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The human brain FABP (FABP7) has been shown to be
an intracellular carrier protein that can significantly
potentiate the uptake of the endocannabinoid ananda-
mide. For this reason, there is a great interest in the
discovery and development of FABP7 inhibitors for
treating stress, pain, inflammation, and drug abuse.
We found that in the 1H-NMR spectrum of the protein,
a well-separated downfield resonance arising from the
hydrogen-bonded His93 side chain is very sensitive to
ligand binding. Using this characteristic spectral mar-
ker together with another well-resolved upfield reso-
nance from the side chain of Val84, we have identified
that an adipocyte FABP (FABP4) inhibitor BMS309403
also binds tightly to FABP7. Our data demonstrated
that this unique His93 downfield resonance can be
used as a sensitive probe for rapidly and unambigu-
ously identifying novel high-affinity FABP7 ligands. The
findings should help accelerate the discovery of poten-
tial drug leads for the modulation of endocannabinoid
transport.
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Anandamide (N-arachidonoylethanolamide, AEA) is the first
endocannabinoid isolated from porcine brain (1) that binds
to the human cannabinoid receptor and stimulates

receptor-mediated signal transduction (2). The biosynthesis
and physiology of AEA are well understood (3,4), but its
mechanism of uptake has been elusive. Despite intensive
studies on the AEA transport process (5–9), the question
remains on how the uncharged lipophilic endocannabinoid
ligand AEA crosses the cellular membrane to access the
hydrophilic cytosol. Recently, it was reported (10,11) that a
group of carrier proteins, particularly fatty acid binding pro-
teins (FABPs), can significantly enhance the cellular uptake
and subsequent inactivation of AEA. The findings provide
a potential new therapeutic modality to the treatment of
pain, inflammation, and drug abuse through dual inhibition
of the deactivating enzymes such as fatty acid amide
hydrolase (FAAH) (12) and the endocannabinoid transport
proteins.

FABPs are intracellular lipid chaperones that exhibit unique
patterns of tissue expression and are expressed most abun-
dantly in tissues involved in active lipid metabolism (13).
Human brain FABP (FABP7), which has been shown to sig-
nificantly potentiate AEA uptake (10), is expressed in various
regions in the brain and is distinguished from other FABPs by
its strong affinity for polyunsaturated fatty acids (14,15). Cur-
rently only a few specific FABP inhibitors have been
described (16,17), and there are no selective ligands avail-
able for FABP7. In this work, we sought to obtain structural
insights on the FABP7 binding pocket due to a growing inter-
est in the discovery and development of selective FABP7
inhibitors (18). We found that in the 1D 1H-NMR spectrum, a
well-separated downfield resonance arising from the hydro-
gen-bonded His93 side chain is very sensitive to ligand bind-
ing. Using this characteristic spectral marker, we have
successfully demonstrated that a selective adipocyte FABP
(FABP4) inhibitor (16) BMS309403 also binds tightly to
FABP7. Thus, this unique His93 can be exploited as a sensi-
tive probe for NMR-based high-throughput screening to rap-
idly identify novel FABP7 ligands that can subsequently be
developed into selective probes or drug leads.

Methods and Materials

Chemicals
Docosahexaenoic acid (DHA), arachidonic acid (AA), oleic
acid (OA), and all other common chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Three
of the four representative cannabinoid ligands, D9-tetrahy-
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drocannabinol (D9-THC), CP55940 (2-[(1R,2R,5R)-5-
hydroxy-2-(3-hydroxypropyl)cyclohexyl]-5-(2-methyloctan-2-
yl)phenol), and SR141716A (rimonabant; 5-(4-Chlor
ophenyl)-1-(2,4-dichloro-phenyl)-4-methyl-N-(piperidin-1-yl)-
1H-pyrazole-3-carboxamide), were obtained from the
National Institute on Drug Abuse (NIDA). The cannabinoid
ligand WIN55212-2 ((R)-(+)-[2,3-Dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-
1-napthalenylmethanone) was purchased from Tocris
Bioscience (R&D Systems, Minneapolis, MN, USA). The
selective adipocyte FABP (FABP4) inhibitor, BMS309403
(2-[20-(5-Ethyl-3,4-diphenyl-1H-pyrazol-1-yl)biphenyl-3-yl-
oxy]-acetic acid), was purchased from EMD Chemicals
(San Diego, CA, USA). The [9, 10-3H] oleic acid and
Lipidex 1000 resin used for the radioactive competition
binding assay were from Perkin Elmer (Waltham, MA, USA).

