the
other protomer, helix 12 is shifted slightly [13]. The active proto-
mer in the apo-form of PPARγ displayed few differences from
the active form bound to BRL49653, a synthetic ligand [13–15].
In addition, PPARγ complexed with partial agonists, GW0072
and AZ242, showed structures similar to the apo-form described
above [16,17]. As PPARγ apparently does not undergo a drastic

conformational change as shown in the crystal structures, another
view of PPARγ activation has been provided from studies using
NMR spectroscopy and fluorescence anisotropy [18,19]. In this
model, the PPARγ LBD displays its dynamic nature, and ligand-
binding stabilizes the receptor in a certain conformation. These
structural studies have basically compared two states of the recep-
tor when in the steady state. However, the precise dynamic events
that occur during the ligand-binding and receptor-activation pro-
cesses are unknown.

We previously reported that several oxidized fatty acids, which
commonly have an α,β-unsaturated ketone as a core structural
moiety, bind covalently to a cysteine residue in the PPARγ LBD,
and that this covalent binding was required for PPARγ activation
by these ligands [20]. The irreversible binding of the ligands may
help the low-affinity ligands to exert their activities by a cumu-
lative effect, even when the ligand concentrations are not high. On
the other hand, the chemical reactions and/or structural changes
of the ligands associated with covalent binding may have a passive
role in the PPARγ activation process. In the present study, we
thoroughly investigated the functional significance of the co-
valent-binding of the ligands. To capture the events occurring
in the ligand-binding processes, we constructed a novel stopped-
flow absorption spectrophotometric system with improvements to
decrease photo-bleaching of the ligand. Using this system, we ob-
served a two-step reaction that employed a ‘dock and lock’ mech-
anism of ligand binding, in which 15d-PGJ2 first enters into the
ligand-binding pocket (dock), and then the covalent binding of
the ligand occurs at a relatively low rate (lock). Mutation analyses
revealed that the first (docking) step, from the free to the non-
covalently bound form, was not sufficient to activate PPARγ , but
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Figure 1 Schematic drawing of the experimental apparatus used in this study

(A) The main controller generates a start trigger, by which the two samples are immediately mixed. The main controller also generates pulses for sampling signals from the photo-diode array. The
same pulses are transmitted to a pulse generator, which controls a shutter. The pulse generator is triggered by the onset of each pulse, and generates pulses with a specific delay and on-time.
The shutter opens during the on-time of each pulse. By this system, the light exposure of the samples is minimized, and the photo-bleaching of the samples can be prevented. (B) Monochromatic
traces at 314 nm were recorded with (+shutter) or without (−shutter) the shutter. 15d-PGJ2 (10 µM) and 59 µM PPARγ LBD protein were mixed at a 1:1 ratio and then spectra were recorded. To
simplify the traces, absorbance of 15d-PGJ2 at 314 nm only is shown.

the second (locking) step, from the non-covalent to the covalent
bound form, was the critical step for activation.

EXPERIMENTAL

Chemicals

15d-PGJ2 was obtained from CAYMAN Chemical Co. All other
chemicals were obtained from Sigma–Aldrich Japan or Wako
Pure Chemical Industries, Ltd.

Protein preparation

The His-tagged PPARγ LBD (aa 195–477) was expressed and
purified from Escherichia coli as described previously [20]. We
omitted the reducing agent from all buffers. The C285S mutation
was introduced into pET28-PPARγ as described previously
[20].

Steady state spectroscopic measurements

15d-PGJ2 was mixed with the PPARγ LBD for 20 min and the
UV spectrum was measured with a DU640 spectrophotometer
(Beckman).

Stopped-flow system for spectroscopic recording

To protect the ligand from photo-bleaching, we developed a sys-
tem for spectroscopic recording with a stopped-flow apparatus
(Figure 1A). The system consists of a stopped-flow apparatus and
a spectrometer, RSP-1000 (UNISOKU, Co. Ltd.), a pulse gener-
ator, DG535 (Stanford Research Systems, Inc. CA, U.S.A.), a
high-speed shutter, LS6T2 and its controller, VMM-D3 (Vincent
Associates, NY, U.S.A.).

