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Abstract
Acyl-coenzyme A binding protein (ACBP) has been proposed to transport fatty acyl-CoAs
intracellularly, facilitating their metabolism. In this study, a new mouse recombinant ACBP was
produced by insertion of a histidine (his) tag at the C-terminus to allow efficient purification by Ni-
affinity chromatography. The his-tag was inserted at the C-terminus since ACBP is a small molecular
size (10 kDa) protein whose structure and activity are sensitive to amino acid substitutions in the N-
terminus. The his tag had no or little effect on ACBP structure or ligand binding affinity and
specificity. His-ACBP bound the naturally-occurring fluorescent cis-parinaroyl-CoA with very high
affinity (Kd=2.15 nM), but exhibited no affinity for non-esterified cis-parinaric acid. To determine
if the presence of the C-terminal his tag altered ACBP interactions with other proteins, direct binding
to hepatocyte nuclear factor 4α (HNF-4α), a nuclear receptor regulating transcription of genes
involved in lipid metabolism, was examined. His-ACBP and HNF-4α were labeled with Cy5 and
Cy3, respectively, and direct interaction was determined by a novel fluorescence resonance energy
transfer (FRET) binding assay. FRET analysis showed that his-ACBP directly interacted with
HNF-4α (intermolecular distance of 73 Å) at high affinity (Kd=64-111 nM) similar to native ACBP.
The his-tag also had no effect on ACBPs ability to interact with and stimulate microsomal enzymes
utilizing or forming fatty acyl CoA. Thus, C-terminal his-tagged-ACBP maintained very similar
structural and functional features of the untagged native protein and can be used in further in vitro
experiments that require pure recombinant ACBP.
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INTRODUCTION
Acyl coenzyme A binding protein (ACBP) is a member of a large family of lipid binding
proteins ubiquitously expressed in all eukaryotic organisms [11]. These proteins have
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remarkably high affinities (1-20 nM Kds) and selectivity for binding medium and long-chain
fatty acyl coenzyme A thioesters (C14-C22) [8,10,12,18] and have been proposed to have
important roles in intracellular transport and transacylation of fatty acyl-CoAs (rev. in [8,15,
31]. Based on in vitro studies, the primordial role of ACBP has been thought to maintain a
cytosolic pool of acyl-CoAs protected from acyl-CoA hydrolases, thus making acyl-CoAs
available to several cytoplasmic membrane-bound organelles involved in lipid metabolism,
such as to: endoplasmic reticulum (ER) for transacylation to cholesteryl esters,
triacylglycerides, or glycerophospholipids [4,5,15,21]; mitochondria for transacylation to
acylcarnitines for oxidation [1,3,34]; and the Golgi complex for regulating vesicle budding to
form transport vesicles [32,33]. At the nuclear membrane and in the nuclear matrix, ACBP
may modulate gene expression, as indicated by ACBP-specific transactivation and proximity
to nuclear receptors such as hepatocyte nuclear factor-4 α (HNF-4α) in fixed cells [31]. ACBP
overexpression in yeast cells [23], mammalian cells in culture [41], and transgenic animals
[18] generally indicated that ACBP is a lipogenic protein which induces high levels of lipid
synthesis and accumulation, especially of triglycerides. These data are in agreement with
ACBP gene expression being upregulated by lipogenic transcription factors such as sterol-
regulatory element binding protein (SREBP) in the liver [35,39] and by PPARγ during
adipocyte differentiation from fibroblasts upon insulin stimulation [17,28]. ACBP is also found
at abnormally high levels in tumor cells that exhibit very high rates of lipid synthesis as well
as proliferation [6,14,16,25,40]. Conversely, ACBP suppression results in reduced cellular
growth rates, abnormal fatty acyl-CoA composition, vesicle accumulation, and membrane
defects in yeast [13,36]; inhibition of adipocyte differentiation [27]; and lethality in some types
of mammalian cells [9].

Because production and isolation of endogenous native ACBP from liver and recombinant
ACBP with native amino acid sequence are laborious with a low-yield [4], a new method was
developed in which a recombinant mouse histidine-tagged ACBP (his-ACBP) was prepared.
Insertion of the his-tag at the C-terminus was chosen since: (i) the N-terminus of ACBP
undergoes post-translational processing to remove the initiating methionine, followed by N-
acetylation of the serine residue [26], (ii) amino acid substitutions in the N-terminal region
alter ACBP activity [14]. By placing the his-tag at the C-end of ACBP molecule, the post-
translational processing, structure, and functional activity of ACBP were not significantly
altered. These studies now make available pure recombinant C-terminal his-ACBP for further
use in vitro to examine ligand and protein interactions as well as for studies of direct
incorporation of labeled ACBP and targeting in living cells.