Expression, purification, and refolding of human
brain FABP
Human FABP7 encoding cDNA in pCMV6-XL5 was pur-
chased from OriGene (Rockville, MD, USA). The Champion
pET directional TOPO expression kit from Invitrogen was
employed for subcloning and expression in BL21 E. coli

cells. The recombinant FABP7 contained a polyhistidine tag
at the N-terminus (12 additional amino acids) that allowed
single-step purification by immobilized cobalt affinity chro-
matography. Extraction from inclusion bodies and His-tag
purification were performed under strong denaturing condi-
tion using 8 M urea. The purified FABP7 was first refolded in
a cold refolding buffer (1 M arginine, 5 mM DTT, 150 mM

NaCl, 20 mM PBS, pH 7.4) followed by dialysis against
NMR buffer (10 mM PBS, 100 mM NaCl, 1 mM DTT, and
0.05% sodium azide, pH 7.4) using Spectra/Por dialysis
membrane (MWCO 6–8 K) and further delipidated over a
Lipidex 1000 column at 37 °C according to a reported pro-
cedure (19). Uniformly 15N-enriched FABP7 protein was
obtained by first growing cells in an M9 minimal medium
containing 1 g/L of 15NH4Cl (Cambridge Isotope Laborato-
ries, Andover, MA, USA) followed by the same purification
and refolding protocol as above.

High-resolution NMR experiments
All one- and two-dimensional high-resolution NMR experi-
ments were conducted at 298 K on a Bruker AVANCEII
700 MHz NMR spectrometer. The 1D 1H-NMR spectra of
the human recombinant FABP7 were acquired using a
WATERGATE 3-9-19 scheme with a water flipback (Bruker
pulse sequence: p3919fpgp) pulse to minimize solvent sat-
uration transfer. For 2D 1H-15N correlation, a fast hetero-
nuclear single quantum coherence (Fast-HSQC) detection
scheme (20,21) was employed. To study ligand binding,
NMR titration experiments were performed to monitor
complex formation. All ligands were first dissolved in
dimethyl sulfoxide-d6 (DMSO-d6) to create concentrated
stock solutions. The final concentration of DMSO-d6 in the
protein–ligand solution did not exceed 2% (v/v).

Lipidex competition binding assay
Ligand binding to purified human FABP7 was analyzed by
the Lipidex assay (14,15,19). Briefly, 2.5 lM of purified and
delipidated recombinant FABP7 protein was incubated
with the same concentration of oleic acid at a constant
hot to cold ratio of 1:50 at 37 °C for 15 min. Solutions
with different competitor concentrations were subsequently
added followed by an additional 30 min incubation at
37 °C. The mixtures were cooled on ice for 15 min, and
50 lL of a 50% (v/v) precooled Lipidex 1000 suspension
was added with subsequent vortexing for 15 min while
maintaining the temperature below 4 °C to remove any
free oleic acid from the mixture. Raw data for constructing
the competition binding curve were obtained by separation
of protein-bound and free fatty acid (Lipidex bound) by
vacuum filtration using Pall 96-well filter plates (0.45 lm
pore size) and scintillation counting of the protein-bound
fractions.