Multi-wavelength global fitting of spectral kinetics by SPECTRAC

The one-step reaction model (A + B → D) was defined as follows,

NR + ligand → NR:ligand (rate constant = k)

where NR and NR:ligand refer to a nuclear receptor and a
ligand-conjugated nuclear receptor respectively. The initial con-

centrations of NR and a ligand are defined as [NR] = A0,
[ligand] = B0. The concentrations of NR, a ligand and NR:ligand
at a certain time point are defined as [NR] = A(t), [ligand] = B(t)
and [NR:ligand] = D(t) respectively. The reaction speed is de-
scribed by the equation:

dD(t)

dt
= k A(t)B(t) (1)

A(t) and B(t) are calculated as A0 − D(t) and B0 − D(t), respect-
ively. Then equation (1) can be converted to:

dD(t)

dt
= k[A0 − D(t)][B0 − D(t)] (2)

If A0 is equal to B0, then (2) can be solved in terms of D(t):

D(t) = A0
2kt

1 + A0kt
(when A0 = B0) (3)

If A0 is not equal to B0, then (2) can be solved in terms of D(t):

D(t) = A0 B0[1 − ekt(A0−B0)]

B0 − A0ekt(A0−B0)
(when A0 �= B0) (4)

In addition, the absorbance observed (Obs) at a certain wave-
length (λ) at certain time point (t) can be defined by the fol-
lowing:

Obs(λ) = A(t)εA(λ) + B(t)εB(λ) + D(t)εD(λ) (5)

where εA(λ), εB(λ), and εD(λ) represent the molar absorption
coefficients of each molecule. We obtained the k value, εA(λ),
εB(λ), and εD(λ) after nonlinear least-square fittings of the data
using equations (3), (4) and (5) by quasi-Newton methods. The
two-step reaction model (A + B ↔ C → D) is defined as follows:

Step 1: NR + ligand ↔ NR/ligand (association constant = Ka)
Step 2: NR/ligand → NR:ligand (rate constant = k)

where NR/ligand means a non-covalent complex between a
nuclear receptor and a ligand. The initial concentrations of NR and
ligand are defined as [NR] = A0, [ligand] = B0. The concentrations
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of NR, ligand, NR/ligand and NR:ligand at a certain time point are
defined as [NR] = A(t), [ligand] = B(t), [NR/ligand] = C(t), and
[NR:ligand] = D(t), respectively. Assuming a rapid equilibrium,
the reaction speed is described by the following equation:

Ka = C(t)

A(t)B(t)
(6)

Here, A(t) and B(t) are obtained by A0 − C(t) − D(t) and B0 −
C(t) − D(t), respectively. Then, equation (6) can be changed to:

Ka = C(t)

[A0 − C(t) − D(t)][B0 − C(t) − D(t)]
(7)

Equation (7) can be changed to:

C(t) = Ka[A0 − C(t) − D(t)][B0 − C(t) − D(t)] (8)

Equation (8) can be solved in terms of C(t):

C(t)

= {[A0 + B0 −2D(t)]Ka +1}+−
√

K 2
a (A0 − B0)2 +2Ka[A0 + B0 −2D(t)]+1

2Ka

(9)

The rate of the production of [NR:ligand] can be expressed by the
following equation:

dD(t)

dt
= kC(t) (10)

The differential equation in terms of the rate of the production of
D(t) can be obtained from equations (9) and (10). Here, D(0) = 0.
Then, the differential equation can be solved by the Runge–Kutta
method. C(t) is obtained from equation (9), using the obtained
D(t). A(t) and B(t) are calculated by A0 − C(t) − D(t) and B0 −
C(t) − D(t) respectively. In addition, the absorbance observed at
a certain wavelength (λ) at a certain time point (t) can be defined
by following equation:

Obs(λ) = A(t)εA(λ) + B(t)εB(λ) + C(t)εC(λ) + D(t)εD(λ) (11)

Then, we obtain the Ka, k, εA(λ), εB(λ), εC(λ), and εD(λ) values
after nonlinear least-squares fitting of the data by quasi-Newton
methods.

