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Peroxisome proliferator—activated receptor a (PPARa) is a
transcriptional regulator of lipid metabolism. GW7647 is a
potent PPAR« agonist that must reach the nucleus to activate
this receptor. In cells expressing human fatty acid— binding pro-
tein 1 (FABP1), GW7647 treatment increases FABP1’s nuclear
localization and potentiates GW7647-mediated PPAR« activa-
tion; GW7647 is less effective in cells that do not express FABP1.
To elucidate the underlying mechanism, here we substituted
residues in FABP1 known to dictate lipid signaling by other
intracellular lipid-binding proteins. Substitutions of Lys-20 and
Lys-31 to Ala in the FABP1 helical cap affected neither its
nuclear localization nor PPAR« activation. In contrast, Ala sub-
stitution of Lys-57, Glu-77, and Lys-96, located in the loops
adjacent to the ligand-binding portal region, abolished both
FABP1 nuclear localization and GW7647-induced PPAR acti-
vation but had little effect on GW7647-FABP1 binding affinity.
Using solution NMR spectroscopy, we determined the WT
FABP1 structure and analyzed the dynamics in the apo and
GW7647-bound structures of both the WT and the K57A/
E77A/K96A triple mutant. We found that GW7647 binding
causes little change in the FABP1 backbone, but solvent exposes
several residues in the loops around the portal region, including
Lys-57, Glu-77, and Lys-96. These residues also become more
solvent-exposed upon binding of FABP1 with the endoge-
nous PPARa agonist oleic acid. Together with previous

This work was supported in part by funding from Les Laboratories Servier and
by ARC Grants DP120102930 and DP150102587. P.G., R.J.W., and L.V.
were employed by Les Laboratories Servier,a commercial company, at the
time this study was conducted.

This article contains Figs. S1-S13, Tables S1-S2, and supporting Movie S1.

The atomic coordinates and structure factors (codes 6D06, 6D0O7, and 6DRG)
have been deposited in the Protein Data Bank (http://wwpdb.org/).

The chemical shift assignments have been deposited in BMIRB with accession
numbers 30477, 30478, 27509, and 27510.

" Supported by Monash Graduate Scholarship (MGS) and Monash Interna-
tional Postgraduate Research Scholarship (MIPRS).

2 Both authors contributed equally to this work.

3 Supported by National Health and Medical Research Council of Australia RD
Wright Fellowship 1061687. To whom correspondence may be addressed.
Tel.: 61-3-99039094; Fax: 61-3-99039582; E-mail: michelle.halls@monash.edu.

“To whom correspondence may be addressed. Tel.: 61-3-99039649; Fax:
61-3-99039582; E-mail: chris.porter@monash.edu.

® To whom correspondence may be addressed. Tel.: 61-399039540; Fax: 61-3-
99039582; E-mail: martin.scanlon@monash.edu.

3720 J Biol. Chem. (2019) 294(10) 37203734

observations, our findings suggest that GW7647 binding sta-
bilizes a FABP1 conformation that promotes its interaction
with PPARa. We conclude that full PPAR« agonist activity of
GW7647 requires FABP1-dependent transport and nuclear
localization processes.

Intracellular lipid-binding proteins (iLBPs)® are a family of
cytosolic proteins that transport poorly the water-soluble
ligands, such as long-chain fatty acids (LCFAs) and vitamins, to
sites where they exert their functional effects within the cell.
Members of the iLBP family include the fatty acid—binding
proteins (FABPs) that facilitate the uptake and utilization of
LCFAs by acting as molecular transporters to direct the LCFAs
to various target organelles (1), as well as the cellular retinoic
acid—binding proteins (CRABPs), cellular retinol-binding
proteins, and ileal bile acid—binding protein. Although their
primary amino acid sequences are not conserved, for example
the nine human FABPs show only 20-70% similarity, they
retain highly-conserved tertiary structures (2). This common
structure includes 10 3-strands that form a ligand-binding cav-
ity and two short a-helices that form a helix-turn-helix motif,
which is presumed to act as a portal for ligand entry and exit (3).

ILBPs are expressed in a tissue-specific fashion and have dis-
tinct ligand-binding preferences. They are able to bind to a
range of LCFAs and other lipophilic molecules, including some
drugs (4). In this way, differential iLBP expression and ligand
binding preference can precisely influence the distribution and
activity of their ligands in various tissues (5).

More recently, it has become clear that in addition to their
role in solubilization and transport of poorly water-soluble
ligands, iLBPs play important roles in dictating the biological
activities of their ligands. For example, adipocyte FABP (FABP4)
binds to agonists of peroxisome proliferator—activated receptor

® The abbreviations used are: iLBP, intracellular lipid-binding protein; LCFA,
long-chain fatty acid; FABP, fatty acid- binding protein; CRABP, cellular ret-
inoic acid- binding protein; RMSD, root mean square deviation; PDB, Pro-
tein Data Bank; RA, retinoic acid; RAR, retinoic acid receptor; ANOVA, anal-
ysis of variance; PPAR, peroxisome proliferator-activated receptor; ITC,
isothermal titration microcalorimetry; NLS, nuclear localization signal; OA,
oleic acid; HSQC, heteronuclear single quantum coherence; CSP, chemical
shift perturbation.
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Structural basis for the role of FABP1 in PPAR agonism

v (PPARY) to selectively mediate their nuclear transport,
thereby allowing enhanced receptor activation (6, 7). The abil-
ity of FABPs to regulate biological signaling pathways in this
manner is both ligand- and receptor-specific. For example,
whereas FABP4 and FABP5 can both bind to a range of agonists
of the different PPAR subtypes (PPARe, -y, and -B/5), they
appear to modulate PPAR activity only for certain ligands (8).
Thus, FABP4 appears to selectively potentiate the activity of
PPARYy agonists, whereas FABP5 potentiates the activity of
PPARp/& agonists. Therefore, FABP-ligand binding is not suf-
ficient to dictate PPAR activation.

Some of the mechanisms that underpin these observations
have been elucidated. In the case of FABP4 and FABP5, struc-
tural studies have revealed a basis for receptor selectivity (6, 9).
Binding of PPARYy agonists mediates dimerization of FABP4
that stabilizes a conformational nuclear localization signal
(NLS) in the helix-turn-helix motif and thereby enhances
importin-meditated nuclear transport (7). Nonactivating
ligands can also bind to FABP4 but do not stabilize the NLS, and
therefore, they do not cause nuclear localization or receptor
activation. FABP5 is also able to form an NLS upon binding of
certain ligands, including agonists of PPARB/6 (9). However, in
this case NLS formation does not involve dimerization of
FABP5, but rather ligand-binding information is relayed to the
NLS residues via an “activation loop” in the portal region, which
is located between two of the B-strands (Bp) (9).

The residues that form the conformational NLS in FABP4
and FABPS5 are not conserved across the iLBP superfamily, and
the importin-mediated nuclear transport mechanism is not
common to all iLBPs. Furthermore, for certain iLBPs, where the
conformational NLS-forming residues are conserved, translo-
cation to the nucleus does not occur upon ligand binding. For
example, CRABP-I and CRABP-II share 74% sequence identity,
and each contain the NLS-forming residues in their highly con-
served helix-turn-helix motif, but only CRABP-II is translo-
cated to the nucleus upon binding to retinoic acid (RA) (10).
However, the mechanism by which CRABP-II enhances the
ability of RA to activate the retinoic acid receptor (RAR)
appears to involve more than the conformational NLS residues.
Thus, CRABP-II, but not CRABP-], is able to bind directly to
RAR, thereby “channeling” RA to its receptor and enhancing
transcriptional activity (11). Three residues in the loops sur-
rounding the portal region of CRABP-II are responsible for this
channeling activity (12). Substitution of these three residues
into the corresponding sequence of CRABP-I transfers the abil-
ity to channel RA to RAR and enhances transcriptional activity
in cellular assays. Conversely, reverse substitution of the three
residues from CRABP-I into CRABP-II renders CRABP-II
unable to channel RA to RAR (12).