Results and Discussion

The 1D 1H-NMR spectrum of human FABP7 (Figure 1A) is
substantially crowded with severe overlapping in the entire
amide, aromatic, and aliphatic regions. However, two dis-
tinctive peaks can be readily identified: one at the far
downfield region (> 11 ppm) and the other at the high

A
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Figure 1: (A) One-dimensional 1H-NMR spectrum of human
recombinant FABP7. Two very distinctive peaks, one located at
the far downfield region (> 11 ppm) and the other at the upfield
region (< 0 ppm), are highlighted. (B) Strong H-bond between the
His93 He2 and the side chain carboxyl group of Glu72 in the
binding pocket of FABP7. The Val84 Hc2 protons experience
strong shielding by the ring current from the His93 imidazole side
chain.
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upfield region (< 0 ppm). These two peaks can be
assigned unambiguously based on earlier NMR structural
studies of FABP7 (PDB ID: 1JJX) (22,23). The peak at
11.96 ppm is assigned to He2 of the His93 residue, while
the peak at �0.38 ppm is assigned to the Hc2 of Val84.
The strong downfield shift of the His93 He2 proton can be
attributed to a hydrogen bonding interaction with the side
chain carboxyl group of Glu72 (22) (Figure 1B). Addition-
ally, the ring current from the His93 imidazole side chain
causes a significant upfield shift to the Hc2 protons of
Val84 which is residing on a separate b-strand. As the
hydrogen-bonded His93 residue is located within the bind-
ing pocket, we hypothesized that it will be sensitive to
ligand binding and may serve as a characteristic spectral
marker for ligand screening.

We first examined changes of this characteristic His93
downfield resonance in the presence of a group of natural
fatty acids. FABP7 is distinguished from other FABPs by
its strong affinity for unsaturated fatty acids including do-
cosahexaenoic acid, arachidonic acid, and oleic acid with
Ki values of 30, 250 and 440 nM, respectively (15). Fig-
ure 2 shows three representative series of NMR titration
spectra from samples containing 120 lM FABP7 with vari-
ous concentrations of DHA, AA, or OA. For FABP7 in its
apo form, there is only one characteristic peak in the far
downfield region of the 1H-NMR spectrum. Addition of
increasing amounts of DHA or AA to the protein solution
leads to a gradual decrease of the His93 He2 peak at
11.96 ppm, while a new peak appears and becomes
progressively more intense at 11.90 or 12.02 ppm when
titrating with DHA or AA, respectively. At a protein to
ligand molar ratio of 1:3, the 11.96 ppm peak completely
disappears indicating that the FABP7 protein binding
pocket is now fully occupied by docosahexaenoic acid or
arachidonic acid. In parallel with the above, we also
observed a very broad and gradually increasing peak at
11.24 ppm during the titration with AA but not with DHA,
which we speculate may be due to a new hydrogen bond
formation. Titration experiments with OA produced a

somewhat different result with the His93 He2 peak gradu-
ally shifting from 11.96 to 11.92 ppm but with no new
peaks appearing in the spectrum. This suggests a fast
exchange process on the NMR time scale and reflects a
relatively lower binding affinity of oleic acid.

The robustness of this characteristic His93 as a spectral
marker for ligand binding was further studied using a num-
ber of non-lipid ligands including four representative can-
nabinoid ligands D9-THC, CP55940, WIN55212-2, and
SR141716A, and an adipocyte FABP (FABP4) inhibitor
BMS309403 (Figure 3A). Figure 3B shows a series of 1H-
NMR spectra of FABP7 in the presence of one or more of
these ligands at protein to ligand ratios of 1:4. As stated
above, the 1H-NMR spectrum of FABP7 in its apo form
only gives rise to one single sharp peak (11.96 ppm) in the
far downfield region. After additions of one or more of the
cannabinoid ligands, we did not observe any discernible
changes to this characteristic downfield resonance. This
suggests that there is no binding between any of the four
cannabinoid ligands to the FABP7 protein. However, after
adding the BMS309403 ligand, the 11.96 ppm peak
almost completely disappears accompanied by the emer-
gence of three intense peaks at 11.67, 11.55, and
11.27 ppm. We conclude that of the five non-lipid ligands
tested, only the adipocyte FABP (FABP4) inhibitor
BMS309403 binds to FABP7.