Trypsin sensitivity assay

Purified PPARγ proteins (typically 0.1 µg/10 µl of reaction vol-
ume) were incubated with 10 µM ligands for 20 min at room
temperature. Then 30 ng of trypsin was added to the reaction.
Every 10 min, an aliquot of the reaction mixture was removed,
and the reaction was stopped by adding SDS/PAGE sample
buffer, and boiling. Samples were separated by SDS/PAGE and
visualized by silver staining. The residual PPARγ proteins were
quantified using NIH (National Institutes of Health) Image soft-
ware version 1.63.

Cell culture and luciferase assay

Cell culture, transient transfection and luciferase assay were de-
scribed previously [20]. Notably, we used a GAL4 DNA-binding
domain (DBD)-fused PPARγ LBD as a model system of PPARγ
activation by ligand binding.

RESULTS

Overview of the spectroscopic recording system

When we recorded the spectrum of 15d-PGJ2 using a conventional
stopped-flow system, we encountered the problem that 15d-PGJ2

Figure 2 Time-dependent changes of spectra and monochromatic analysis
of the binding kinetics

(A) Spectral changes of 15d-PGJ2 after mixing with the PPARγ LBD. Arrows indicate the spectral
changes of the mixture (upper panel). Traces at every 2.4 s are shown. A spectrum of PPARγ

alone is also superimposed (upper panel, thick grey line) on to the trace. Net spectral changes
of 15d-PGJ2 were obtained by subtracting the spectrum of PPARγ LBD from all spectra of the
mixture (lower panel). Peak absorbance of 15d-PGJ2 was shifted from 320 to 300 nm. Maximum
change was observed at 292 and 329 nm. (B) Time course of absorbance changes at 292 and
329 nm which showed maximum changes. (C) Concentration dependency of relaxation time at
292 and 329 nm. The traces at 292 and 329 nm were fitted to a single exponential equation,
f(t ) = A 0 + A 1e−t/τ (inset). A 0 is the value at t = 0, A 1 means the magnitude of a change, and
τ is the relaxation time of a change. The values of τ obtained with four different concentrations
of PPARγ LBD are plotted. The concentration of 15d-PGJ2 is fixed at 5 µM.

was photo-bleached during recording (Figure 1B). This occurred
because the sample was continuously exposed to light even when
a spectrum was not being recorded. Therefore we developed an
improved system, in which the light was exposed to the sample
only when the spectrum was being recorded (Figure 1A). The
main controller generates a start trigger and sampling pulses, and
thus the system is basically the same as a conventional stopped-
flow apparatus. The major difference is the manipulation of the
light-exposure time and the sampling time. Using a pulse gener-
ator, a high-speed shutter placed between the light source and
the sample cuvette was opened with a specific time-delay relative
to the onset of each sampling pulse. The sampling time in this
system was determined by the opening time of the shutter, and
thus the total light exposure was greatly decreased. Using this sys-
tem, we have successfully prevented the sample photo-bleaching
(Figure 1B).