Other iLBPs also have specific effects on nuclear hormone
receptor signaling, although the mechanism by which they do
so has not been resolved. For example, FABP1 can bind to the
PPARa agonists GW7647 and fenofibrate; however, it only pro-
motes PPAR« activation in the presence of GW7647 and not
fenofibrate (13). Treatment of cells with GW7647 also results in
an increase in nuclear FRET between FABP1 and PPAR«, con-
sistent with co-localization of the two proteins in the presence
of GW7647 (13). In this case, nuclear localization of FABP1
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appears to depend on a decreased rate of nuclear export, rather
than the importin-mediated increase in nuclear import
observed for FABP4, FABP5, and CRABP-II (9, 10, 13). Con-
sistent with this, the residues that form the conformational NLS
in FABP4, FABP5, and CRABP-II are not conserved in FABP1,
and importin binding does not play a role in GW7647-mediated
nuclear localization of FABP1 (13). This indicates that a differ-
ent mechanism is responsible for nuclear localization of FABP1
in the presence of GW7647.

Several structures of FABP1 from different species have been
reported previously, both in the absence and presence of differ-
ent LCFA (14-17). These structures reveal that FABP1 pos-
sesses a larger cavity than other iLBPs (17), and this has been
postulated to explain the ability of FABP1 to bind a diverse
range of different ligands. In addition, the backbone dynamics
of FABP1 have been evaluated in the absence and presence of
oleic acid (OA) (14). These studies reveal pronounced back-
bone flexibility in the residues around the portal region in both
the apo and the ligand-bound protein, and it was hypothesized
that these dynamics are essential to enable binding of the bulky
ligands in the cavity of FABP1.

Structural and functional data have also been reported for a
common variant of FABP1 where Thr-94 is mutated to Ala (18,
19). Thr-94 is located adjacent to one of the loops that form the
ligand-binding portal. These data reveal that the T94A muta-
tion does not elicit major changes in the backbone structure,
dynamics, and ligand binding preferences of FABP1. However,
the T94A mutation was found to diminish the capacity of
FABP1 to stimulate PPARa-mediated transcription in cultured
hepatocytes (19).

Based on the available structural data for FABP1 and the
ligand binding and functional data for PPAR« agonists, we
hypothesized that PPAR«a-activating ligands such as GW7647
stabilize a local conformational change in FABP1, which favors
its association with PPARe, thereby decreasing export from the
nucleus. To evaluate this hypothesis, we made a series of muta-
tions in FABPI. First, we mutated the basic residues (Lys-20
and Lys-31) in the helix-turn-helix motif of FABP1, and we
found that this had no effect on either nuclear accumulation of
FABP1 or PPARw transactivation in the presence of GW7647.
Next, we mutated charged residues in the loops surrounding
the portal region of FABP1 (Lys-57, Glu-77, and Lys-96). Muta-
tion of these three residues to Ala had little effect on the affinity
or mode of GW7647 binding as determined from isothermal
titration microcalorimetry (ITC) and NMR data. Comparison
of backbone dynamics in the WT and mutant protein in the
absence and presence of GW7647 revealed that mutation to Ala
of the three charged residues also had little effect on the back-
bone dynamics in either the apo or GW7647-bound state. How-
ever, the three Ala mutations abolished nuclear accumulation
of FABP1 and the associated activation of PPARa in cells
treated with GW7647.

Structural analysis of FABP1 in the absence and presence of
GW7647 revealed that ligand binding resulted in an opening of
the binding cavity through an outward movement of the helix-
turn-helix and B-strands B¢, Bp, Be, and Bg. In concert, the side
chains of a number of residues that were not involved directly in
the interaction with GW7647 in the complex became more sol-
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Figure 1. Nuclear localization and PPAR activation for FABP1 mutants in the presence of GW7647. Each panel depicts the individual data points for the
experiment as well as mean and standard deviation. A, quantification of ligand-induced changes in nuclear localization (nuclear to cytosolic ratio) of GFP-
FABP1 and the K20A/K31A double mutant using high-content imaging. B, transcriptional activity of PPAR« is enhanced by the presence of FABP1 and the
K20A/K31A double mutant upon treatment of PPARa-expressing COS-7 cells with either GW7647 or oleic acid. C, quantification of ligand-induced changes in
the nuclear localization (nuclear to cytosolic ratio) of GFP-FABP1 and the K57A/E77A/K96A triple mutant using high-contentimaging. D, transcriptional activity
of PPAR« is enhanced by the presence of FABP1 but not the K57A/E77A/K96A triple mutant upon treatment of PPARa-expressing COS-7 cells with either
GW?7647 or oleic acid. ***, p < 0.001 versus vehicle (B) or vector (C) control, two-way ANOVA with Dunnett’s multiple comparisons test.

vent-exposed upon ligand binding. These included Lys-57, Glu-
77, and Lys-96. These residues are similarly solvent-exposed
in the structure of FABP1 in complex with the endogenous
PPARa agonist OA.

Thus, the mechanism that underpins the ability of FABP1 to
increase activation of PPARa by GW7647 involves a change in
conformation of FABP1 on ligand binding, which leads to
greater solvent exposure of a number of charged residues that
are present in the loops surrounding the portal region. These
residues are necessary for both nuclear accumulation of FABP1
upon ligand binding and potentiation of the effects of GW7647
on PPAR« signaling.

Results

FABP1 residues Lys-57, Glu-77, and Lys-96 control the
activation of PPAR«

Two distinct mechanisms have been observed by which
iLBPs are able to regulate nuclear hormone receptor signaling.
For FABP4 and FABP5, binding to activating ligands results in
the stabilization of three positively charged residues in the hel-
ical cap into a conformational NLS, which drives nuclear local-
ization of the FABP-ligand complex to promote specific signal-
ing via different PPARs. In CRABP-II, binding of RA promotes
nuclear localization through a similar NLS, but also leads to a
direct interaction with the ligand-binding domain of the reti-
noic acid receptor (RAR) that is mediated by residues in the
loops around the portal region, which contribute to the electro-
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static surface potential. Based on these prior observations, we
hypothesized that the ability of FABP1 to promote PPAR« acti-
vation in the presence of specific PPAR«a agonists most likely
involved structural reorganization of charged residues in one of
these regions upon ligand binding.

To test this hypothesis, we first mutated two positively
charged residues in the helical cap of FABP1 (Lys-20 and Lys-
31) to Ala. We also mutated three charged residues in the loops
surrounding the portal region Lys-57, Glu-77, and Lys-96 to Ala
and assessed the effect of these mutations on nuclear localiza-
tion of FABP1 in cells treated with PPAR« agonists GW7647 or
OA. We also tested PPAR« activation following treatment with
GW7647 or OA in cells expressing no FABP1, WT FABP1, or
one of the FABP1 mutants. Transactivation assays were nor-
malized for transfection efficiency as we have reported previ-
ously (13).

These cellular assays revealed that mutations in the helical
cap had no effect on nuclear accumulation of FABP1 in
response to treatment with either GW7647 or OA (Fig. 1A).
Consistent with previously published data, WT FABP1 caused a
significant increase in PPAR« activation after stimulation with
GW7647 or OA (13), and a similar increase in PPAR« activa-
tion was observed in cells expressing the double mutant K20A/
K31A FABPI1 (Fig. 1B). In contrast, mutation of the three resi-
dues in the loops surrounding the portal K57A/E77A/K96A
abolished nuclear accumulation of FABP1 in response to treat-
ment with GW7647 or OA (Fig. 1C), and the triple-mutant
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Figure 2. Analysis of GW7647 binding to FABP1. A, ITC titration of K57A/E77A/K96A triple-mutant FABP1 with GW7647. The upper panel shows the raw data
from a single ITC experiment, and the lower panel shows the corresponding binding isotherm generated from the data fitted to a one-site binding model. B, 2D
TSN HSQC of WT FABP1 in the absence (blue) and presence (red) of a saturating concentration of GW7647. Aliased peaks for Arg-122 that appear in the spectrum
upon addition of GW7647 are labeled. C, cross-section of the highlighted peak upon titration of FABP1 with GW7647. The FABP1/GW7647 ratio of each
spectrum is shown. The data indicate that the complex is in slow exchange on the NMR timescale where cross-peaks are observed in the titration whose
intensity reflects the proportion of apo and holo FABP1. D, chemical structure of GW7647. E, 2D "N HSQC of K57A/E77A/K96A triple-mutant FABP1 in the

absence (blue) and presence (red) of a saturating concentration of GW7647.

