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The hormone-sensitive lipase (HSL) and adipocyte fatty acid-
bindingprotein (AFABP/aP2) formaphysical complex that affects
basal andhormone-stimulatedadipocyte fattyacidefflux.Previous
work has established that AFABP/aP2-HSL complex formation
requires that HSL be in its activated, phosphorylated form and
AFABP/aP2 have a bound fatty acid. To identify the HSL binding
site of AFABP/aP2 a combination of alanine-scanning mutagene-
sis and fluorescence resonance energy transferwas used.Mutation
of Asp17, Asp18, Lys21, or Arg30 (but not other amino acids in the
helix-turn-helix region) to alanine inhibited interaction with HSL
without affecting fatty acid binding. The cluster of residues on the
helicaldomainofAFABP/aP2 formtwo ionpairs (Asp17-Arg30 and
Asp18-Lys21) and identifies the region we have termed the charge
quartet as theHSL interaction site. To demonstrate direct associa-
tion, the non-interacting AFABP/aP2-D18K mutant was rescued
bycomplementarymutationofHSL(K196E).Thechargequartet is
conservedonother FABPs that interactwithHSL such as theheart
and epithelial FABPs but not onnon-interacting proteins from the
liver or intestine andmay be a general protein interaction domain
utilizedby fatty acid-bindingproteins in regulatory control of lipid
metabolism.

Basal and hormone-stimulated triacylglycerol lipolysis and
efflux of fatty acids from adipocytes is a complex process
involving multiple regulatory factors, structural proteins, lipid
hydrolases, and carrier proteins (1). Complete triacylglycerol
hydrolysis to 3 mol of fatty acids and 1 mol of glycerol is facili-
tated by multiple hydrolases (triglyceride hydrolase and adi-
pose triglyceride hydrolase), a diacylglycerol hydrolase (hor-
mone-sensitive lipase (HSL)2), and a monoacylglycerol lipase
all localized onto the surface of the lipid droplet possibly in

complex with the docking protein perilipin and regulated by
interaction with CGI-58 (2–6). The product fatty acids are
either re-esterified by associated acyl-CoA ligases or effluxed
from the cell via a trafficking system involving the adipocyte
fatty acid-binding protein (AFABP/aP2) as a lipid shuttle (7–9).
AFABP/aP2 forms a physical complex with HSL leading to

the original proposition that such interaction facilitated FFA
efflux (10). However, more recent work using mutational anal-
ysis coupled with fluorescence resonance energy transfer
between ECFP-HSL and EYFP-AFABP/aP2 has established
that for interaction to occur AFABP/aP2 must have an FFA
bound and HSL must be in its activated phosphorylated form
suggesting that the interaction may be regulatory leading to
inhibition of lipase activity or influencing complex formation
on the lipid droplet surface (11).
The site of AFABP/aP2 interaction onHSL has beenmapped

via a combination of mutagenesis and truncation analysis to a
region bounded by amino acids 193–199 containing the core
sequence EHYKRNE (10). In contrast, the site of interaction on
AFABP/aP2 that binds toHSL has not beenmapped previously.
The requirement for HSL to be in its phosphorylated form and
AFABP/aP2 to have a lipid bound makes in vitro assessment of
the interaction sites technically difficult. As such, we have
turned to in situ methods involving mutational analysis cou-
pled with energy transfer to map the interaction domain on
AFABP/aP2. In this report we present studies defining the site
of HSL interaction on AFABP/aP2 as two ion pairs linking
Asp17 to Lys21 and Asp18 to Arg30. This cluster of residues on
helix �1 and helix �2 are defined as a “charge quartet” and is
conserved in the heart and epithelial FABPs that also associate
withHSL but not in the intestinal or liver FABP (12) that do not
associate with HSL. The charge quartet, components of which
have previously been suggested to be a nuclear localization
sequence (13), is likely to represent a protein-protein interac-
tion motif linking AFABP/aP2 to the regulation of a variety of
cellular proteins involved in lipidmetabolism and homeostasis.