Monochromatic analysis of the binding kinetics

We analysed the binding kinetics using monochromatic traces
extracted from the spectra. By mixing 15d-PGJ2 (final concentra-
tion 5 µM) with the PPARγ LBD (final concentration 29.5 µM),
spectra were measured every 1.2 s, and the spectra at every 2.4 s
were superimposed (Figure 2A, upper panel, black lines). The
spectrum of PPARγ without 15d-PGJ2 was also recorded at a
single time-point (Figure 2A, upper panel, thick grey line). The
PPARγ spectrum was subtracted from all spectra (Figure 2A,
lower panel). The peak absorbance of 15d-PGJ2 was shifted from
320 to 300 nm. Maximum upward and downward shifts of the
spectra were observed at 329 and 292 nm respectively (Figure 2A,
arrows). Time-dependent changes at 329 and 292 nm were fit by
the single exponential equation, represented as f (t) = A0 + A1e−t/τ ,
where f is absorbance, A0 is the value at t = 0, A1 is the magni-
tude of the change, and τ is the relaxation time of the
change. We calculated the relaxation times with four different
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Figure 3 Schematic drawing of kinetics and the SPECTRAC method

The stopped-flow data consist of kinetic and spectral information, which are both simultaneously
analysed by SPECTRAC. Before starting the analysis, the chemical reaction must be defined
(lower left), in which the initial binding constant and each spectrum can be arbitrary (bottom
left and right graphs). Initial concentrations of samples ([A] and [B]) must be defined. First, the
differential equation based on the reaction kinetics is solved by the Lunge–Kutta method, which
gives the concentration of each molecule at a certain time ([A], [B], [C] and [D] in the third left
graph). Using the obtained concentration and spectra of each molecule, the expected spectrum
at a specific time can be calculated (third right graph). At the same time, the expected ki-
netics curve can be calculated (grey line in second left graph). Nonlinear least-squares fitting of
the data with the spectra obtained by the above procedures improves the dissociation and rate
constants (Kd and k ) and each spectrum. At the end, kinetic parameters and extracted spectra
can be obtained. The error is represented as the root mean square deviation (R.M.S.D.) of the
entire spectra.

concentrations of PPARγ (Figure 2C), which showed the con-
centration dependence at each wavelength. However, the relax-
ation time obtained at 292 nm was significantly larger than that
at 329 nm, indicating that the reaction was not a simple two-state
transition. Using 2.9 µM PPARγ , the change in the signal was
minimal, and the signal-to-noise ratio decreased. As a result, we
only observed the decrease in the 329 nm peak, and did not ob-
serve the appearance of the 292 nm peak. Therefore we proposed
that this ligand-binding reaction is mediated by an intermediate
state.

Multi-wavelength global fitting analysis of the stopped-flow
spectroscopy data

Since we lacked any information about the spectrum of the inter-
mediate form, we developed an analysis tool (named SPECTRAC,
spectral extractor) to obtain the spectra and the binding con-
stants by analysing multi-wavelength kinetics (Figure 3). Once
the chemical reaction and the initial sample concentrations are de-
fined, SPECTRAC simulates the expected concentration changes

Figure 4 Spectral analysis of the binding kinetics by multi-wavelength
global fitting, based on a two-step model

An example of the result of SPECTRAC analysis of 15d-PGJ2 binding kinetics to PPARγ LBD.
The chemical reaction is represented as A + B ↔ C → D, where the dissociation constant
of the first step is Kd, and the rate constant of the second step is k . In this figure, PGJ2 indicates
15d-PGJ2. PPARγ /PGJ2 means PPARγ LBD non-covalently bound by 15d-PGJ2. We used
molar absorption coefficients to represent the spectrum of each molecule, because the spectrum
shown as absorbance changes depending on a time. The spectra of 15d-PGJ2, PPARγ /PGJ2 and
PPARγ :PGJ2 are indicated by dashed line (line B, peak absorbance at 320 nm), thick line (line C,
peak absorbance at 315 nm), and dotted line (line D, peak absorbance at 300 nm), respectively.
The dissociation constant (K d ) of the first step, 0.245 +− 0.041 nM, and the rate constant (k )
of the second step, 7.22 × 102 s−1, were calculated from five independent experiments. The
root mean square deviation (R.M.S.D.) of the entire spectra was 0.001377 in this example.