FABP1 no longer enhanced PPARa activation in response to
treatment with either PPAR« agonist (Fig. 1D).

We have previously reported FRET between FABP1 and
PPARw in the presence but not in the absence of GW7647 (20),
suggesting that the two proteins are co-localized in the nucleus
in the presence of GW7647. Similar experiments with the triple
mutant of FABP1 did not show a FRET signal either in the
absence or the presence of GW7647 (data not shown), suggest-
ing that even upon binding of GW7647 the triple-mutant
FABP1 is not co-localized with PPARa.

Analysis of GW7647 binding to WT FABP1 and triple-mutant
FABP1-K57A/E77A/K96A

We have previously shown using ITC that GW7647 binds to
WT FABP1 with 1:1 stoichiometry and with an equilibrium
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dissociation constant K, =120 nm (13). Analysis of GW7647
binding to the triple-mutant FABP1 revealed that the muta-
tions had little effect on the ability of FABP1 to bind to
GW7647, where the ITC data indicated an equilibrium dissoci-
ation constant K, = 250 = 130 nMm. Hence, the three mutations
result in only an approximate 2-fold decrease in binding affinity
compared with WT FABP1 (Fig. 24).

To characterize the interaction further using NMR spectros-
copy, the binding of GW7647 was first investigated by record-
ing a series of 2D "N HSQC spectra of WT FABP1 in the pres-
ence of increasing concentrations of GW7647 (Fig. 2B).
Analysis of the data revealed that the complex was in slow
exchange on the NMR timescale as revealed by the observation
of separate resonances for apo and holo FABP1, with the inten-
sity of the cross-peaks revealing the relative concentrations for
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the two species through the titration (Fig. 2C). A notable feature
of the spectrum of holo FABP1 was the appearance of a new
cross-peak in the HSQC spectrum, which was only detected fol-
lowing addition of GW7647 (Fig. 2B), and this was subsequently
assigned as the side-chain guanidinium group of Arg-122. Analysis
of HSQC spectra of the triple-mutant FABP1 revealed a similar
pattern of chemical shift perturbations upon GW7647 binding
(Fig. 2E), and this complex was also in slow exchange on the NMR
timescale (Fig. S5), consistent with the K, value measured by ITC.
Similar to the WT FABP1, addition of GW7647 resulted in the
appearance of a peak in the HSQC spectrum, which was again
consistent with the guanidinium side chain of Arg-122.

Resonance assignments and CSP mapping

Because of the complex being in slow exchange and the sig-
nificant perturbations observed following addition of GW7647,
it was necessary to undertake separate 2D and 3D NMR exper-
iments to obtain the sequential assignments of apo and holo
FABP1. Full backbone assignments were obtained for the 'H,
15N, and '3C resonances of WT FABP1 (Met-1-Ile-127) in the
absence and presence of GW7647. In the case of the triple-
mutant FABPI, the protein was observed to have lower solubil-
ity, which necessitated acquiring the data at lower protein con-
centration, and only 98 and 97% of the backbone resonances
could be assigned for the apo and holo protein, respectively, due
to the lower signal-to-noise arising from the data. The assign-
ments for apo and holo WT and triple-mutant FABP1 in the
absence and presence of GW7647 have been deposited into the
BMRB database under accession numbers 30477, 30478, 27509,
and 27510, respectively. Chemical shift perturbations (CSP)
observed upon addition of GW7647 were calculated for each
protein from the peak assignments, and these were plotted
against amino acid residue number (Fig. 3, A and B) and
mapped onto the structure of FABP1 (Fig. 3E). The patterns of
CSP observed in the WT and triple-mutant FABP1 upon addi-
tion of GW7647 are highly similar. Comparison of the differ-
ence in secondary chemical shifts of C, and Cg resonances of
the WT and triple-mutant FABP1 indicated that the secondary
structures of these proteins are similar both in the absence and
presence of GW7647 (Fig. 3, C and D).

The CSP observed in the HSQC spectra of the WT and triple-
mutant FABP1 along with the appearance of the characteristic
Arg-122 guanidinium peak in the HSQC spectra of each protein
upon addition of GW7647 suggest that GW7647 binds in a
similar manner to both proteins.

Comparison of the dynamics of the WT and triple-mutant
FABP1

The backbone dynamics of the WT and triple-mutant FABP1
were assessed by recording '>N-"H heteronuclear NOE data for
both proteins in the absence and presence of GW7647. Analysis
of these data revealed that the majority of backbone amides
displayed ""N-"H heteronuclear NOE values of >0.7, suggest-
ing that overall the FABP1 protein backbone exhibits low flex-
ibility on the nanosecond—picosecond timescale. '>N-"H het-
eronuclear NOE values indicative of increased internal mobility
were detected for residues around the portal region, especially
for a;; and the linker connecting «; and oy, loops Bep, Bep and
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Beg in both apo and holo FABP1 (Fig. 44). Comparison of the
backbone dynamics of apo and holo FABP1 did not reveal any
significant difference in protein backbone mobility on the
nanosecond—picosecond timescale in the presence of GW7647.
These data are largely consistent with the backbone dynamics
data reported previously for FABP1 (14). However, the current
'">N-'H heteronuclear NOE data did not suggest any loss of back-
bone mobility in the protein upon binding of GW7647. This is in
contrast to previous analysis of dynamics reported for FABP1 in
complex with OA, as well as for rat-FABP2 in complex with pal-
mitic acid, where ligand binding was reported to have a stabilizing
effect in reducing backbone dynamics (3, 14). Similarly, analysis of
the **N-'H heteronuclear NOE data for the triple mutant revealed
that the mutations conferred no profound effects on the backbone
dynamics of FABP1 on the nanosecond—picosecond timescale in
the absence or presence of GW7647 (Fig. 4B). Minor differences
observed in the '>N-"H heteronuclear NOE values between the
WT and triple-mutant FABP1 can most likely be attributed to
lower signal-to-noise in the spectra for the triple mutant, which
were acquired at a lower concentration.

A comparison of the peak intensities in the HSQC spectra of
WT FABP1 in the absence and presence of GW7647 indicated
some localized line broadening. This was most evident for res-
idues in the Bgr (Met-74—-Gly-76) and Bg; (Phe-95-Lys-96)
loops and to a lesser extent for residues in ay;, strands B and B,
around the portal region (Fig. 4C). The line broadening may reflect
some slower timescale motions in these regions of FABP1 upon
binding to GW7647. Conformational flexibility in the loops
around the ligand-binding portal is thought to be important for
ligand access to the binding cavity of FABP proteins.

Clean chemical exchange phase-modulated (CLEANEX-
PM) experiments (21) were performed on both apo and holo
WT FABP1 to identify the amide protons in rapid exchange
with solvent. Fast-exchanging amide resonances display strong
positive intensity in CLEANEX-PM experiments (Fig. 4D). In
apo FABPI, fast-exchanging amide protons were predominantly
from the residues in the portal region, especially in helix «;; and
loops ay;—PBg and Bcp. Upon addition of GW7647, a number of
residues, mainly in the a;;—Bg, Bep, and B regions, experienced
decreased solvent exchange. The differences found between apo
and holo FABP1 are minor suggesting that there is no significant
change in the secondary structure or solvent exposure of the pro-
tein backbone upon ligand binding.