MATERIALS AND METHODS
Materials

The pET21b plasmid was purchased from Novagen, EMD Biosciences, Inc. (LaJolla, CA) and
a pGEM vector was from Promega, Madison, WI). DNA electrophoresis chemicals and
restriction enzymes were obtained from New England BioLabs, Inc. (Beverly, MA). BioGel
P4 resin was from Bio-Rad (Hercules, CA) and Ni-CAM resin, protease inhibitor cocktail, and
β-galactosidase were acquired from Sigma (St-Louis, MO). BCA protein assay kit was from
Pierce Biotechnology Inc. (Rockford, IL). Recombinant mouse ACBP with identical amino
acid sequence as native ACBP was produced as described previously [4]. Full length hepatic
nuclear factor-4α (HNF-4α) was expressed in E. coli and purified as previously described
[29-31,37]. Cis-parinaric acid (naturally-fluorescent fatty acid analogue), was obtained from
Molecular Probes, InVitrogen (Eugene, OR). Cis-parinaroyl-CoA (natural-fluorescent fatty
acyl CoA analogue) was synthesized as described earlier [12,30]. Cy3 and Cy5 were from
Amersham Biosciences Corp. (Piscataway, NJ). Glycerol-3-phosphate was from Sigma (St.
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Louis, MO). [14C]Oleoyl CoA was from New England Nuclear (Boston, MA). [9,10-3H(N)]
Oleic acid (10 Ci/mmol) was from Amersham (Arlington Heights, IL).

Cloning of C-end histidine-tagged mouse ACBP and expression in E. coli
Mouse ACBP cDNA was inserted into the NdeI/XhoI cloning site of the pET21b plasmid: i)
mouse ACBP cDNA from a pgk plasmid [4] was amplified by PCR using primers introducing
NdeI (CATATG) and XhoI (CTCGAG) restriction sites at the 5′ and 3′ ends of the PCR product,
respectively: 5′-GCGCCATATGTCTCAGGCTGAATTTG-3′ as sense primer, and 5′-
CCGGCTCGAGTATTCCGTATTTCTTCTTTAGC-3′ as antisense primer (Integrated DNA
Technologies, Inc., Coralville, IA); ii) the ACBP PCR product was cloned into the pGEM-T
vector, cut from pGEM with NdeI/XhoI, and ligated into the NdeI/XhoI cloning site of pET21b
(containing the his-tag); iii) BL21 E. coli cells were transformed with pET21b plasmid
containing mouse ACBP cDNA, positive clones were selected and grown on large scale for
his-tagged ACBP purification. The nucleotide sequence of mouse ACBP cDNA in pET21b
plasmid was validated by DNA sequencing (Gene Technologies Lab, Texas A&M University
College Station, TX). The cDNA from PCR and plasmids were run in 1% agarose gels in Tris-
Acetate-EDTA (TAE) buffer, against 100 bp and 1 kb DNA ladders.

Purification of his-ACBP
Separation of his-ACBP from cell lysate was performed by affinity chromatography on Ni-
CAM resin (Sigma, St-Louis, MO) by a batch method. Briefly, 10 g of BL21 cells expressing
his-ACBP were suspended in buffer A consisting of 20 mM TRIS-HCl, pH 7.4, 0.3 M NaCl,
1mM DTT and protease inhibitor cocktail (Sigma, St. Louis, MO). The cell suspension was
sonicated with 20% pulsar power, 1 min on / 2 min off for one hour, on ice, by using a 550
Sonic Dismebrator from Fisher Scientific, Inc. (Pittsburgh, PA). The resultant cell lysate was
centrifuged at 12000 x g to separate cellular debris from soluble proteins. A 4 ml aliquot of
Ni-CAM resin (Sigma, St. Louis, MO) was pre-equilibrated in the same buffer, added to the
cell lysate supernatant, followed by incubation at 4° C for two hours. The resin was separated
by centrifugation at 1000 x g and washed with 50 ml buffer B (20 mM TRIS-HCl, pH 7.4).
His-ACBP was then eluted from the resin with 5 ml each of 10 mM, 30 mM, and 150 mM
imidazole in buffer B. Protein concentration was determined in each elution fraction, and
degree of his-ACBP purity was assessed by SDS-PAGE in 14% acrylamide gels according to
a Bio-Rad procedure [24]. Gels were Coomassie blue stained or silver stained with the Silver
Stain Plus kit per the manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA) to
determine purity. Western blotting of his-ACBP was performed by using locally-produced
rabbit polyclonal antiserum raised against native rat liver ACBP [31].