EXPERIMENTAL PROCEDURES

Materials—Zeocin, Geneticin, Lipofectamine, and tissue
culture reagents were obtained from Invitrogen. BODIPY D
3835 (4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-inda-
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cene-3-dodecanoic acid), referred to as BODIPY-C12, was
obtained from Molecular Probes (Eugene, OR). pEYFP-C1
and pECFP-C1 were obtained from Clontech. Pure oleic acid
was purchased fromNuChek Prep (Elysian,MN). Restriction
and DNA-modifying enzymes were obtained from Promega,
New England Biolabs, and Stratagene. 1-Anilinonaphtha-
lene-8-sulfonic acid (1,8-ANS) was purchased from Molec-
ular Probes. Lipidx (hydroxyalkoxypropyl dextran Type VI)
and all other reagents were purchased from Sigma-Aldrich.
The University of Minnesota Microchemical Facility carried
out DNA sequencing and synthesis of oligonucleotides used
for PCR.
Cloning and Mutagenesis—Mutations in the proposed

AFABP/aP2 HSL binding site were made on the template of
native AFABP/aP2 subcloned into the A206K pEYFP-C1
expression vector using the QuikChangeTM site-directed
mutagenesis technique of Stratagene (La Jolla, CA) as described
previously (14). The A206K pEYFP-C1 vector was used for all
mutants to reduce intrinsic dimerization of fluorescent fusion
proteins. The mutational primers were as follows: N15A, 5�-G
CTT GTC TCC AGT GAA GCC TTC GAT GAT TAC ATG-
3�; F16A, 5�-G CTT GTC TCC AGT GAA AAC GCC GAT
GATTACATGAAAG-3�; D17A, 5�-CCAGTGAAAACTTC
GCT GAT TAC ATG AAA GAA GTG GG-3�; D18A, 5�-CC
AGT GAA AAC TTC GAT GCT TAC ATG AAA GAA GTG
GGA GTG GGC-3�; Y19A, 5�-CC AGT GAA AAC TTC GAT
GAT GCC ATG AAA GAA GTG GGA GTG GGC-3�; M20A,
5�-CC AGTGAAAAC TTCGATGAT TACGCGAAAGAA
GTG GGA GTG GGC-3�; K21A, 5�-C TTC GAT GAT TAC
ATG GCA GAA GTG GGA GTG GGC TTT GCC-3�; E22A,
5�-C GAT GAT TAC ATG AAA GCA GTG GGA GTG GGC
TTTGCC-3�; V23A, 5�-TTCGATGATTACATGAAAGAA
GCGGGAGTGGGC TTT GCC-3�; and R30A, 5�-GTG GGC
TTT GCC ACA GCG AAA GTG GCA GGC ATG GCC AAG
CCC-3�.
To assess the heterodimerization of AFABP/aP2 and HSL

using EYFP-AFABP/aP2-D18K and ECFP-HSL-K196E, the fol-
lowing primers were utilized: AFABP/aP2-D18K, 5�-CC AGT
GAA AAC TTC GAT AAG TAC ATG AAA GAA GTG GGA
GTG GGC-3�; and HSL-K196E, 5�-C TTC GGG GAA CAC
TAC GAA CGC AAC GAG ACG GGC C-3�. To evaluate the
interaction of ECFP-HSL with FABPs other than AFABP/aP2,
epithelial FABP (EFABP), heart FABP (HFABP), intestinal
FABP (IFABP), and liver FABP (LFABP) were subcloned into
A206K pEYFP-C1 (14).
Live Cell Imaging and FRET—C8PA lipocytes used for FRET

analyses were cultured as described previously (11, 14). Briefly
C8PA cells are HEK-293 fibroblasts stably expressing fatty acid
transport protein 1 and perilipin A grown and maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. C8PA cells transfected for FRET analysis
were grown on polylysine-coated 13-mm coverslips in 12-well
plates and transfected 24 h later with the expression plasmids
specific for ECFP-HSL and/or EYFP-FABP (native or mutant).
24 h later the cells were lipid-loaded for 48 h with 300 �M oleic
acid, 100�Mbovine serumalbumin. Essentially identical results
were obtained when cells are loaded with linoleic acid (data not
shown). Lipolytic conditions were initiated by the addition of