Structural analysis of WT FABP1

To characterize the effects of GW7647 binding on the solu-
tion structure of WT FABP1, we determined the structure
FABPI in the absence and presence of GW7647 using NMR
spectroscopy under similar solution conditions.

Solution structure of apo FABP1

The solution structure of apo FABP1 was determined using
restraints derived from the experimental data (Table 1). The
superimposed ensemble of the final 10 conformers of apo
FABP1 is depicted in Fig. 5A. The ensemble superimposes with
high precision having a root mean square deviation (RMSD) of
0.31 + 0.03 A over the backbone atoms (Cy» N, and C') and
RMSD of 0.68 *+ 0.04 A over all heavy atoms (Fig. 5B). A full
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Figure 3. Chemical shift perturbations observed upon addition of GW7647 to FABP1 and secondary shift analysis. CSP observed for WT FABP1 (A) and
K57A/E77A/K96A triple-mutant FABP1 (B) plotted against amino acid residue number. Missing or ambiguous assignments are highlighted in each panel with
an asterisk. In each case, the largest CSP on GW7647 binding was observed for Met-74, which is labeled. Secondary chemical shifts (AC, — AC,) were plotted
against amino acid residue number for WT (C) and triple-mutant (D) FABP1. AC,, and AC, represent the difference between observed and random coil C,, and
Cg chemical shifts, respectively. Blue dotted lines indicate the secondary shifts either of +1 or —1 ppm. Regular secondary structure elements observed for WT
FABP1 are indicated on the top panels. E, cartoon representation of the structure of FABP1 colored by the extent of CSP. The cartoon is colored from light to dark
red on a ramp with dark red representing a perturbation of =0.5 ppm. Regular secondary structure elements are labeled.

summary of the structural statistics for the 10 conformers of
apo FABP1 (residues 1-127) is presented in Table 1. The
structure of apo FABP1 determined at 35 °C is consistent
with the previous NMR structure solved at 25 °C (PDB code
2167) and the crystal structures (PDB code 3STN and 2F73,
chain A) with C, RMSD 0f 1.36,1.12,and 1.22 A, respectively
(Tables S1 and S2). All four structures adopt the canonical
FABP fold.

Solution structure of holo FABP1

A similar strategy was used to determine the structure of holo
FABP1, where the data were recorded in the presence of a sat-
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urating concentration of GW7647. The structure of the protein
was first calculated from the experimental data in the absence
of GW7647 (Fig. 5C). The experimental constraints used to
generate the structure and the structural statistics for the
ensemble of 10 conformers chosen to represent the structure of
holo FABP1 (residues: Met-1-Ile-127) are shown in Table 1.
The structures are of high precision and superimpose with
RMSD of 0.46 = 0.06 A for the backbone atoms and RMSD of
0.81 = 0.06 A for all heavy atoms in FABP1 (Fig. 5D). The lower
precision of the structure in complex with GW7647 relative to
apo FABPI structure is most likely due to the lower number of
long-range NOE constraints from the holo FABP1 sample,
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Figure 4. Backbone amide dynamics and solvent-exchange of FABP1 in
the absence and presence of GW7647. Comparison of '°N-"H heteronu-
clear NOE values for apo and holo WT FABP1 (A) and K57A/E77A/K96A triple-
mutant FABP1 (B) plotted against amino acid residue number. C, backbone
amide resonance intensity ratio between apo and holo WT FABP1 plotted
against the amino acid residue number. D, CLEANEX intensity values of apo
and holo WT FABP1 plotted against amino acid residue number. Assignments
that were missing or ambiguous due to peak overlap are highlighted with an
asterisk.

which was recorded at a slightly lower protein concentration
(Fig. 5G). Nonetheless, there were a number of residues for
which the pattern of intramolecular NOEs observed in the data
were different in the absence and presence of GW7647, with
some NOEs only being observed in the bound state (Fig. S11),
suggesting that there were some local structural changes in
FABP1 upon binding.

The high-quality structures of apo and holo FABP1 gener-
ated under similar conditions using the same data acquisition
and structure calculation protocols enabled us to analyze the
structural changes that occur upon binding of GW7647. To do
so, the conformers closest to the mean of apo FABP1 and holo
FABP1 were compared. The two structures superimpose with
C,, RMSD of 0.89 A over residues Met-1-Ile-127, indicating
that only minor differences in backbone conformation were
observed between the apo and holo forms of FABP1, which is
consistent with the secondary chemical shifts that were
observed. The most significant local differences in the back-
bone structure (C,, N, and C' RMSD >1.8 A) were observed for
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Table 1

Experimental constraints used for structure calculations and struc-
tural statistics for the ensemble of 10 best structures for apo and holo
FABP1

Apo FABP1  Holo FABP1
Chemical shift assignments (2-127)%
All atoms 97.2 97.3
Backbone atoms (Hy, N, H,;, H,,, C,) 100 100
Side-chain protons 95.2 95.2
Chemical shift agreement (%)
3D '®N-edited (*H,"H) NOESY 91.08 90.86
3D 13C_-edited (*H,'H) NOESY 90.42 86.65
3D 3C,, -edited (‘H,'H) NOESY 80 84.62
NOE upper distance limits”
No. of NOEs 3098 2553
Intra-residual (/i — j| = 0) 762 671
Short-range (|i — j| = 1) 806 666
Medium-range (2 < |i — j| < 6) 483 373
Long-range (i — j| = 6) 1047 843
Dihedral and hydrogen bond
restraints
@ and 208 202
Hydrogen bond 60 58
CYANA target function (A%
Cycle 1 94.73 = 1.28 130.83 * 3.81
Cycle 7 2.68 £ 0.44 3.15 £ 0.52
Residual NOE violations (OPALp)
Number (=0.1 A) 21 +3 21+5
Maximum (A) 0.02 = 0.01 0.02 = 0.01
Residual dihedral angle violations
(OPALp)
Number (=2.5°) 11 2+1
Maximum (°) 3.3+09 35+ 16
RMSD with respect to mean
coordinates (A)
Backbone atoms (2-127) 0.31 £ 0.03 0.47 = 0.06
All heavy atoms (2—127) 0.68 = 0.04 0.81 = 0.05
Ramachandran statistics”
Favored (%) 94 92
Allowed (%) 6 8

“ NOE upper distances were analyzed by CYANA3.0.
® Data were determined by Molprobity.

residues Phe-95-Ile-98 in loop By In addition, smaller but
noticeable local backbone differences were observed (C_, N,
and C' RMSD of 1-1.5 A) in the portal regions spanning resi-
dues GIn-30-Gly-32 in oy, Ala-54—Gly-55 in loop Bcp, Glu-
77—-Lys-80 encompassing loop g and strand S, and GIn-30—
Gly-32 in loop Bgg and the N- and C-terminal residues. An
overlay of the two structures and a comparison of the extent of
the structural perturbation on binding are presented in Fig. 5, E
and F.