by solving the differential equation based on the chemical re-
action. In this analysis, the binding constant of the reaction and
spectra for 15d-PGJ2, PPARγ and the product are arbitrary at the
beginning. Using the calculated concentrations and the spectra
of the molecules, SPECTRAC generates the spectral changes.
Then the binding-constant of the reaction and the spectra for
15d-PGJ2, PPARγ and the complexes are improved by nonlinear
least-squares fitting of the real data with the calculated data.
When we defined a one-step reaction model, in which 15d-
PGJ2 enters the PPARγ ligand-binding pocket and simultaneously
reacts with the cysteine residue of the PPARγ LBD, we obtained
spectra of PPARγ , 15d-PGJ2, and the covalently bound 15d-
PGJ2–PPARγ complex similar to those observed in the steady
state experiments (results not shown). The rate constant (1.6 ×
103 s−1 · M−1) of the reaction calculated by SPECTRAC was simi-
lar to that calculated from the blocking rate (7.9 × 102 s−1 · M−1)
of the free cysteine residue in the PPARγ LBD, detected by
rhodamine-maleimide reactivity using the same reaction model
[20]. These two assays, assessing the modification of either the
ligand or the receptor, yielded similar reaction-rate constants,
indicating the accuracy of this analysis.

Details of the ligand-binding kinetics

We defined a two-step reaction model, in which 15d-PGJ2 first
binds non-covalently to PPARγ , and then a Michael addition pro-
duces the final complex (Figure 4, upper panel). The spectrum and
theconcentrationchangeofeachmoleculewereextracted from60 s
duration data analysis by SPECTRAC (Figure 4). We used molar
absorption coefficients to represent the spectrum of each mol-
ecule, because a spectrum shown as absorbance changes depend-
ing on a time. The extracted spectra revealed that the peak ab-
sorbance of 15d-PGJ2 at 320 nm (Figure 4; lower left panel, line B)
was first reduced and shifted slightly to a shorter wavelength at
315 nm (Figure 4; lower left panel, line C), and then it shifted to
the final peak at 300 nm (Figure 4; lower left panel, line D). The
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concentrations of each molecule represent the rapid transition
of the first step, followed by the slow covalent-binding step
(Figure 4, lower right panel). Using the data from four independent
experiments with various PPARγ concentrations, we calculated
the Kd and k values as 0.245 +− 0.041 nM and (7.22 +− 1.00) ×
102 s−1 (mean +− S.E.M. for n = 5) respectively. Although we
hypothesized that the first step would achieve equilibrium rapidly,
the dissociation rate at a very early stage tends to be under-
estimated, because a vast empty pocket is available for ligand
binding without displacement. As a result, the apparent dissoci-
ation constant may be low.

The intermediate state is stalled in a C285S PPARγ mutant

To confirm that the intermediate state was actually derived from
the non-covalently bound PPARγ –15d-PGJ2 complex, we used
a C285S PPARγ mutant that showed no activation by 15d-PGJ2

in cells [20]. The steady-state absorbance spectrum of 15d-PGJ2 in
the absence or in the presence of WT (wild-type) or C285S pro-
tein was recorded for 30 min after mixing. 15d-PGJ2 alone showed
a peak absorbance at 320 nm (Figure 5A, fine dashed line). By
mixing it with the WT PPARγ , the spectrum of 15d-PGJ2 dis-
played a blue-shifted peak absorbance at 300 nm in the steady state
reaction (Figure 5A, dashed line). By contrast, 15d-PGJ2 mixed
with the recombinant C285S PPARγ protein showed a smaller
blue-shift in the peak absorbance at 315 nm (Figure 5A, thick
line). The shifted peak absorbance of 15d-PGJ2 on addition of the
C285S mutant was similar to that observed for the intermediate
state in the WT stopped-flow experiment (Figure 4, line C). To
confirm that 15d-PGJ2 actually binds to the C285S mutant, we
next measured the dissociation constant of 15d-PGJ2 bound to the
C285S mutant in the steady state. To separate the spectra derived
from the bound and free 15d-PGJ2, we used SPECTRAC without
a kinetic analysis, in which the dissociation constant (Kd) and the
spectra of PPARγ and of bound and free 15d-PGJ2 were calculated
by nonlinear least-squares fitting with the data (Figure 3, right-
panel). Increasing the amounts of the proteins produced more 15d-
PGJ2–PPARγ complexes in a concentration-dependent manner
(Figure 5B). The Kd value obtained from this steady-state experi-
ment using the C285S mutant was 3.05 +− 0.21 µM (n = 5).