To further explore the binding characteristics of
BMS309403 with the FABP7 protein, we performed a
detailed titration study by adding various amounts of the
ligand into the FABP7 protein solution. Figure 4 shows a
series of NMR titration spectra from samples with different
concentrations of BMS309403 in 120 lM FABP7 solu-
tions. In its apo form, FABP7 gives rise to only one char-
acteristic 11.96 ppm peak in the far downfield region of
the 1H-NMR spectrum. Addition of BMS309403 leads to
the appearance of three gradually increasing peaks at
11.67, 11.55, and 11.27 ppm, which are accompanied by
the gradual disappearance of the original 11.96 ppm peak

Figure 2: Downfield region of the 1H-NMR spectra of FABP7 titrated with docosahexaenoic acid (DHA) (left), arachidonic acid (AA)
(middle), or oleic acid (OA) (right). The protein to ligand molar ratios are indicated in each spectrum.
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from the apo protein sample. Interestingly, during the titra-
tion experiment, there was no change in the frequencies
of these new peaks or the original 11.96 ppm peak. This
provides evidence of a tight binding of BMS309403 to
FABP7 with slow dissociation of the ligand–protein com-
plex. We assigned both the 11.67 and 11.55 ppm peaks
to the His93 He2 proton. Our assignment is supported by
the observation that the integral value of these two peaks
from the spectrum due to the ligand–protein complex (top
left in Figure 4) is identical to that of the 11.96 ppm peak
from the apo protein (bottom left in Figure 4). The upfield

resonance (�0.38 ppm) from the Val84 Hc2 protons
shows a very similar profile. In the spectrum from ligand–
protein complex (top right in Figure 4), the �0.38 ppm
peak is completely replaced by two new peaks at �0.43
and �0.50 ppm, both of which can be assigned to the
Val84 Hc2 protons. Thus, our data clearly demonstrate
that the characteristic spectral markers arising from the
His93 He2 as well as the Val84 Hc2 protons are very sen-
sitive to binding of the BMS309403 ligand.

To confirm the NMR spectral assignments upon binding of
the BMS309403 ligand, we performed two-dimensional
1H-15N heteronuclear single quantum coherence (HSQC)
experiments on uniformly 15N-labeled FABP7 in the
absence or presence of various concentrations of
BMS309403. The HSQC spectrum from the apo protein
sample (Figure 5A) shows that the 11.96 ppm peak corre-
lates with a nitrogen resonance at 163.2 ppm, which cor-
roborates that this downfield peak is indeed arising from
the He2 proton of His93. At a protein to ligand molar ratio
of 1:1, only two additional peaks at 11.67 and 11.55 ppm
appear within this spectral range (Figure 5B bottom panel).
This observation provides evidence that both the 11.67
and 11.55 ppm peaks are indeed due to the He2 proton
of His93. We speculate that the 11.27 ppm peak, which
cannot be attributed to an N-H proton, is due to a new
hydrogen bond formed between the phenolate group of
Tyr128 and the ligand carboxylic acid. The above results
also suggest that the FABP7/BMS309403 complex exists
in two distinct conformations which can be distinguished
by monitoring the His93 He2 resonance.

We further determined the binding affinity of BMS309403
to FABP7 using the Lipidex competition binding assay

A B

Figure 3: (A) Structures of four representative cannabinoid ligands: D9-THC, CP55940, WIN55212-2, and SR141716A, and a non-lipid
adipocyte FABP (FABP4) inhibitor BMS309403. (B) Downfield region of the 1H-NMR spectra of FABP7 with the additions of D9-THC,
CP55940, WIN55212-2, SR141716A, and BMS309403. The protein to ligand ratios are 1:4.

Figure 4: Downfield (left) and upfield (right) regions of the
1H-NMR spectra of FABP7 titrated with BMS309403. The protein
to ligand molar ratios are indicated in each spectrum.
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(14,15,19). Due to the lack of high-affinity FABP7 ligands,
it is challenging to select a proper radioactivity ligand and
implement the standard competition binding assay proto-
col. As with earlier studies (14,15), we used [9,10-3H] oleic
acid as a radioligand to study the binding of ligands to
FABP7, and all experiments were conducted with compa-
rable ligand and protein concentrations using 96-well
plates. We have obtained competition binding curves for a
number of ligands as exemplified in Figure 6 with
BMS309403. To convert the experimentally obtained IC50

to a Ki value, however, we could not rely on the widely
used Cheng–Prusoff equation (24) because the experi-
ments were performed with significantly higher concentra-
tions of protein in which the IC50 for a ligand depends on
the concentrations of the protein as well as the radioligand
used. For this reason, we used the method developed by
Nikolovska-Coleska et al. (25) to take into account the
concentrations of both the protein and radioligand, and we
found that the Ki for BMS309403 to FABP7 is 190 nM.