Solution structure of the FABP1-GW7647 complex

The structure of the complex of GW7647 bound to FABP1
was modeled by docking the ligand into the structure of holo
FABP1 using unambiguous intermolecular distance constraints
derived from NOEs observed between proton resonances of
GW7647 and protein side-chain resonances of Ile-52, Met-74,
Val-83, and Thr-102, and one hydrogen bond restraint between
the protein and ligand (Fig. 64, Movie S1). The chemical shifts
of the aliphatic protons of GW7647 were severely overlapped in
the NMR spectrum of the complex, and most could not be
assigned unambiguously, resulting in the relatively small num-
ber of unambiguous NOE-derived distance constraints. This
resulted in some variability in the position of the cyclohexyl
rings of GW7647 in the structures (Fig. 65). Nonetheless, the
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Figure 5. Solution structure of FABP1 in the absence and presence of GW7647. A, ensemble of 10 conformers for apo WT FABP1. B, conformer closest to
the mean of the ensemble for apo WT FABP1 in sausage format, with the width of the sausage representing the backbone RMSD. C, ensemble of 10 conformers
for holo WT FABP1 bound to GW7647. D, conformer closest to the mean of the ensemble for holo WT FABP1 in sausage format, with the width of the sausage
representing the backbone RMSD. E and F, overlay of apo and holo WT FABP1. The conformer closest to the mean of the ensemble is shown in both stick (E) and
cartoon (F) format. Mutated residues are labeled. G, number of long-range NOEs assigned in the experimental NMR data presented per residue of apo (cyan)

and holo (red) WT FABP1 and plotted against amino acid residue number.

orientation of the ligand was conserved in the ensemble, with
the aromatic ring of GW7647 closer to the helical cap of FABP1
and the aliphatic portion of GW7647 buried more deeply in the
cavity. This orientation is consistent with the intermolecular
NOEs observed in the complex, where the aromatic protons of
GW7647 show NOEs to the methyl groups of Ile-52 and Met-74
(Fig. 5A and Fig. S8), whereas the aliphatic protons of GW7647
show NOEs to the side chains of Phe-50, Phe-63, Thr-81, Val-
83, Thr-102, and Asn-111 (Fig. S8), which are located at the
bottom of the internal pocket. The H-bonding constraint was
supported by a large change in chemical shift observed for the
Arg-122-H_ proton in the presence of GW7647. The Arg-
122-H_ proton resonance underwent a downfield shift of
1.66 ppm in the presence of GW7647 (Fig. 2B; 6 Gw76a7) =
8.74 ppm compared with 3,,,) = 7.08 ppm). The ensemble
of 10 conformers chosen to represent the structure of holo
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FABP1 in the presence of GW7647 superimpose with a
RMSD of 0.41 * 0.05 A over the backbone atoms and a
RMSD of 0.76 = 0.05 A over all heavy atoms (Fig. 6C). A
representative structure of the GW7647-bound holo FABP1
is shown in Fig. 6D. The structures of holo FABP1 in the
absence and presence of GW7647 are similar, and modeling
of the ligand into FABP1 did not result in violation of dis-
tance constraints derived from the NOE networks in the
NMR data that were used to calculate the protein structure.
Superposition of the mean coordinates (Ser-2-Ile-127)
between the two structures resulted in a RMSD of 0.44 A
over backbone atoms and 0.59 A over all heavy atoms.

Key internal changes in holo FABP1

Large CSPs were observed in ">N/">C-HSQC spectra for the
resonances of Ile-52-Hg;, Met-74—H,, and Arg-122-H_

J. Biol. Chem. (2019) 294(10) 3720-3734 3727
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Figure 6. Solution structure of GW7647 bound to FABP1. A, binding mode of GW7647 represented by the conformer closest to the mean of the ensemble.
NOE and H-bond constraints that were used for calculating the structure of the complex are indicated as dotted lines between the side chains of residues in
FABP1 and GW7647. B, conformations of GW7647 in the ensemble of 10 conformers when bound to FABP1. C, ensemble of 10 conformers for the complex of
GW?7647 and FABP1. D, representative structure of the GW7647-FABP1 complex. The protein is shown as a cartoon and colored from white to dark red on aramp
with dark red representing residues having a chemical shift perturbation of =0.5 ppm in the >N HSQC spectrum upon addition of GW7647. GW7647 is shown
in stick representation with the carbon atoms colored blue. E, binding site for GW7647 in ensemble of 10 conformers representing the structure of FABP1 is
represented with the protein side chains closest to the ligand shown as sticks with the carbon atoms colored white. The structure of GW7647 in the conformer
closest to the mean of the ensemble is shown as sticks with carbon atoms colored blue.

(weighted CSP of 0.52, 0.78, and 1.6 ppm, respectively) upon
GW7647 binding (Figs. 2 and 3 and Fig. S13). These residues are
in direct contact with GW7647 (Fig. 6E), and unambiguous
NOEs were assigned in the NOESY spectrum of the complex
(Fig. S8). In addition, conformational changes were observed
upon addition of GW7647 to FABP1 for the side-chain atoms of
residues Phe-48, Phe-50, Phe-63, Thr-73, Phe-95, and Asn-111
(heavy atom displacement =3 A) inside the B-barrel binding
cavity as shown in Fig. 7A. In the holo FABPI structure, the
position of the Arg-122 side chain is somewhat better defined
(global side-chain RMSD of 0.88 A compared with 1.02 A in apo
FABP1). The guanidinium resonances of Arg-122 were only
visible in the holo spectra, which provided additional NOE con-
straints to this residue. Moreover, binding of GW7647 stabi-
lized the conformation of this side chain possibly by making a
hydrogen bond between Arg-122-H_ and the carboxylate
group of GW7647. The appearance of peaks for the guani-
dinium resonances of Arg-122 in the 2D **N HSQC spectrum
of the complex is consistent with protection from solvent that
would result from this interaction with GW7647. Additional
residues showing NOEs to GW7647 show line broadening in
the ">N/'*C HSQC spectra of holo FABP1, specifically the side-
chain methyl (Hj,;) resonance of Ile-52 as well as backbone
amide resonance of Met-74.
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Figure 7. Side chain displacement in the structure of FABP1 upon
GW?7647 binding. Overlay of the conformer closest to the mean of apo and
holo FABP1. The structures are presented as cartoons and colored by atom
displacement between the two structures from white (0 A) to red (5 A). Side
chain atoms of internal residues (within 3 A of GW7647) showing atom dis-
placement >3 A (A) and external residues (>3 A away from GW7647) showing

atom displacement >4.5 A shown as sticks for apo (cyan) and holo (red)
FABP1 (B).

External changes in holo FABP1

Binding of GW7647 also altered the conformation of several
side chains in holo FABP1 that were not directly involved in
contacts with the ligand. When examining the individual struc-

SASBMB


http://www.jbc.org/cgi/content/full/RA118.006848/DC1
http://www.jbc.org/cgi/content/full/RA118.006848/DC1

Structural basis for the role of FABP1 in PPAR agonism

ture of apo and holo FABP1 that was closest-to-mean of each
ensemble, significant changes in conformation were observed
for the side chains of residues Lys-20, Lys-31, Lys-36, Lys-46,
His-47, Ser-56, Lys-57, Glu-70, Lys-96, Lys-99, Asp-107, and
Lys-121 (RMSD of =4.5 A) upon GW7647 binding (Fig. 7B). In
addition, an increase in the solvent accessibility was observed
for the residues Lys-57, Glu-77, and Lys-96 upon GW7647
binding (Table 2 and Fig. 8B). These residues are located in the
loops Bep, Beps and By, which surround the portal region, and

Table 2

Solvent accessibility for residues Lys-57, Glu-77, and Lys-96 averaged
across each conformer of the NMR ensemble in structures of FABP1
determined in the absence (6D06) and presence (6D0O7) of GW7647,
and in the absence (2L67) and presence (2L68) of OA

Solvent accessibility was computed using MOLMOL.

line broadening was observed for the backbone amide residues
in each of these loops upon addition of GW7647 (Fig. S12). This
change in solvent accessibility also has an effect on the surface
electrostatics around the portal region of FABP1 in the complex
(Fig. 8 and Figs. S1 and S2).