20 �M forskolin, and digital images were captured between 2
and 4 h later. During microscopy, cells were kept in medium at
37 °C with 5% CO2 until imaging at room temperature.
Normalized FRET (NFRET) Analysis—Images were cap-

tured, and real time FRET measurements were performed and
calculated as previously reported where a complete description
of the methods and data analysis is provided (11). Image acqui-
sition and measurement of three types of samples were carried
out on each experiment for FRET index measurements as fol-
lows: one sample with cells expressing only the donor fluoro-
phore to evaluate the donor bleed-through coefficient, one
sample with cells expressing only the acceptor fluorophore to
evaluate the acceptor bleed-through coefficient, and one sam-
ple with cells co-expressing the two fluorophores in which
FRET signals weremeasured as described in Hachet-Haas et al.
(15). The FRET measurements are expressed as the NFRET
index. The NFRET index value ranges from 1 to 10 and is gen-
erated using the mean bleed-through coefficients (15–17). For
statistical analysis, each FRET experiment was done at least
three independent times. In each experiment, cells were evalu-
ated visually to identify typical expression patterns and to assess
general transfection efficiency for each of the two fusion pro-
teins. Monolayers of co-transfected cells were scanned using
the individual EYFP and ECFP channels to identify those cells
where the expression of the two reporters was comparable.
Multiple fields were considered for each experiment with at
least five separate cell fields assessed for localization and fluo-
rescence measurements. Data presented in Figs. 4 and 9 repre-
sent combined results from all experiments addressing fluores-
cence from 15–20 cells.
Cells transfected with some of the mutants consistently con-

tained aggregates under some conditions. Areas of a cell con-
taining these aggregates were avoided when capturing images
to be used for the comparative basal measurements. The for-
skolin-treated cells, however, were measured in the areas of
HSL translocation, including any aggregates present in that
area.
Expression, Purification, and Ligand Binding Analysis of His-

tagged Native and Mutant Forms of AFABP/aP2—Escherichia
coli BL21 DE3 pLysS cells were transformed with a plasmid
encoding His-tagged native AFABP/aP2 or the indicated
mutants as described previously (18). Cultures were grown, and
expression of the protein was induced with 1 mM isopropyl
thiogalactoside for 4 h. Following centrifugation, the cells were
lysed in a French press and sonicated, and the soluble proteins
were recovered following centrifugation for 1 h at 100,000 � g.
The His-tagged AFABP/aP2 proteins were purified on a nickel
affinity column and eluted with 250 mM imidazole. The pooled
eluate was subjected to Lipidx chromatography to remove any
bound ligand and subsequently dialyzed into 25 mM Tris-HCl,
50 mM NaCl (pH 7.4) buffer. The purified FABPs were verified
by SDS-PAGE and quantified spectrophotometrically.
Fluorescence binding assays were performed using the probe

1-anilinonaphthalene-8-sulfonic acid as described previously
(19). Briefly 1,8-ANS was dissolved in absolute ethanol and
then diluted with 25 mM Tris-HCl (pH 7.4) to a final concen-
tration of 5 �M (final ethanol concentration of 0.05%). For each
assay, 500 �l of 1,8-ANS was mixed with increasing amounts
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ofAFABP/aP2, and fluorescencewasmeasured using a PerkinElmer
Life Sciences 650-10S fluorescence spectrophotometer. Scatchard
analyseswere performed to calculate dissociation constants.