Determination of his-ACBP ligand affinity and specificity: Fluorescence ligand binding assay
The ligand binding affinity and specificity of his-ACBP were characterized with cis-parinaroyl-
coenzyme A, and cis-parinaric acid as bound and unbound ligands, respectively, as previously
described [12,30]. Briefly, 30 nM his-ACBP was titrated with 2.5-300 nM cis-parinaroyl CoA
or with 5-1000 nM cis-parinaric acid, and fluorescence emission spectra were recorded from
380-440 nm upon excitation of ligand at 310/320 nm. Fluorescence emission spectra were
obtained using a photon counting fluorimeter (PC1, ISS Inc. Urbana, IL). Maximum
fluorescence intensities at each titration point were plotted versus ligand concentrations after
subtraction of corresponding control values in which his-ACBP was not present. Bmax and
Kd values were obtained by curve fitting, using SigmaPlot software (SYSTAT, San Jose, CA),
and fitting to the one site binding saturation option of the program.
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Determination of number his-ACBP fatty acyl CoA binding sites: reverse titration and
fluorescent ligand spectral parameters

Reverse titration was performed by adding increasing concentrations of his-ACBP (4-400 nM)
to a constant amount of cis-parinaroyl-CoA (50 nM), and recording fluorescence emission
spectra of ligand from 380 nm to 440 nm, with excitation at 320 nm. Maximum fluorescence
intensities at each titration point were plotted versus his-ACBP to cis-parinaroyl-CoA molar
ratio to determine number of binding sites per molecule of protein.

Cis-parinaroyl-CoA absorbance spectral parameters were used to confirm the number of
binding sites. This assay is based on the previous finding that cis-parinaric acid absorption
parameters can be used to determine number of binding sites per molecule of albumin [2].
Since cis-parinaroyl-CoA is a thioester of cis-parinaric acid and maintains its absorbance
spectroscopic properties, its absorbance spectral parameter were similarly used for comparison
of his-ACBP bound and free (in the absence of protein) cis-parinaroyl-CoA. Thus, 4 μM cis
parinaroyl-CoA in 20 mM potassium phosphate buffer pH 7.4 were titrated with 0.43 to 16
μM his-ACBP, over a range of molar ratios of 0.11 to 4. Cis-parinaroyl-CoA absorbance spectra
were taken to determine maximum optical densities at valley 1 and peak 2 (see Results, Fig.
5A). Ratios of valley 1 over peak 2 absorption intensities were calculated and plotted versus
moles his-ACBP/ moles of cis-parinaroyl-CoA ratios at each titration point. Peak 2
wavelengths versus his-ACBP/ cis-parinaroyl-CoA molar ratios were also plotted to provide
number of ligand binding sites per his-ACBP molecule. As a control, the same experiment was
also performed with cis-parinaric acid, the non-preferred ligand [12].

Circular dichroism (CD) analysis of his-tagged ACBP compared to untagged ACBP
recombinant protein with native amino acid sequence

Far UV CD spectra of untagged recombinant mouse ACBP [4] and his-ACBP were measured
in 30 mM phosphate buffer, pH 7.4 using a spectropolarimeter (J-710, Jasco, Baltimore, MD)
and a 1mm cuvette. Spectra were recorded from 260 to 190 nm at 50 nm/min, with a time
constant of 1 sec and a bandwidth of 2 nm. An average of 10 scans were run for each CD
profile. Percentage composition of secondary structures was calculated by using CDPRO
software as described [7,38].

Fluorescence labeling of his-ACBP and hepatocyte nuclear factor-4a (HNF-4a) with Cy5 and
Cy3

HNF4α protein was fluorescently labeled with Cy3, and ACBP and his-ACBP were
fluorescently labeled with Cy5, using commercially available labeling kits (Amersham Inc.
Pittsburgh, PA) following the manufacturers’ instructions. Generally, 0.5 mg protein was
incubated with dye/DMSO in a 1:5 -1:10 protein/dye molar ratio, in phosphate buffer saline
(PBS), pH 8.5, stirring for one hour at room temperature. After removing possible aggregates
by a brief centrifugation at 20,000 x g, the dye/protein conjugate was isolated from unreacted
dye by gel-exclusion chromatography using BioGel resins (i.e. BioGel P4 for Cy5-his-ACBP,
and P10 for Cy3-HNF-4α). Qualitative determination of final dyed protein products were
performed by SDS-PAGE and western blotting. The molecular size of dye-protein conjugates
and dye-to-protein molar ratios were determined by mass spectrometry (Mass Spectrometry
Laboratory, Texas A&M University).