Discussion

Intracellular lipid—binding proteins, including the FABPs,
play an important role in the intracellular transport of poorly
water-soluble endogenous ligands such as LCFAs and vitamins
(1). More recently, an additional role for some FABPs in bind-
ing and intracellular distribution of poorly water-soluble drugs
has been uncovered (22, 23). For example, we have previously
shown that FABP1 and FABP2 can promote the activity of cer-
tain PPAR agonists and that the effect is mediated by co-local-
ization in the nucleus of the FABP and PPAR that follows ligand
binding (20). Furthermore, this effect is both FABP- and drug-
specific, such that FABP1 can promote the activity of the
PPAR« agonist GW7647 but has no effect on the activity of the
PPAR« agonist fenofibrate. Conversely, FABP2 can promote

Amino 6D0O6 6DO7 2L67 2168
acids (apo) (holo) (apo) (holo)
Lys-57 22.3 289 10.8 39.4
Glu-77 29.2 37 33.2 34.3
Lys-96 25 54.3 44 49.7
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Figure 8. Solvent accessibility, backbone displacement, and electrostatic surface for FABP1 in the absence and presence of GW7647. A, global
backbone displacement between apo and holo NMR structures of FABP1 in the absence and presence of GW7647 (6DO7 versus 6D06) and oleic acid (2L68
versus 2L67) plotted against residue number. B, change in average solvent accessibility per residue for FABP1 in the absence and presence of GW7647 (6DO7
versus 6D06) and oleic acid (2L68 versus 2L67) plotted against residue number. Solvent accessibility and backbone displacements were calculated in MOLMOL.
G, electrostatic surfaces for apo FABP1 (6D06) and holo FABP1 bound to GW7647 (6DO7). For 6DO6 and 6DO7, the conformer closest to the mean of the
ensemble was used to calculate the electrostatic surface. The surface of apo FABP1 (6DO6) in white showing the position of residues Lys-57, Glu-77, and Lys-96.
D, electrostatic surfaces for apo FABP1 (2L67) and holo FABP1 bound to oleic acid (2L68). For 2L67 and 2L68, the first conformer of the ensemble was used to
calculate the electrostatic surface. Electrostatic surface potentials were calculated using the APBS plug-in within PyMOL.
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the activity of fenofibrate but not GW7647. Such specificity
could be mechanistically explained if ligand binding to the
FABP stabilized a conformation that then promoted associa-
tion with PPARe. Similar mechanisms of ligand-induced con-
formational change have been reported for other iLBPs, includ-
ing FABP4, FABP5, and CRABP-IL In the case of FABP4 and
FABP5, ligand binding results in the stabilization of a NLS,
allowing importin-mediated nuclear import of the FABP-
ligand complex and activation of PPARY in the case of FABP4
(7) or PPARB/ in the case of FABP5 (9). Again, this is a drug-
specific event; FABP4 can bind agonists of PPAR«, PPARB/S,
and PPARY, but only the PPARY agonists appear to stabilize
the conformational NLS and promote PPARy activation.
CRABP-II also possesses a conformational NLS that forms
upon binding to RA, but in addition utilizes residues in the
loops surrounding the ligand portal to mediate a direct interac-
tion with RAR, thereby channeling RA to its receptor. In com-
mon with several other iLBPs, FABP1 does not contain the
three positively charged residues in the helical cap that assem-
ble to form the NLS in FABP4 and FABP5. We therefore deter-
mined the solution structure of FABP1 in the absence and pres-
ence of GW7647 in an effort to explain the specific activation of
PPAR« that is observed with the FABP-GW7647 complex.
Binding of GW7647 resulted in small changes in the backbone
conformation of FABP1, which were accompanied by larger
side-chain movements. Within the binding cavity, a number of
residues, including Phe-48, Phe-50, Phe-63, Thr-73, Phe-95,
and Asn-111, were observed to undergo conformational
changes that were required to accommodate the ligand. In
addition, a number of residues on the external surface of
FABPI, which did not make direct contact with GW7647 in the
complex, were also observed to undergo conformational
change and become more surface-exposed upon binding. Some
of the largest local conformational changes are observed for
residues that are not in direct contact with GW7647 and are
located in the loops around the portal regions of FABP1 (Fig. 7).
Mutation of three of these residues, Lys-57, Glu-77, and Lys-96
to Ala had little effect on the backbone structure of FABP1, as
revealed by analysis of secondary shifts calculated from the
NMR assignments for the WT and triple-mutant FABP1 in the
absence and presence of GW7647 (Fig. 3). Consistent with this
observation, the mutations had only a minor effect on the bind-
ing affinity of GW7647 for the triple mutant protein (Fig. 2).
Analysis of the CSPs observed in >N HSQC spectra of WT and
triple-mutant FABP1 suggested that the binding mode of
GW7647 was similar in both cases (Fig. 2 and Figs. S5, S6, and
S7).

The conformational changes on the external surface of
FABP1 upon binding of GW7647 result in changes to the sur-
face electrostatics that we hypothesize to be essential for the
association of FABP1 with PPARa. The association of FABP1
with PPAR« is consistent with both the FRET signal that has
been reported between the two in the presence of GW7647 and
the decreased rate of nuclear egress that accompanies increased
PPARa activation observed in cellular assays (13). A similar
co-localization of murine FABP1 and PPAR« has previously
been observed in mouse primary hepatocytes, and in vitro bind-
ing assays revealed a direct interaction between the two pro-
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teins (24). In contrast, we observed no FRET signal between the
triple-mutant FABP1 and PPARw in either the presence or the
absence of GW7647 (data not shown). Mutation of Lys-57, Glu-
77, and Lys-96 to Ala also abolished nuclear accumulation of
FABP1 and PPARa activation following stimulation with OA
(Fig. 1), suggesting that this change in the surface electrostatics
may be a common mechanism for PPAR« agonists that bind
FABPI.

To test this hypothesis, we made a comparison between the
structure of FABP1 bound to OA (PDB code 2L68) and the
corresponding apo FABP1 structure (PDB code 2L67). These
two structures were calculated in solution from NMR data
acquired under similar solution conditions. There are several
regions where displacement of the backbone atoms is observed
between these two structures (Fig. 84). The largest displace-
ments are observed for residues clustered around the helix-
turn-helix motif as well as for the loops containing residues
Lys-57, Glu-77, and Lys-96. The patterns of backbone displace-
ments that are observed in the solution structures of FABP1
upon binding of OA and GW7647 also result in an increase in
the average solvent-accessible surface area for several residues
in these loops (Table 2 and Fig. 8B). With GW 7647, the increase
in solvent exposure is greatest for residues around Lys-96 and
Glu-77, whereas with OA it is residues around Glu-77 and
Lys-57 that are most affected (Fig. 8B). However, in both cases
the conformational change is accompanied by a change in the
surface electrostatics around the ligand portal (Fig. 8, C and D,
and Fig. S1-54), consistent with the suggestion that a common
structural change occurs on binding of these ligands that
underpins the observed nuclear localization and receptor
activation.

Taken together, these data support a mechanism for FABP1-
mediated PPARa activation. Ligand binding to FABP1 first pro-
vides a means for poorly water-soluble compounds such as
LCFA and GW7647 to be transported through the aqueous
cytoplasm of the cell. Second, the binding of some ligands is
able to stabilize a conformation of FABP1 that promotes co-lo-
calization with PPARa. For GW7647 and OA, this mechanism
results in a potentiation of their activation of the PPAR« recep-
tor. Only ligands that stabilize the appropriate conformation of
FABP1 show the characteristic signature of increasing the
nuclear localization of FABP1 and increasing the activation of
PPARa.

Thus, it appears that iLBPs are able to selectively direct cer-
tain ligands to specific nuclear hormone receptors, although
they achieve this by using a variety of different mechanisms. In
the case of FABP4 and FABP5, ligands are able to stabilize a
conformational NLS in the FABP, which delivers the complex
to the nucleus. In the case of FABP4, it is PPARYy agonists that
stabilize the NLS, which dictates the specificity of FABP4
toward activation of PPARy (7). For FABP5, it is PPAR/5 ago-
nists that stabilize the NLS, and in turn FABP5 promotes
PPARP/& activation (9). With CRABP-II, there appears to be a
more complex mechanism, where RA binding first stabilizes
the NLS to deliver the complex to the nucleus (10), and then
residues in the portal loops of CRABP-II mediate a direct inter-
action with RAR that results in channeling of the RA to its
receptor (11, 12).
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The mechanism by which FABP1 promotes activation of
PPAR« is somewhat different. There is no active transport of
the FABP1-GW7647 complex to the nucleus, and nuclear
accumulation of the complex is driven instead by a decreased
rate of nuclear egress (13). In this case, a change in the confor-
mation of residues on the portal loops upon ligand binding
modulates the electrostatic surface to promote association with
PPARa.