We have now demonstrated that the His93 He2 resonance
in the 1D 1H-NMR spectrum from FABP7 is well separated

and is very sensitive to ligand binding. As His93 is located
directly within the FABP7 binding pocket, changes in its
chemical shift and/or linewidth may be attributed to spe-
cific ligand–protein interactions. Therefore, His93 can be
used as a characteristic spectral marker to conduct NMR-
based high-throughput screening aimed at rapidly identify-
ing high-affinity FABP7 inhibitors. This method may be
directly applied to identify ligands for other fatty acid bind-
ing proteins including the heart, adipocyte, and testis FAB-
Ps (FABP3, FABP4, and FABP9) in which this histidine
residue is conserved (26) and presumably hydrogen
bonded. However, it is worth noting that we were not able
to find this particular H-bond from representative crystal
structures of these three FABPs (PDB IDs: 1HMS, 2NNQ,
and 4A60) (27–29). As a matter of fact, we also examined
the two available crystal structures of FABP7 (PDB IDs:
1FDQ and 1FE3) (14), but we were not able to find this
particular H-bonding interaction involving the His93 side
chain. This is not surprising as X-ray crystallography often
cannot recognize the exact protonation and rotameric
states of histidine residues resulting in the common ambi-
guities in crystal structures (30). Therefore, analysis of the
involvement of histidine residues in hydrogen bonding with
proximal donors or acceptors should be taken with pre-
caution. The advantage of NMR is that proton nucleus can
be directly detected. In fact, in an earlier NMR work on
FABP3 (31), it was reported that the His93 He2 resonance
is at 11.11 ppm indicating that the imidazole ring is
involved in H-bonding. It would be interesting to further
examine for the presence of the hydrogen-bonded His93
from the downfield region of the 1H-NMR spectra of the
other two FABPs.

Comparing to most of the ligand-based NMR screening
techniques, our protein-based method has the advantage
of yielding minimal false-positive results. Additionally, unlike
most of the protein-based NMR approaches, our method
uses only the 1D 1H-NMR spectra of proteins and there-
fore does not require isotopic labeling of the protein under
investigation. Isotopic labeling of proteins is often costly

A B

Figure 5: (A) 2D 1H-15N HSQC spectrum of uniformly 15N-enriched FABP7 protein. (B) Partial 1H-15N HSQC spectrum highlighting the N-
H resonances from histidine side chains of FABP7 in the absence (top) or presence (bottom) of BMS309403.

Figure 6: Competitive binding of BMS309403 and [9,10-3H] oleic
acid to the FABP7 protein using the Lipidex 1000 assay.
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and time-consuming, and places limitations on the useful-
ness of the method. Further, to take advantage of the
expected low level of false positives, this method can be
first applied to screen mixtures of compounds or combina-
torial libraries. After detection of binding, we can use one
of the ligand-based screening methods such as 1D satu-
ration transfer difference (STD) (32,33) or T1q-relaxation fil-
ter experiments (34,35) to obtain the identity of the bound
ligand without any need to deconvolute the mixture.

Conclusions

We have shown that a well-separated downfield 1H-NMR
resonance arising from the hydrogen-bonded His93 side
chain of FABP7 is very sensitive to ligand binding. Using
this characteristic spectral marker, we have successfully
identified that a selective adipocyte FABP (FABP4) inhibitor
BMS309403 also binds tightly to FABP7. This unique
spectral marker can be employed to conduct NMR-based
high-throughput screening for rapidly and unambiguously
identifying high-affinity FABP7 ligands. Our protein-based
approach which is not prone to false positives and also
does not require any labeling of the protein should help
accelerate the discovery of selective inhibitors for ananda-
mide carrier proteins. The initial hits can then be further
developed as viable molecular probes or potential drug
leads for the modulation of endocannabinoid transport.
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