RESULTS

In a previous report we described studies that established
that a fatty acid must be bound to AFABP/aP2 for association
with HSL and that at least one amino acid, Lys21, was required
for complex formation (11). In those studies, EYFP-AFABP/
aP2-K21I did not exhibit FRET with ECFP-HSL, whereas
EYFP-AFABP/aP2-K31I did, implying that a region on or about
Lys21 of helix �1 comprises a component of the HSL binding
site. As shown in Fig. 1, the side chain of Lys21 is found within a
cluster of charged residues demarcated by Asp17, Asp18, Lys21,
Arg30, and Lys31. Although Asp17, Asp18, and Lys21 reside on
helix �1, Arg30 and Lys31 are found on helix �2 in close prox-
imitywith the hydrocarbon chain of a bound fatty acid. Analysis
of crystal coordinates (20) revealed that the side chain of Asp18
forms an ion pair with that of Lys21, whereas the side chain of
Asp17 forms a salt bridge to that of Arg30, forming a quartet of
charges that bridge the two helices. The observation that
AFABP/aP2-K21I exhibits native fatty acid binding activity but
does not physically bind to HSL points toward some unique
features of Lys21 that could provide an explanation forwhy fatty
acid binding is required for interaction with HSL. Xu et al. (20)
demonstrated that Lys21 is one of the few residues whose main
chain atoms vary in position with fatty acid binding, and LiCata
and Bernlohr (21), using computational methods to assess the
accessible surface area for each of theAFABP/aP2 side chains in
both the apo- and holoforms, identified Asp18 and Lys21 as res-
idues with significantly decreased surface accessibility in the
holoform. To assess the involvement of the various residues of
the proposed AFABP/aP2-HSL binding site, AFABP/aP2 resi-
dues Asn15 through Val23 as well as Arg30 were sequentially
changed to alanine mutants in the A206K pEYFP-C1 vector,
and FRET analysis was performed between each of the mutant
proteins and ECFP-HSL.
Our previous studies using C8PA lipocytes (HEK-293 cells

stably transfected with fatty acid transport protein 1 and
perilipin A) have demonstrated that physical association
between ECFP-HSL and EYFP-AFABP/aP2 occurs in the
cytoplasm under basal conditions and is markedly increased

in response to forskolin treatment
(11, 14). Activated, phosphoryla-
ted HSL translocates to the surface
of the lipid droplet and forms a
complex with multiple proteins
facilitating efficient lipid hydroly-
sis (18, 22–24). Fig. 2 shows the
complete set of images and con-
trols used for FRET analysis to
determine physical association of
the fusion proteins expressed by
pECFP-HSL and pEYFP-AFABP/
aP2 co-transfected into C8PA
cells. For each mutant protein
evaluated in this study the same
control experimentswere repeated to

assure that ECFP-HSL translocated to the droplet surface and
exhibited energy transfer with EYFP-AFABP/aP2.
For analysis of the alanine-scanning series of mutants sur-

rounding the potential AFABP/aP2-HSL binding site as well as
for EYFP-AFABP/aP2-R126Q (non-fatty acid-binding) and
EYFP-AFABP/aP2-K31I (fatty acid-binding and electrostati-
cally equivalent to K21A) mutants, C8PA cells were grown,
transfectedwith the appropriate cDNAs, loadedwith oleic acid,
and stimulated with forskolin as described previously (11, 14).
Each alanine mutant fusion protein was analyzed for fluores-
cence energy transfer with native ECFP-HSL. Additionally
because all FRET images were collected using the same acqui-
sition settings, we were able to determine the NFRET value for
HSL association with AFABP/aP2 or each mutant AFABP/aP2
protein and compare them quantitatively. Fig. 3 shows the
FRET images for each of these determinations. The resulting
relative values of NFRET are presented in Fig. 4 and allow each
AFABP/aP2 form to be compared under both basal and lipo-
lytic conditions. From these images and theNFRET data Asp17,
Asp18, Lys21, and Arg30 were identified as the most critical res-
idues for the binding of AFABP/aP2 to HSL. Interestingly
EYFP-AFABP/aP2-E22A did not translocate to the droplet sur-
face suggesting that this protein associates with HSL but may
affect complex formation.
Because our priorworkhad established that a fatty acidmust be

bound to AFABP/aP2 to form a complex with HSL (11), we
assessed the ligand binding activity of each mutant using the sur-
rogate ligand 1,8-ANS. As shown in Fig. 5, although there were
some differences in binding affinity, each of the alanine mutants
retained fatty acid binding capacity similar to that of native
AFABP/aP2. In contrast AFABP/aP2-R126Qexhibited essentially
no 1,8-ANS binding and did not demonstrate energy transfer in
FRET analysis with ECFP-HSL (11).
The helix-turn-helix domain of AFABP/aP2 has been shown