Binding affinity of his-ACBP for hepatic nuclear factor-4α (HNF-4α): fluorescence resonance
energy transfer (FRET) based binding assay

A constant amount of Cy3-HNF-4α (200 nM) was titrated with increasing concentrations of
Cy5-his-ACBP or Cy5-ACBP (5 nM to 2 μM) in L&C buffer (20 mM Tris-HCl, pH 8.0, 0.3
M NaCl), and emission spectra of Cy3 and Cy5 from 510 to 800 nm, with excitation of Cy3
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at 500 nm were recorded. Control experiments in which the same concentrations of Cy5-his-
ACBP or Cy5-ACBP were added in the absence of Cy3-HNF-4α were also run and taken into
calculations. The Cy3 maximum emission intensities at 570 nm and Cy5 maximum sensitized
emission at 700 nm were plotted against Cy5-his-ACBP concentrations, so that two binding
curves were obtained, one from quenching of Cy3, and the other from sensitized emission of
Cy5 due to FRET. ACBP/HNF-4α binding affinity data were obtained by determination of
Kd values.

Intermolecular distance between his-ACBP and HNF-4α: FRET between Cy5-his-ACBP and
Cy3-HNF-4α

FRET data from the preceding section were also used to calculate intermolecular distance
basically as described earlier [31], except that FRET was measured between Cy5-his-ACBP
or Cy5-ACBP and Cy3-HNF4α when bound together as a complex. FRET efficiency values
were calculated from quenching of Cy3 fluorescence emission and appearance of Cy5
sensitized emission, and inserted into the following equations [22]: Eq= 1-(FDA/FD) (equation
1), and Ese= (FAD/FA)/(εA/εD) (equation 2), where Eq is FRET efficiency calculated from
quenching data, Ese is FRET efficiency calculated from sensitized emission data, FDA is
fluorescence intensity of donor in the presence of acceptor, FD is fluorescence intensity of
donor in the absence of acceptor, FAD is fluorescence of acceptor in the presence of donor,
FA is fluorescence of acceptor in the absence of donor, εA is molar absorbance coefficient of
acceptor at excitation wavelength (500 nm), and εD is molar absorbance coefficient of donor
(Cy3) at excitation wavelength (500 nm). To estimate the specificity of ACBP/HNF-4α
interaction, the same experiment was applied to an unrelated protein, β-galactosidase, in the
place of HNF-4α.

Microsomal glycerol-3-phosphate acyltransferase (GPAT)
The effect of his-tagging on the ability to stimulate fatty acyl CoA incorporation into
phosphatidic acid by microsomal glycerol-3-phosphate acyltransferase (rate limiting step in
phosphatidate synthesis) was carried out as described previously [20] with 10 μM or 20μM
ACBP or his-ACBP, and ddH2O as control. Each reaction mixture contained 40μM [14C]
Oleoyl CoA. After the reaction, the lipids were extracted with hexane/2-propanol mixture (3:2,
v/v) and separated by thin layer chromatography. Bands corresponding to phosphatidic acid
were scraped and counted by liquid scintillation counting. Values represent the mean ± SE
(n=3 or 4).

Microsomal acyl coenzyme A synthetase (ACS)
The effect of ACBP and his-ACBP on rat liver microsomal fatty acyl-CoA synthetase activity
was assayed as described previously [19] with 20 μM ACBP or his-ACBP, and ddH2O as
control. The reaction was initiated by addition of 5 μCi [3H]/μmol (50 μM) oleic acid in a total
volume of 200 μl and allowed to proceed at room temperature for 30min. The reaction was
stopped by extraction with 800 μl CHCl3/MeOH (2:1, v/v). The aqueous phase was counted
by liquid scintillation counting. Values represent the mean ± SE (n=4).

RESULTS AND DISCUSSION
Cloning, expression and purification of histidine-tagged ACBP (his-ACBP)

The his tag was inserted at the C-terminus because the N-terminus of ACBP undergoes post-
translational processing to remove initiating methionine, followed by N acetylation of the
following serine residue [26]. By placing his tag at the C end of the molecule, post-translational
processing was not impaired. PCR amplification and restriction enzyme digestion of his-ACBP
cDNA in pGEM and pET21b vectors was consistent with the presence of his-ACBP cDNA
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(Fig. 1A). cDNA sequencing confirmed the expected nucleotide sequence of his-ACBP DNA
cloned in pET21b and its corresponding translation into amino acids (Fig. 1B). The amino acid
sequence of histidine-tagged ACBP was identical to mouse native (endogenous) and
recombinant ACBP with native amino acid sequence [4], except for additional L (leucine) and
E (glutamic acid) that were formed in the process of histidine tagging.

The pET21b-ACBP plasmid was highly expressed in E. coli BL21 under IPTG induction (Fig.
1C). SDS-PAGE of E. coli cell lysate in the presence (Fig. 1C, lane 2), but not absence (Fig.
1C, lane 1) of IPTG demonstrated a high level of his-ACBP expression with molecular weight
∼11 kDA. Western blotting of E. coli cell lysate in the presence (Fig. 1C, lane 4), but not
absence (Fig. 1C, lane 3) of IPTG confirmed that antigenic activity was preserved after his-
tagging and that the ∼11 kDa protein was his-ACBP.