Furthermore, to confirm that the spectral changes of 15d-PGJ2

observed above were not induced by a non-specific effect from
the C285S mutant, we analysed the changes that occurred on the
receptor in the presence of 15d-PGJ2. It is known that the LBDs
of nuclear receptors undergo conformational and/or dynamic
changes, resulting in a partial resistance to trypsin digestion [21].
When incubated with 15d-PGJ2 or BRL49653, the WT PPARγ
protein indeed showed partial resistance to trypsin digestion (Fig-
ure 5C, left panel). In the C285S mutant, the resistance to trypsin
digestion by ligand addition was more obvious (Figure 5C, right
panel). In both the WT and C285S mutant, 15d-PGJ2 induced a
similar effect on the receptor proteins in terms of trypsin sensiti-
vity. This result indicates that 15d-PGJ2 binds to the C285S
mutant. On the other hand, we showed that the C285S mutation
totally abolished the activation of a GAL4 DBD-fused-PPARγ
LBD by 15d-PGJ2 as determined by a culture cell system (Fig-
ure 5D). Then we concluded that the complex between the C285S
mutant and 15d-PGJ2 corresponded to the intermediate state ob-
served in the WT complex (Figure 5E).

DISCUSSION

To understand the role of covalent binding in the 15d-PGJ2-
induced PPARγ activation, we analysed the relationship between

Figure 5 Capturing the intermediate state of the C285S PPARγ mutant

(A) Spectral changes of 15d-PGJ2 in the presence of the WT or C285S mutant PPARγ LBD. The
spectra represent 20 µM C285S protein (thin line), 10 µM 15d-PGJ2 (fine dashed line), the mix-
ture of 10 µM 15d-PGJ2 and 25 µM WT protein (dashed line), and the mixture of 10 µM 15d-
PGJ2 and 20 µM C285S protein (thick line). Arrows indicate the peak absorbance of 15d-PGJ2

alone (320 nm), 15d-PGJ2 after mixing with the C285S protein (315 nm) and 15d-PGJ2 mixed
with the WT protein (300 nm). (B) Dose-dependent formation of the 15d-PGJ2–C285S complex.
Different amounts of the C285S protein were incubated with 15 µM 15d-PGJ2, and the con-
centration of the complex was calculated by SPECTRAC. A Kd value of 3.05 +− 0.21 µM was
obtained (n = 5). (C) Ligand-induced partial resistance to trypsin digestion in the WT and
C285S proteins (left and right panels respectively). The WT and C285S proteins were incubated
with or without indicated ligands (10 µM) and then digested with trypsin. At the indicated time
points, the reaction was terminated and the residual proteins were visualized by silver staining.
The density of the residual protein was quantified and plotted as the percentage of the undigested
protein. (D) Activity of WT and C285S mutant in culture cells. COS-7 cells were transiently
transfected with the reporter vector (pUASG-luc), internal control vector (pEYFP-N1) and the
GAL4 DBD-fused PPARγ LBD vector. After transfection, cells were treated with indicated ligands
(10 µM), and 24 h later, luciferase activity was determined. Yellow fluorescent protein was used
as an internal control to calculate transfection efficiency. (E) Summary of the relationship
between the binding kinetics and activity. 15d-PGJ2 first binds non-covalently to the PPARγ ,
and subsequently the Michael addition between them leads to the activation of PPARγ . By
contrast, 15d-PGJ2 binds non-covalently to the C285S mutant, but the complex stays in the
inactive intermediate state. Thus this covalent binding is a critical step for PPARγ activation by
15d-PGJ2.