in some, but not all, x-ray crystal structures to be a site for
homodimerization. IndeedGillilan et al. (13) have reported that
AFABP/aP2 is dimeric and, depending upon the ligand, may
associate via a region encompassing the helical domain. Fig. 6
shows a sequence comparison of various FABPs with HSL and
reveals that the helical region containing the charge quartet on
AFABP/aP2 has some similarity to the corresponding binding
site on HSL that has been identified previously (10). Of partic-

FIGURE 1. Spatial organization of the AFABP/aP2 charge quartet. A, ribbon diagram of the AFABP/aP2
helix-turn-helix region (from Protein Data Bank code 1lib) with the side chains of Asp17, Asp18, and Lys21 on
helix �1; Arg30 and Lys31 on helix �2; and oleic acid shown in space-filling mode. B, 90° rotation view showing
orientation of charged residues.

Adipocyte FABP Charge Quartet

33538 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 48 • NOVEMBER 28, 2008



ular note are HSLGlu193 and Lys196. Although there is no x-ray
or NMR structure determined for HSL, secondary structure
algorithms predict that this segment of sequence would be in a
helical conformation. This raises the possibility that the helical
region on AFABP/aP2 interacts with a similar helical domain
onHSL and that the intramolecular ion pair betweenAsp18 and
Lys21 of AFABP/aP2 may form two intermolecular ion pairs
withHSL: Asp18 of AFABP/aP2 with Lys196 of HSL and Lys21 of
AFABP/aP2 with Glu193 of HSL. To test this hypothesis we
carried out a charge reversal experiment. In this experiment,
the EYFP-AFABP/aP2-D18K and the ECFP-HSL-K196Emutants
were utilized. As shown in Fig. 7 EYFP-AFABP/aP2-D18Kdid not
undergo significant energy transfer when co-expressed with
ECFP-HSL, and conversely ECFP-HSL-K196E exhibited mark-
edly reduced FRET when co-expressed with EYFP-AFABP/aP2.

FIGURE 2. Energy transfer between ECFP-HSL and EYFP-AFABP/aP2 co-
expressed in C8PA cells. C8PA lipocytes were co-transfected with pECFP-
HSL and pEYFP-AFABP/aP2 and incubated with oleate-bovine serum albumin
(3:1). After 48 h, the energy transfer between ECFP-HSL and EYFP-AFABP/aP2
in the absence (C) or presence (F) of 20 �M forskolin was determined. Images
are shown for both the cyan (ECFP-HSL) and yellow (EYFP-AFABP/aP2) chan-
nels as well as energy transfer (FRET) between the two fluorophores (artifi-
cially colored as magenta). Localization of the ECFP-HSL-EYFP-AFABP/aP2
complex on the droplet surface can be compared with the BODIPY-C12 label-
ing of triacylglycerol. The scale bar represents 5 �m in the differential inter-
ference contrast (DIC) image.

FIGURE 3. FRET images for ECFP-HSL EYFP-AFABP/aP2 complex forma-
tion. Fluorescence resonance energy transfer (colored magenta as described
in the legend to Fig. 2) between ECFP-HSL and the designated AFABP/aP2
mutants in forskolin-stimulated C8PA cells is shown. Each AFABP/aP2 mutant
is expressed as a fusion protein with EYFP but is referred to in the figure simply
by the AFABP/aP2 amino acid substitution. The scale bar represents 5 �m.