His-ACBP was further isolated by one-step affinity chromatography on Ni-CAM resin, and
large amounts of highly purified protein were produced (Fig. 1D). SDS-PAGE images of
proteins before (Fig. 1D, lane 1) and after (Fig. 1D, lane 2) affinity purification, as well as
silver staining of increasing concentrations of purified his-ACBP (Fig. 1E), showed no
additional bands, suggesting the protein was pure. The exact molecular weight of his-ACBP
was 10975.97 Da by mass spectrometry analysis (Methods). This molecular weight is only
slightly larger (<10%) than mouse endogenous or recombinant ACBP. His-ACBP was further
characterized to ensure that addition of the C-terminal his-tag did not adversely affect structural
and functional properties of ACBP, as described in the following sections.

Structural analysis of his-ACBP versus native ACBP: absorbance spectroscopy, circular
dichroism (CD), and fluorescence spectroscopy

The structure of his-tagged ACBP was compared to mouse ACBP by analysis of absorbance,
circular dichroism (CD), and fluorescence spectroscopy. The UV absorbance spectra of equal
amounts of his-ACBP versus ACBP were >90% similar, demonstrating maximal absorption
at 280 nm (Fig. 2A), consistent with both molecules containing the same number of aromatic
amino acids: two Trp and three Tyr residues per molecule. Circular dichroic (CD) spectra of
his-ACBP and ACBP were superimposable (Fig. 2B), demonstrating that no changes were
introduced in the secondary structure by addition of the histidine groups. Fluorescence
emission spectra had overall similar maxima, whether the proteins were excited at 280 nm for
excitation of both Tyr and Trp residues (Fig. 2C) or at 295 nm for excitation of Trp only (Fig.
2D). The <6% decrease in fluorescence emission intensity at 335 nm with excitation at 280
nm concomitant with <6% increase of fluorescence emission intensity near 350 nm with
excitation at 295 nm suggested a minimally altered orientation of the Tyr and Trp residues in
his-ACBP that would slightly favor internal energy transfer from Tyr to Trp.

Taken together, these data indicate that addition of the his-tag to ACBP did not alter secondary
structure and minimally altered the Try and Trp orientation of this protein.

Determination of ligand binding affinity and specificity of his-ACBP: fluorescence binding
assay with a cis-parinaroyl-CoA and cis-parinaric acid

Since modifications of the N-terminus of ACBP are known to alter ligand binding affinity and
function (rev. [14], it was important to determine the effect of C-terminal modification by the
his-tag. His-ACBP exhibited saturation binding upon addition of increasing amounts of cis-
parinaroyl-CoA (cPNCoA), a naturally-occurring fluorescent long chain fatty acyl CoA
(representative binding curve, Fig. 3A). Analysis of multiple binding curves showed that his-
ACBP had high affinity for cPNCoA (Kd=2.15 ± 0.89 nM,). However, his-ACBP did not
exhibit saturation binding of the free fatty acid form, cis-parinaric acid (cPNA, inset of Fig.
3A). The affinity and specificity of his-ACBP for cPNCoA and lack of saturation binding with

Petrescu et al. Page 6

Protein Expr Purif. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cPNA were consistent to that seen with endogenous and recombinant ACBP with native amino
acid sequence [4], indicating that the C-terminal his-tag did not significantly change ligand
affinity or specificity of the protein.

Number of ligand binding sites in his-ACBP: reverse titration
Native ACBP, and recombinant ACBP with native amino acid sequence [4] both have a single
ligand binding site. To determine the number of ligand binding sites in his-ACBP, a constant
amount of ligand was titrated with increasing concentrations of protein by two independent
reverse titration methods:

First, fluorescence emission spectra of bound ligand were obtained with increasing protein.
This reverse titration of cPNCoA showed an increase in maximal fluorescence emission
intensity with excitation at 310 nm when plotted against an increasing molar ratio of added
his-ACBP (representative curve, Fig. 3B). Binding saturation occurred at a molar ratio of 1,
demonstrating that his-ACBP had a single cPNCoA binding site per his-ACBP molecule. The
same experiment using non-esterified cis-parinaris acid (cPNA) indicated only nonspecific
binding of cPNA to his-ACBP (Inset of Fig. 3B).