In the case of each of these nuclear hormone receptor
agonists, a concerted system of transport and nuclear local-
ization mediated by a specific FABP protein is required for
full activation of the partner receptor. The differential
expression of FABP proteins in different tissues and the dif-
ferent mechanisms by which they are able to direct ligands to
nuclear hormone receptors may provide a means to regulate
the tissue-specific activity of drugs that modulate these
receptors.

Experimental procedures
Reagents

The PPAR agonist GW7647 was purchased from Sapphire
Bioscience Pty Ltd. (Cayman Chemicals). Ammonium chloride
(**NH,CI), [**C]glucose, and deuterium oxide were purchased
from Cambridge Isotopes Laboratories. Competent BL21 Esch-
erichia coli codon plus cells were purchased from Stratagene
(Sydney, Australia). X-tremeGENE 9 DNA transfection reagent
was from Roche Diagnostics (Castle Hill, Australia). All other
reagents were of the highest purity available commercially.

Plasmids

Human FABP1 and human PPARa cDNAs were synthesized
by GeneArt (Regensburg, Germany). Recombinant FABP1 for
NMR-based structure determination was expressed, purified,
and delipidated as described previously (13, 20). The plasmids
for FABP1 and GFP-FABP1 used in the reported cell-based
assays have been described previously (13). The luciferase
reporter construct, PPRE;-TK-LUC, was a kind gift from Dr.
Ronald Evans (Salk Institute, La Jolla, CA). The B-gal vector was
from Promega (Madison, W1I).

ITCdata

ITC experiments were undertaken and analyzed as reported
previously (13). Data were recorded at 25 °C with stirring at
1000 rpm using an iTC,,, microcalorimeter (MicroCal,
Malvern, UK). Titrations were performed in ITC buffer (20 mm
HEPES, pH 8, 50 mm NaCl, 0.5 mm EDTA). A solution of
GW7647 (7 um) in ITC buffer was prepared by diluting from a
concentrated stock in DMSO resulting in a final DMSO con-
centration of 0.5% v/v in the sample cell. The triple-mutant
FABP1 (70 uMm) was prepared in an identical buffer and placed
into the syringe. 16 serial injections at intervals of 220 s were
made with continuous stirring of the solution in the sample cell.
The iTC,,, control software was used to operate and acquire
raw data as power (microcalories/s) versus time (minutes). The
data were processed using the Origin7.0 software (MicroCal),
and thermodynamic parameters were calculated by fitting the
data to a one-site binding model.
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NMR sample preparation and processing

All NMR experiments were conducted at 35 °C either on a
Bruker 600 or 800 MHz spectrometer equipped with a single
axis z-gradient triple resonance CryoProbe.

Both apo and holo samples were prepared in phosphate
buffer (20 mm sodium phosphate, 50 mm NaCl, pH 5.5) with
90% H,O and 10% *H,O. For apo FABP1, uniformly **N- or
5N, '®C-labeled protein samples were concentrated to 1 mwm,
whereas for holo FABP1, protein samples (0.5—1 mM) were sat-
urated with an equimolar amount of GW7647 (0.5-1 mm),
which was added from a concentrated DMSO stock so that the
final DMSO concentration was less than 1%. No change in the
"N HSQC spectrum was observed when adding 1% DMSO
only. Weighted CSP were calculated using Equation 1,

CSP(AS) = [(A8)? + (0.2 X A§))> (Eq. 1)

where 8,;; and 8y, denote the change in chemical shift between
apo FABP1 and holo FABP1 for HY and N resonances, respec-
tively. All spectra were processed using either NMRPipe (25) or
Topspin 3.0 (Bruker Biospin) and analyzed with NMRView
(26), SPARKY,” or CARA (40) software. The RMSD values
between structures were calculated using MOLMOL (27). CSPs
were mapped in PyYMOL version 2.0 (Schrédinger, LLC).

NMR assignments

Sequential backbone assignments (*H, '°N, and **C nuclei)
for the proteins were generated from two-dimensional (2D)
HSQC and three-dimensional (3D) experiments, including 3D
HNCA (28), 3D CBCA(CO)NH (29), and 3D HNCACB (30). 3D
experiments for the triple-mutant samples, including HNCA,
CBCA(CO)NH, and HNCACB were recorded with nonuni-
form sampling in the "N and '>C dimensions. The datasets
were processed with the multidimensional decomposition
algorithm, MddNMR (31).

Side-chain assignments were obtained from 3D HBHA-
(CO)NH, 3D '*N-edited (*H,'H)-NOESY, 3D '3C,,-edited
(*H,"H)-NOESY, and 3D *C_,-edited (*H,"H)-NOESY exper-
iments (all recorded with a mixing time of 60 ms) using stan-
dard Bruker pulse sequences. For the sample of FABP1 in com-
plex with GW7647, the same three NOESY spectra were
collected at a protein concentration of 0.5 mm.

Because of the limited aqueous solubility of GW7647,
NMR assignments of GW7647 were first made in 100%
DMSO-d, (DMSO-d,), and these were used to assist in gen-
erating the assignments for GW7647 in the complex. Partial
assignments for GW7647 in the holo complex containing
[U-2H,'3C,’>N]FABP1 (1 mm) and unlabeled GW7647 (1
mMm) were obtained from a 2D wl,w2-'3C,'>N-filtered
(*H,"H)-NOESY experiment. The presence of two cyclo-
hexane rings in GW7647 resulted in significant chemical
shift degeneracy, such that the resonances for many of the
aliphatic protons of GW7647 could not be unambiguously
assigned in the bound state.

For the assignment NOEs between GW7647 and FABP1, a
series of filtered—edited NOESY experiments were recorded.

’T.D. Goddard and D. G. Kneller, unpublished work.
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These included 2D wl-edited, w2-'3*C,**N-filtered (*H,'H)-
NOESY, 2D wl,w2-'3C,"?N-filtered (*H,'H)-NOESY, 3D
wl-3C,'>N-filtered, w2-'°N-edited (*H,'H)-NOESY (all
recorded with a mixing time of 200 ms) using a triple-labeled
[U-?H,"*C,'">N]FABP1 protein sample (I mm) and 3D
01-'3C,"*N-filtered, w3-'>C_;-edited "H,"H-NOESY using a
double-labeled [U-'3C,'*N]FABP1 sample (~0.5 mm). In each
complex sample, the FABP1/GW7647 ratio was 1:1. Intermo-
lecular distance restraints were derived from the NOE peak
intensities (Figs. S9, S10, and S11).

Processed spectra were converted to XEASY format and
loaded into CARA. Hy, N, C,, ¢, 1, Cg, and Cg , resonances
were manually peak-picked from 3D HNCA, CBCA(CO)NH,
and HNCACB spectra for all the observed amide backbone
peaks and used as the input for UNIO-MATCH (32) to generate
automated backbone assignments. The backbone assignments
from UNIO-MATCH were checked manually, verified with the
3D HNCACB, and 3D "*N-edited (*H,"H)-NOESY spectra, and
extended where possible. Hg and H,, resonances were manually
assigned in the 3D HBHA(CO)NH spectrum. The three
NOESY spectra along with all specific assignments were used as
input for UNIO-ATNOS/ASCAN (33) to generate automated
side-chain assignments. The output from UNIO-ATNOS/AS-
CAN was manually checked, and assignments were extended
wherever possible.