FIGURE 4. Energy transfer between ECFP-HSL and EYFP-AFABP/aP2
mutants. Values for NFRET were calculated as described under “Experimental
Procedures” for various EYFP-AFABP/aP2 forms co-expressed with ECFP-HSL.
For simplicity, each mutant is listed as the protein substitution, and for the
co-transfection results, C:H refers to fusion proteins utilizing ECFP-HSL,
whereas Y:A refers to fusion proteins in EYFP-AFABP/aP2. Gray bars represent
basal NFRET, whereas black bars represent energy transfer following addition
of forskolin. Error bars represent S.E. (n � 15). The * denotes statistical signif-
icance (p � 0.05) in the NFRET value (forskolin-stimulated) for the indicated
isoform compared with the AFABP/aP2 control. WT, wild type.
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However, co-transfection of pEYFP-AFABP/aP2-D18K with the
charge reversalmutant pECFP-HSL-K196E rescued energy trans-
fer between the expressed fusion proteins to a level similar to that
of the native controls. Fig. 4 provides the NFRET values obtained
from these co-transfection experiments. These results indicate
that during lipolytic stimulation AFABP/aP2 and HSL directly
bind toeachother.These results areconsistentwithprevious titra-
tion microcalorimetry studies that had indicated a 1:1 molar stoi-
chiometryof bindingbetween the twoproteins (18).Moreover the
region of sequence similarity betweenAFABP/aP2 andHSL likely
represents an interaction domain linking the charge quartet of
AFABP/aP2 to a similar region onHSL.
The adipocyte fatty acid-binding protein is a member of the

multigene family of hydrophobic lipid-binding proteins that
contains several other structurally related 15-kDa polypeptides.
In this family, spatial alignment of the � carbon backbones of
the proteins are virtually superimposable, whereas the primary
sequence varies considerably from 20 to 70% sequence identity
(12, 25). Given the definition of Asp17, Asp18, Lys21, and Arg30
as primary determinants of HSL binding for AFABP/aP2, we
assessed four other FABPs that have similar sequences in that
region. To accomplish this epithelial FABP, heart FABP, intes-
tinal FABP, and liver FABP were cloned into the A206K
pEYFP-C1 vector, and the fluorescent fusion proteins were
evaluated for binding with ECFP-HSL using FRET analyses. As
shown in Figs. 8 and 9, EYFP-EFABP and EYFP-HFABP, but
not EYFP-LFABP or EYFP-IFABP, exhibited energy transfer
when co-expressed with ECFP-HSLwithNFRET values similar
to that for EYFP-AFABP/aP2. Fig. 6 shows the sequence com-

parison in the helical regions of the various FABPs and reveals
that each of the proteins that associate with HSL contain acidic
functions at positions 17 and 18 (relative to AFABP/aP2 num-
bering), a Lys residue at position 21 and an Arg residue at posi-
tion 30. Intestinal FABPhas a basic residue at position 18 and an
acidic residue at position 21, whereas liver FABP contains a
proline at position 18 and an isoleucine at position 30.

DISCUSSION

Previous work detailing the molecular and physiological
interaction between AFABP/aP2 and HSL has centered upon
the following components. 1) The site with which AFABP/aP2

FIGURE 5. 1,8-ANS binding by selected AFABP/aP2 mutants. The indicated
AFABP/aP2 mutants (expressed as His6 fusion proteins) were expressed in
bacteria, purified, and evaluated for lipid binding using the surrogate ligand
1,8-ANS. Binding results for each protein shown represents one of at least
three independent trials. wt, wild type.

FIGURE 6. Sequence alignment of HSL with various fatty acid-binding
proteins. Shaded areas show regions of identity or chemical similarity.

FIGURE 7. Energy transfer between ECFP-HSL and EYFP-AFABP/aP2
charge reversal mutants. C8PA lipocytes were co-transfected with pECFP-
HSL and pEYFP-AFABP/aP2 or the indicated mutant forms and incubated
with oleate-bovine serum albumin (3:1). After 48 h FRET was evaluated in the
absence (C) or presence (F) of 20 �M forskolin. For simplicity, each mutant is
listed as the protein substitution, and for the co-transfection results, C:H refers
to fusion proteins utilizing ECFP-HSL, whereas Y:A refers to fusion proteins in
EYFP-AFABP/aP2. The scale bar represents 5 �m. WT, wild type.
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interacts on HSL has been defined from amino acids 190 to 200
in an N-terminal docking domain discrete from the C-terminal
catalytic esterase domain (10). 2) AFABP/aP2must have a fatty
acid bound to interact with HSL (11); mutation of the critical
arginine residue that forms part of the H-bonding network
(Arg126) to a non-H-bonding glutamine renders the protein
unable to bind FFA (25) or HSL (12). 3) The interaction forms a
1:1 complex between AFABP/aP2 and HSL (18). Loss of
AFABP/aP2 (AFABP/aP2-null mice) results in adipocytes with
4) an increase in intracellular FFAwithout activation of inflam-
matory pathways (26) and 5) a decrease in the efflux of FFA