Second, changes in absorbance spectral parameters of cPNCoA in the presence of increasing
concentrations of his-ACBP were measured (Methods). Cis-parinaroyl-CoA, the CoA thioester
of cis-parinaric acid, changed its absorbance spectral parameters when bound to his-ACBP
(Fig. 3C). The UV absorbance spectra of cPNCoA in the absence of his-ACBP (Fig. 3C, upper
solid line) and in the presence of increasing concentrations of his-ACBP (Fig. 3C, lower dashed
lines, shorter dashes corresponding to higher concentrations of protein) exhibited three major
peaks (P1, P2, P3) and two valleys (V1, V2). Increasing concentrations of his-ACBP reduced
absorbance of all three peaks of cPNCoA and red-shifted wavelengths of the absorption
maxima: from 294 nm to 297 nm for peak 1, from 307 to 311 nm for peak 2, and from 321 to
326 nm for peak 3 (Fig. 3C). When ratios of absorption intensities at V1 to P2 were plotted
versus his-ACBP to cPNCoA molar ratio (Fig. 3D), a single maximum at molar ratio of 1 was
obtained, indicating a single ligand binding site per protein molecule. This ratio was confirmed
by plotting the wavelength values corresponding to P2 versus his-ACBP to cPNCoA molar
ratio (Fig. 3E), which demonstrated a red shift up to molar ratio of 1, and no further shifting
beyond 1, again indicating one cPNCoA molecule bound per protein. In a similar experiment
using cPNA (data not shown), neither cPNA absorption maximal intensities nor the
wavelengths of these maxima were altered in the presence of his-ACBP. These differences
between cPNCoA and cPNA in their spectral parameter changes with his-ACBP point out that
his-ACBP specifically binds one long chain fatty acyl-CoA at one binding site, but had no
specific binding site for the corresponding unesterified fatty acid

In summary, his-ACBP had a single binding site with specificity for cPNCoA, but not cPNA,
consistent with endogenous (native) ACBP and recombinant ACBP containing native amino
acid sequence, both of which had one ligand binding site with specificity for fatty acyl CoA,
but not free fatty acid [4]. Thus the presence of the C-terminal his-tag did not alter the number
of ligand binding sites or ligand specificity in the ACBP molecule.

Structural and functional characterization of small fluorophore -labeled his-ACBP
His-ACBP was fluorescent labeled with Cy5 (Methods). Absorbance and fluorescence
parameters of the dye were not altered by coupling to his-ACBP (data not shown). Mass
spectrometric analysis demonstrated that each his-ACBP molecule was covalently labeled with
1-2 dye molecules (not shown). Chemical labeling of his-ACBP with Cy5 did not result in
intermolecular cross-linkage, as demonstrated by SDS-PAGE (Fig. 4A). Likewise, chemical
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labeling of his-ACBP with Cy5 did not result in altered antigenicity as demonstrated by
western-blotting with anti-mouse ACBP (Fig. 4B).

To determine structural and functional properties, Cy5-his-ACBP was examined by circular
dichroism (CD) and ligand binding. CD spectra of Cy5-his-ACBP and his-ACBP were very
similar (representative spectra, Fig. 4C). While quantitative analysis of secondary structure
composition (α-helix, β-sheet, turn, random coil) were basically unchanged by Cy5 labeling,
Cy5-his-ACBP exhibited a somewhat reduced binding affinity for cPNCoA (Kd =30.9 nM,
Fig. 4D) as compared to unlabeled his-ACBP. Nevertheless, the Kd remained in the low
nanomolar range, indicating significantly strong binding, as seen with endogenous and
recombinant ACBP [4]. Similar studies were run on Cy3-labeled-HNF-4α, demonstrating that
a dye:protein molar ratio of 1:1 ensured protein secondary structure and ligand affinity
preservation (data not shown).

ACBP binding with hepatic nuclear factor 4α (HNF4α) by fluorescence resonance energy
transfer (FRET)

While interaction of ACBP and HNF4α has been inferred by indirect methods [31], direct
interaction and binding affinity remained to be shown. To more directly demonstrate binding
between these proteins, a new in vitro FRET assay was developed to measure their affinity and
intermolecular distance. HNF-4α and his-ACBP were labeled with a FRET-pair of
fluorophores: Cy3 (FRET donor) and Cy5 (FRET acceptor), respectively, and Cy5-ACBP was
used as a control. A constant amount of Cy3-HNF-4α was then titrated with increasing
concentrations of Cy5-his-ACBP or Cy5-ACBP. At each titration point, Cy3-HNF-4α was
excited (500 nm) and the fluorescence emission spectra of Cy3-HNF-4α and Cy5-his-ACBP
were measured (Methods). Adding increasing concentrations of Cy5-his-ACBP, reduced
fluorescence emission intensity of Cy3-HNF-4α(Fig. 5A), while Cy5-his-ACBP sensitized
emission intensity increased (Fig. 5B). Diminished donor emission concomitant with increased
acceptor sensitized emission indicates energy transfer during binding (FRET) due to close
molecular proximity and molecular interaction of the two proteins.

Affinity (Kd) of binding between his-ACBP and HNF-4α was determined by plotting maximum
fluorescence emission intensities of Cy3 (Fig. 5A, inset) and Cy5 (Fig. 5B, inset) against Cy5-
his-ACBP concentrations and curve-fitting the scatter plots. The resultant binding curves best
fit one-site binding indicating a Kd=111.4 nM (Table 1). From the sensitized emission spectra,
a Kd=64.4 nM was obtained. These affinities are similar to those obtained for FRET between
ACBP and HNF-4α (Table 1).