Structure calculations

Prior to NMR structure determination, backbone torsional
angles from Hy, N, C_, Cp and H_, chemical shifts were pre-
dicted using the default mode on the TALOS+ server (34). The
output from TALOS+ for each residue was manually examined
against a Ramachandran map for the 10 best database matches.
Residues defining consistently “good” predictions based on
clustering in the Ramachandran map (8 or 9 out of the 10 best
matches) with random coil index predicted order parameter S*
>0.5 were retained and converted to dihedral restraints in
CYANA format. Where the TALOS-derived dihedral angles
were tightly constrained, the tolerance relaxed to *15°, other-
wise the TALOS values were used. For the assignment list, dihe-
dral restraints from TALOS+ and NOESY data were used as
input for UNIO-ATNOS/CANDID (35, 36) using CYANA3.0
(37) for automated structure determination. After the first
round of structure calculation, dihedral angle restraints with
large violations (>5°) observed in regions of the structure with
no well-defined secondary structure were removed, and the
structure was recalculated. An ensemble of 20 conformers with
lowest target function (no NOE and torsional angle violation
>0.2 A and 5°, respectively) after CYANA was refined using
OPALp (38). The structures derived from the NMR data were
manually inspected in MOLMOL (27), and hydrogen bonds
were calculated using the default settings in MOLMOL and
verified using '°C,,, secondary shifts (39) and dihedral angle
restraints from TALOS+. Hydrogen bond constraints were
added as input for UNIO-ATNOS/CANDID and CYANA
along with dihedral constraints and three NOESY spectra for
the final structure calculations. An ensemble of 40 of the
CYANA conformers was further energy-refined using OPALp
and Maestro’s restrained minimization impref utility (Maestro
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version 11.4.011, Impact version 7.7) with an RMSD conver-
gence of 0.035 A, before analysis using the PDB validation
server. The top 10 conformers without chirality outliers, mini-
mal steric clash, and Ramachandran outliers were selected from
the analysis to represent the structure of apo FABP1.

The structure of holo FABP1 was first calculated from the
NOESY data without GW7647 in the structure calculation as
per the above protocol. Subsequently, the GW7647-bound
FABP1 structure was recalculated by CYANA using five unam-
biguous intermolecular NOEs, one intermolecular H-bond
restraint, and all other restraints derived from the NMR data for
holo FABP1. The FABP1 structure in the presence of GW7647
(40 CYANA conformers) was refined as above with Maestro’s
impref utility with the same parameters, and the 10 lowest
energy structures were selected for analysis.

Solvent-exchange studies

Phase-modulated CLEAN chemical exchange (CLEANEX-
PM) fast-HSQC experiments (21) were recorded for apo and
holo WT FABP1 in 20 mm MES buffer, pH 5.5, containing 50
mMm NaCl at a sample concentration of 0.5 mm at 35°C on a
Bruker 600 MHz spectrometer equipped with CryoProbe to
identify solvent-exposed amide protons. The mixing time for
the CLEANEX spin lock was set to 100 ms. Spectra were
acquired with 32 scans and 2048 and 128 complex data points
for the 'Hy, and '°N dimensions, respectively. NMR spectra
were processed using Topspin and converted to XEASY format
for the intensity analysis.

'5N-"H heteronuclear NOE studies

Backbone *N-'H heteronuclear NOE experiments were
performed for both apo and holo WT FABP1 and the triple
mutant at a sample concentration of 240 and 230 um, respec-
tively, using the standard Bruker pulse sequence at 35 °C on
Bruker 600 MHz spectrometer equipped with CryoProbe. The
experiment was acquired in an interleaved mode with a relax-
ation delay of 5 s, 32 scans, and 2048 and 256 complex data
points for the 'Hy, and '?N dimensions, respectively. NMR
data were processed using Topspin and converted to XEASY
format for the intensity analysis. Steady-state '°N-'H het-
eronuclear NOE values were determined from the ratio of
peak intensities for spectra collected with and without 5 s of
proton presaturation.

Cell culture and transfections

COS-7 cells were kindly provided by Prof. Phillip Nagley
(Monash University, Victoria, Australia). The cells were cul-
tured in Dulbecco’s modified Eagle’s medium with 4 mwm gluta-
mine, 100 units/ml penicillin, 100 mg/ml streptomycin, and
10% fetal bovine serum in a 95% air, 5% CO, atmosphere at
37 °C. For transfections, cells were seeded into 6-well plates at a
density of 2 X 10° cells/well in culture medium devoid of anti-
biotics. Transfections were carried out using X-tremeGENE 9
DNA transfection reagent according to the manufacturer’s
protocol.

Transactivation assays

Transactivation assays were carried out using COS-7 cells in
six-well plates (2 X 10° cells/well) according to the procedure
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published previously (13). Cells were co-transfected with 0.3 ug
of the luciferase reporter (PPRE;-TK-LUC), 0.15 ug of 3-gal (as
a transfection efficiency control), 0.05 ug of either empty vector
(pSG5) or PPARe, and 0.3 pg of either empty vector (pSG5),
FABP1 WT, FABP1 K20A, K31A, or FABP1 K57A, E77A,
K96A. 24 h following transfection, cells were treated with vehi-
cle (0.1% v/v DMSO), oleic acid (10 um), or GW7647 (600 nm)
for 24 h before the cells were lysed and assayed for luciferase
activity using the luciferase assay system (Promega). In parallel,
lysates were assayed for B-gal activity using the (B-gal enzyme
assay system (Promega) to correct for differences in transfec-
tion efficiency. The data are expressed relative to vehicle-
treated control, from three independent experiments con-
ducted in duplicate.

Automated Operetta high-content imaging

The Operetta high-content imager (PerkinElmer Life Sci-
ences) equipped with a live cell chamber was used to obtain
unbiased images of the localization of GFP-tagged FABP1 for
automated quantification in live cells. COS-7 cells were
co-transfected with 0.05 pg of empty vector (pSG5) or 0.05 ug
of PPAR« plasmid DNA and 0.3 ug of GFP-tagged FABP1 plas-
mid DNA in six-well plates. Twenty four hours following trans-
fection, cells were subcultured into black-walled, optically clear
96-well plates and treated with vehicle (0.1% v/v DMSO), oleic
acid (10 um), or GW7647 (600 nMm) for 24 h. On the day of
imaging, cells were incubated with Hoechst stain (2 ug/ml) for
5 min at room temperature (to stain the nuclei), prior to
imaging the live cells in Hanks’ balanced salt solution at
37 °C. The center of each well of a 96-well plate was imaged
with an Olympus LUCPlanFLN X 20 (NA 0.45) objective, and
the nuclear redistribution of FABPs was determined by mea-
suring the fluorescence intensity in the nucleus and cytosol
of every cell within the field of view using automated proto-
cols within the Harmony High Content Imaging and Analy-
sis software (version 3.5.2). For each experimental repeat,
~50 cells were analyzed. Experiments were performed on
four separate occasions.

Statistical analysis

Data are expressed as the mean * S.E. from three or more
independent replicate experiments. A two-way ANOVA was
performed to detect differences among experimental groups
with p < 0.05 taken as statistically significant.

Accession numbers

The chemical shift assignments of apo and holo wild type
FABP1 have been deposited in BMRB, accession number 30477
and 30478, respectively, and the chemical shifts of triple mutant
K57A/E77A/K96A FABP1 in the absence and presence of
GW7647 have been deposited in BMRB with accession num-
bers 27509 and 27510, respectively. Coordinates for the struc-
ture of wild type FABP1 calculated from data obtained in the
absence and presence of GW7647 have been deposited in the
PDB with accession numbers 6DO6 and 6DO7, respectively.
Coordinates for the structure of holo FABP1 in complex with
GW7647 have been deposited in the PDB with accession num-
ber 6DRG.
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