from the adipocyte both in situ and in vivo (7, 8). Despite the
broad information base, the binding site on AFABP/aP2 that
forms the cognate interaction domain with HSL has not been
defined; this report addresses that identification.
Using a mutagenesis strategy in combination with fluores-

cence resonance energy transfer, a quartet of charges in the
helix-turn-helix domain of AFABP/aP2 defined by Asp17,
Asp18, Lys21, and Arg30 were identified. Examination of the
AFABP/aP2 apo- and holostructures revealed that within this
quartet salt bonds are formed between Asp17 and Arg30 as well
as betweenAsp18 and Lys21 (Fig. 1).Mutagenesis of any of these
four residues and subsequent analysis via FRET revealed that
these mutant AFABP/aP2 forms exhibited greatly diminished
interaction with HSL. The interaction is specific to these resi-
dues because mutagenesis of surrounding amino acids did not
affect AFABP/aP2-HSL interaction. Included in this analysis
was Lys31, a spatially adjacent residue that when mutated to
alanine hadno affect onHSL interaction (11) indicating that the
association was not purely controlled by AFABP/aP2 electro-
statics but required defined charges in a spatially concise con-
figuration. Importantly mutagenesis of any of the quartet
charges had little effect on fatty acid binding (Fig. 5) indicating
that the binding determinant forHSL interaction is distinct and
separable from the interaction of FFA with AFABP/aP2 and
that mutants can be identified that define physical interaction
with either fatty acids (e.g. R126Q), protein (e.g. D18A), or
membrane phospholipids (K31I).
Previous work by LiCata and Bernlohr (21) analyzed the apo-

and holoprotein structure of AFABP/aP2 and concluded that
significant changes in the accessible surface area of the protein
occur upon ligand binding. Of the residues that had side chains
influenced by fatty acid binding, Asp17 exhibited a decrease in
accessibility for several fatty acids evaluated. In contrast, both

FIGURE 8. Energy transfer between ECFP-HSL and other EYFP-FABP iso-
forms. C8PA lipocytes were co-transfected with pECFP-HSL and pEYFP fused
in frame to the indicated FABP and incubated with oleate-bovine serum albu-
min (3:1). After 48 h FRET was evaluated in the absence (C) or presence (F) of
20 �M forskolin. For simplicity, each mutant is listed as the protein substitu-
tion, and for the co-transfection results, C:H refers to fusion proteins utilizing
ECFP-HSL, whereas Y:A refers to fusion proteins in EYFP-AFABP/aP2. The scale
bar represents 5 �m.

FIGURE 9. NFRET values representing relative energy transfer between
ECFP-HSL and EYFP-linked fatty acid-binding proteins. Gray bars repre-
sent basal NFRET, whereas black bars represent energy transfer following
addition of forskolin. Error bars represent S.E. (n � 15). C:H refers to ECFP-HSL,
whereas each EYFP (Y)-fatty acid-binding protein fusion is indicated by a sin-
gle letter denoting the adipocyte (A), liver (L), epithelial (E), intestinal (I), or
heart (H) forms. The * denotes statistical significance (p � 0.05) in the NFRET
value (forskolin-stimulated) for the indicated isoform compared with the
AFABP/aP2 control.
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Asp18 and Lys21 demonstrated ligand-dependent changes in
accessible surface area with some fatty acids increasing and
others decreasing accessibility. In contrast, Arg30 did not
exhibit major structural changes in response to ligand binding.
These results imply a ligand-dependent change in the orienta-
tion of helix�1, particularly in theAsp18-Lys21 salt bond region.
Using a combinationof in situ (FRET) (14) and in vitro (titration