The emission spectra also allowed calculation of intermolecular distances between Cy3-
HNF-4α and Cy5-ACBP, which were 64 Å and 58 Å, as calculated from Cy3 quenching and
Cy5 sensitized emission, respectively (Table 1). The distance between Cy3-HNF-4αand Cy5-
his-ACBP, 73 Å to 74 Å, also showed close molecular interaction, although slightly further
apart than for the ACBP without the his-tag (Table 1). Similar experiments performed with
Cy5-his-ACBP binding to Cy3-β-galactosidase as negative control resulted in significantly
less binding (probably nonspecific binding) as demonstrated by: weak quenching (Fig. 5C),
nearly linear instead of a hyperbolic titration curve (Fig. 5C, inset), three orders of magnitude
weaker affinity (Kd near 6 μM, Table 1), and an intermolecular distance greater than 100 Å.
Thus, insertion of a his tag at the C-terminus of ACBP did not disrupt interaction with
HNF-4α.
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ACBP interaction with microsomal enzymes stimulating formation of fatty acyl CoA (ACS)
and utilization of fatty acyl CoA (GPAT)

ACBP stimulates not only the formation of fatty acyl CoA by microsomal acyl CoA synthase
(ACS) [19], but also the transacylation of fatty acyl CoA to phosphatidic acid by glycerol-3-
phosphate acyltransferase (GPAT), the rate limiting step in glyceride synthesis [20]. Therefore,
the effect of the C-terminal his tag on the ability of ACBP to stimulate GPAT and ACS was
examined. As expected, ACBP significantly enhanced the activity of GPAT and ACS (Table
2). Likewise, his-ACBP similarly enhanced microsomal GPAT and ACS activity (Table 2). In
both cases the effects of his-ACBP vs ACBP were not significantly different.