binding kinetics and activity. In previous reports, the PPARγ
antagonists, GW9662 and T0070907, and a PPARγ agonist, L-
764406, were shown to bind covalently to the cysteine residue
of the PPARγ LBD [22–24]. The cysteine residue is required for
these compounds to bind to the receptor [23,24], suggesting that
covalent bond formation helps these synthetic ligands to bind to
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the receptor. In a similar way, it is also conceivable that the coval-
ent binding of 15d-PGJ2 may exert a cumulative effect through
irreversible activation. On the other hand, we observed that 15d-
PGJ2 can bind to the C285S PPARγ mutant non-covalently with-
out receptor activation (Figure 5), indicating that covalent binding
is required for the PPARγ activation, rather than for assisting
in the ligand binding. We noticed that the Kd value of 15d-PGJ2

binding to the C285S mutant (Figure 5B) was similar to the EC50 of
15d-PGJ2 (2 µM) in PPARγ -mediated transcription assays using
cultured cells [4,5]. The second covalent-binding step itself in WT
PPARγ is a concentration-independent reaction; thus the EC50

may reflect the Kd value of the docking step. The reason why the
synthetic ligands require the cysteine residue for ligand binding,
whereas 15d-PGJ2 requires it for receptor activation rather than
ligand binding, is currently unknown; however, it might be derived
from the difference in their chemical reactions (the nucleophilic
aromatic substitution of a chlorine versus the Michael addition
reaction of an α,β-unsaturated ketone) or the difference in their
resultant structures.

What is happening at the covalent-binding step? In addition
to the static structural information from crystals, the dynamics
of ligand binding to the PPARγ LBD have been determined by
NMR [18] and fluorescent anisotropy using fluorescently-labelled
PPARγ [19]. These studies basically measured the events that
occurred on the receptor as a result of their ligands in a steady state,
and represented another view of the receptor activation mech-
anism, in which a dynamic ensemble of conformations shift in
response to ligand binding. On the other hand, we measured the
spectral changes that occurred on the ligand after binding to the re-
ceptor, and revealed that the intermediate state, where 15d-PGJ2

associates with but does not bind covalently to the receptor, is in-
active. As far as we know, this is the first presentation of an
intermediate state in a nuclear-receptor–ligand interaction. Our
data for the kinetics of the ligand complement the previous results
regarding the structure and dynamics of the receptor. That is,
the dynamic movement of the unbound receptor might allow the
ligand to migrate into the deep ligand-binding pocket. When
the ligand adapts to a certain conformation in the ligand-binding
pocket, a Michael addition may occur. Then the covalent bind-
ing leads to receptor activation. It will be interesting in the future to
determine whether covalent binding causes the receptor to change
its conformation or fixes its dynamic movement.

It is tempting to speculate that a functional role for covalent
binding is to decrease the signal-to-noise ratio in receptor activ-
ation. That is, the ligand-binding pocket of PPARγ is large enough
to accommodate a variety of lipid metabolites with low specifi-
cities and affinities [25–27], and thus, PPARγ has many oppor-
tunities to encounter pseudo-ligands. To discriminate true ligands
from the pseudo-ligands, PPARγ needs to recognize the differ-
ence between them. It is generally considered that ligand-receptor
specificity is achieved by a ‘key and keyhole’ mechanism, involv-
ing a number of electrostatic contacts and hydrophobic inter-
actions between them. In fact, synthetic PPARγ agonists seem
to be rigid and to obtain their selectivity by their specific
contacts with the receptor [12]. By contrast, lipid metabolites
are quite flexible, and their positions in the large ligand-binding
pocket cannot be fixed, as seen in the crystal structure of
PPARδ LBD bound with eicosapentaenoic acid [25]. The ‘dock
and lock’ mechanism proposed here may explain how PPARγ
copes with the low selectivities and affinities of such flexible
ligands.
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