microcalorimetry) (18) analyses, several other, but not all, FABPs
were shown to interact with HSL. Other interacting fatty acid-
binding proteins include epithelial FABP and heart FABP (Fig. 8),
whereas liver FABP and intestinal FABP exhibited reduced asso-
ciation. Comparison of the sequences in and around the helical
domainof eachFABPshoweda consensus alignment for thebind-
ing site as F-Acidic-Acidic-YMKX2GVG (Fig. 6). Each of AFABP/
aP2, EFABP, andHFABPcontain this domain,whereas non-bind-
ing IFABP and LFABP forms do not, supporting the finding that
this region defines the interaction region. Other FABPs that con-
tain the binding motif but have not been evaluated for HSL asso-
ciation are testis andmyelin FABP.
As shown in Fig. 6, the sequence of HSL from amino acids

190 to 201 also contains many of the basic core elements of the
FABP interaction site. The HSL sequence FGEHYKRNETG
represents amodified version of the core FABP element and the
prediction that in HSL this region forms a helical interaction
partner with AFABP/aP2 allowing for the acidic residue on
AFABP/aP2 (Asp18) to interact with the Lys196 on HSL and
Lys21 of AFABP/aP2 to ion pair with a cognate Glu193 residue
on HSL. Consistent with this, Figs. 4 and 7 show that when
Asp18 is mutated to a lysine residue the interaction with HSL
was lost but could be rescued when the corresponding basic
residue of HSL (Lys196) was converted to a glutamic acid.
Althoughnot evaluated, the extension of this is thatmutation of
AFABP/aP2 Lys21 toGluwould result in loss of interactionwith
HSL but could be restored by corresponding mutation of HSL
Glu193 to Lys. This finding predicts that other FABP partners
would also contain the interaction motif.
Work by Liou and Storch (27) has shown that AFABP/aP2

(and several other FABPs) donates a bound fatty acid to mem-
branes via a collisional mechanism that requires Lys21 and
Lys31. The studies herein indicated that Lys21, but not Lys31,
was required for HSL interaction implying that the protein-
protein interaction site overlapswith the protein-lipid interface
and shares several common determinants. The structure of
AFABP/aP2 (Fig. 1) shows that Lys31 is very close to Lys21 but
does not form salt bonds with an adjacent amino acid. Indeed
K31I served as a negative control in FRET experiments and
indicates that this residue may be a discriminating factor in
defining protein-protein association versus lipid trafficking.
The region on AFABP/aP2 identified as the HSL binding site

overlaps with a domain suggested by Gillilan et al. (13) to be
part of a nuclear localization domain involving Lys21, Arg30,
and Lys31. Mutagenesis analysis of several EYFP-AFABP/aP2
fusions revealed that none of the residues affected intracellular
localization when expressed into HEK-293 cells: AFABP/aP2
was found ubiquitously throughout the cell. However, in the
studies of Gillilan et al. (13) the location of AFABP/aP2 in
COS-7 cells was dependent upon such residues suggesting that
cell-specific factorsmay be determining influences for localiza-

tion rather than being an intrinsic property of the protein itself.
Indeed in priorworkwehave shown in 3T3-L1 cells that early in
the differentiation program (days 4–6 in the standard proto-
col) AFABP/aP2 is largely nuclear, whereas later (days 12–16)
the protein is also found cytoplasmically (28). Given our obser-
vation that Lys21 and Arg30 are central to HSL association,
translocation may represent interaction with nuclear proteins
with a similar targeting sequence.
In summary, this work presents for the first time the binding

site on AFABP/aP2 for HSL and suggests that association with
other proteinsmay involve the same domain. Because the inter-
action with HSL requires that a fatty acid be bound to AFABP/
aP2 the association is considered to be regulatory, serving as a
potential negative feedback loop regulating lipid hydrolysis.
Current studies are underway to evaluate this proposal.
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