In summary, a one-step method for higher yield and less labor-intensive production of large
quantities of ACBP was developed. Mouse recombinant ACBP with C-terminal his tag was
produced. The C-terminal his-tag did not significantly alter ACBP structure, ligand binding,
or interaction with other protein functions. FRET analysis between Cy5-His-ACBP and Cy3-
HNF4α established for the first time that ACBP forms a high affinity (Kd=64-111 nM) complex
(intermolecular distance near 73 Å) with the nuclear receptor HNF-4α in vitro. To our
knowledge these data represent the first demonstration of high-affinity direct binding between
a nuclear receptor and a soluble lipid binding protein. The functional significance of these in
vitro findings is underscored by the fact that the small size of ACBP (10kDa) allows this protein
to readily pass through nuclear pores (accommodate molecules as large as 40-50 kDa) for
interaction with and transactivation of HNF-4α [31]. Thus, the mouse recombinant ACBP with
C-terminal his tag should be suitable for screening ligands, chemical labeling, determining
interactions with other proteins, uptake into living cells (facilitated by polyarginine peptides
or microinjection), and imaging of ACBP intracellular targeting and interactions with other
proteins in living cells.
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Figure 1. Mouse recombinant his-ACBP cloning and purification
A. Agarose gels of the his-ACBP PCR product, his-ACBP PCR fragment cloned into pGEM-
T vector, and his-ACBP subcloned into pET21b vector: HMW, high molecular weight marker
(1kb); LMW, low molecular weight marker (100bp); H-ACBP-PCR, PCR product encoding
his-ACBP cDNA; pGEM-H-ACBP, his-ACBP PCR fragment T-A cloned into the pGEM-T
plasmid: 1, 1μg of uncut plasmid; 2, 1μg of Xho I/Nde I cut plasmid; pET21b-H-ACBP refers
to his-ACBP cDNA cloned into pET21b plasmid: 3, 1μg of Xho I -cut plasmid; 4, 1μg of Xho
I/Nde I digested plasmid. B. DNA sequence of mouse ACBP cDNA inserted into pET21b
vector and its amino acid translation. C. SDS-PAGE gel and Western blotting of his-ACBP
expressed in BL21 E. coli cells in the absence (lanes 1 and 3, respectively) and presence of
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IPTG (lanes 2 and 4, respectively). For SDS-PAGE and Coomassie staining, 20 μg of total
protein was loaded per lane, while 10 μg of total protein per lane was used for Western blotting.
D. Representative Coomassie stained SDS-PAGE gel showing his-ACBP in E. coli cell lysate
(lane 1, 25 μg protein) and elution fraction after Ni-column (lane 2, 2 μg protein). SDS-PAGE
gel of purified his-ACBP silver stained to determine purity: 3, protein marker; 4, ultra low
range protein marker; 5, 1μg of his-ACBP; 6, 2μg of his-ACBP; 7, 5μg of his-ACBP.
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Figure 2. Structural characteristics of his-ACBP vs untagged ACBP: UV absorbance, CD and
fluorescence spectra
A. UV-Vis spectra of 5μM his-ACBP (solid) and 5μM untagged ACBP (dashed). B. Far UV
CD spectra of his-tagged ACBP (solid) and ACBP (open). All CD studies were performed with
4μM protein. C. Fluorescence emission spectra of 200nM his-ACBP (solid) and 200nM ACBP
(dashed) with excitation at 280 nm. D. Fluorescence emission spectra of 200nM his-ACBP
(solid) and 200nM ACBP (dashed) with excitation at 295 nm.
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Figure 3. Affinity and number of binding sites of his-ACBP with cis-parinaroyl-CoA (cPNCoA)
and cis-parinaric acid (cPNA)
Scatter plot and curve fitting of maximal fluorescence intensity (ex 310 nm, em 410 nm) with
increasing of cPNCoA (A) and cPNA (A inset) in presence of 30nM his-ACBP. Reverse
titrations of constant amounts (50nM) of cPNCoA (B) and cPNA (B inset) with increasing
concentrations of his-ACBP indicated saturation at a molar ratio of 1 with cPNCoA, and
nonspecific binding for cPNA. C. UV spectra of cPNCoA (4 μM) in potassium phosphate
buffer pH 7.4 (solid), cPNCoA spectra with increasing his-ACBP (0.4-16 μM) are represented
by dashed and dotted lines. D. Ratios of absorbance of valley 1 (V1)/peak 2 (P2) from spectra
in C plotted vs protein/ligand molar ratio. E. Wavelengths of peak 2 (P2) in C plotted vs protein/
ligand molar ratio.
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Figure 4. Structural and functional characterization of Cy5-labeled his-ACBP
A. SDS-PAGE of Cy5-his-ACBP and his-ACBP. B. Western blotting of Cy5-his-ACBP and
his-ACBP, 500ng of protein per lane. C. Far UV CD spectrum of his-ACBP and Cy5-his-
ACBP. All CD studies were performed with 4μM protein. D. Titration and binding curve of
Cy5-his-ACBP with cis-parinaroyl-CoA.
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Figure 5. Interaction of his-ACBP with HNF-4α by FRET
Cy3-HNF-4α (200 nM) and Cy3-β-galactosidase (200 nM, negative control) were titrated with
increasing Cy5-his-ACBP (5 nM to 2 μM) as described in Methods. A. Emission spectra of
Cy3-HNF-4α/Cy5-his-ACBP with donor Cy3 excitation at 500 nm; inset, quenching of donor
Cy3 fluorescence vs acceptor Cy5-his-ACBP concentrations. B. Close-up of spectra in A,
640-750 nm range; inset, sensitized emission intensity for acceptor Cy5-his-ACBP vs Cy5-
his-ACBP concentration. C. Emission spectra of Cy3-β-galactosidase excited at 500 nm; inset,
quenching in Cy3 versus Cy5-his-ACBP concentrations.
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Table I
Binding affinity and FRET parameters for interaction between Cy3-HNF4α and Cy5-his-ACBP or Cy5-ACBP

Cy3 Quenching Cy5 Sensitized emission

Interacting proteins Kd (nM) R2/3 (Å) Kd (nM) R2/3 (Å)

Cy3-HNF4α + Cy5-his-ACBP 111.4 ± 10.2 73.4 ± 6.5 64.4 ± 4.3 74.0 ± 6.7
Cy3-HNF4α + Cy5-ACBP 137.0 ± 11.3 63.8 ± 2.6 28.4 ± 1.6 58.0 ± 5.9
Cy3-βGalactosidase + Cy5-his-ACBP 5700 ± 450 ≫100 5900 ±520 ≫100

All parameters were calculated from FRET curves as presented in Fig. 5 (Methods). Kd, dissociation constant in nM; R2/3, actual distance between Cy3
donor molecules on HNF4α and Cy5 acceptor molecules on ACBP, in angstroms. SD values from n=3.
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Table 2
Effect of his-tagging on ACBP enhancement of microsomal glycerol-3-phosphate acyltransferase (GPAT) and
acyl CoA synthetase (ACS)

ACBP μM GPAT (pmol/min/mg microsomal
protein)

ACS (% fatty acid converted to fatty
acyl CoA)

None 176 ± 22 21.6 ± 0.4
ACBP 10 564 ± 118 ND
ACBP 20 574 ± 79 30.8 ± 0.1
His-ACBP 10 620 ± 128 ND
His-ACBP 20 628 ± 56 30.0 ± 0.6

ND, not determined. Values represent the Mean ± SE, n=3 or 4.
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