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ABSTRACT: Although acyl-CoA binding protein (ACBP) stimulates utilization of long-chain fatty acyl-
CoA by a variety of membrane-bound enzymes, it is not known whether ACBP directly interacts with
membranes. To test this hypothesis, mouse recombinant (mr) ACBP was engineered to contain the native
mouse ACBP amino acid sequence expressed as a fusion protein at hightehsaig/L) inEscherichia

coli. Purification and cleavage of the fusion tag resulted in mrACBP identical to native ACBP as shown
by mass (10000.5 Da) and amino acid sequence (peptide mapping after proteolysis) determined by matrix-
assisted laser desorption time of flight (MALDI-TOF) mass spectroscopy. The mrACBP was functionally
active as shown by binding afs-parinaroyl-CoA with high affinityKq = 12 + 2 nM, at a single binding

site, stimulating oleoyl-CoA utilization by microsomal glycerol-3-phosphate acyltransferase 3.2-fold and
protecting oleoyl-CoA from microsomal acyl-CoA hydrolase. Direct interaction of mrACBP with
membranes was demonstrated by two independent methods: (i) Circular dichroism showed an 8% increase
in a-helix content of mrACBP in the presence of anionic phospholipid-rich, but not neutral, small
unilamellar vesicles (SUV). (i) Membrane filtration confirmed that mrACBP bound to anionic phospholipid-
rich SUV but only weakly interacted with neutral SUV or large unilamellar vesicles (LUV), regardless of
charge. (iii) The mrACBP-oleoyl-CoA complex transferred-23-fold more oleoyl-CoA to anionic
phospholipid-rich SUV than to anionic phospholipid-rich LUV and neutral SUV or LUV. Conversely,
mrACBP extracted less oleoyl-CoA from anionic phospholipid-rich SUV. Taken together, these data
indicated for the first time that mrACBP interacted preferentially with anionic phospholipid-rich, highly
curved membranes to facilitate transfer of ACBP-bound ligands.

Long-chain fatty acyl-CoAs (LCFA-Co0As) are important protein, highly conserved and widely distributed among all
intermediates in fatty acid metabolism and also have eukaryotic organisms and tissues testej.

important physiological functions in regulating gene tran-  The three-dimensional structure of bovine apo-ACBP and
scription, signal transduction (protein kinase C), ion channels, holo-ACBP (palmitoyl-CoA bound) was recently elucidated
ion pumps, enzymes of lipid metabolism (e.g., acetyl-CoA py nuclear magnetic resonance (NMR) spectroscépgid
carboxylase, HMG-CoA reductase), and membrane traffick- gifferential polarized phase fluorometr§)( ACBP consists
ing (1-3). Because of these effects of LCFA-COAs, it is  of 86—-103 amino acids, which fold into fowr-helix bundles
important for mammalian cells to regulate the level and/or covering the sequence from amino acidsla, 20-38, 51—
intracellular targeting of LCFA-CoAs to maintain normal 62 and 72-85 ). Thea-helices form a shallow bowl-like
physiological functions. Although several intracellular pro- structure that forms the binding pocket for long-chain fatty
teins have been discovered that bind LCFA-Co®s ¢nly acyl-CoAs (LCFA-CoAs). Upon ligand binding, ACBP

acyl-CoA binding protein exclusively binds £-C,, LCFA-

undergoes significant conformational change as evidenced

CoAs with high affinity K4 = 2—10 nM) (1). Acyl-CoA by 23% decreased rotational correlation time, by 2 A

binding protein (ACBP) is primarily a 10 kDa cytosolic

decrease in overall hydrodynamic diameter, and increased

segmental motions of ACBP tryptophan (Trp) residugs (
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backbone dynamics are influenced by ligand bindiiy (
Taken together, these alterations indicate that ACBP under-
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§ Department of Physiology and Pharmacology, Texas A&M Uni-

versity.

Because the ligand binding site of ACBP is highly specific
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recombinant ACBP with amino acid sequence identical to mouse native
ACBP; L-FABP, liver fatty acid binding protein; SCP-2, sterol carrier
protein-2; BSA, bovine serum albumin; SUV, small unilamellar vesicle;

the possibility that ACBP may bind to membranes has not
previously been considered. Nevertheless, in vitro studies

LUV, large unilamellar vesicle; CD, circular dichroism. suggest that ACBP mediates a variety of reactions involving
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Mouse Recombinant ACBP Interacts with Membranes

and/or occurring in membranes including intermembrane
LCFA-CoA transport 8), extracting/donating LCFA-CoAs
from/to membranesgjj, binding LCFA-CoAs and protection
from microsomal hydrolysis9), donating LCFA-CoAs to
mitochondria to enhance LCFA-Cog-oxidation @), re-
moving LCFA-CoAs from mitochondrial fatty acyl-CoA
synthetase (end product-inhibited enzym#Q)( donating
LCFA-CoAs to microsomal glycerol-3-phosphate acyltrans-
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and 8050), cellulose acetate membrane (YM, cutoff 10 and
3 kDa), Microcon YM-3 and YM-100 centrifugal filter
devices, and Immobilon-P and Immobilon-CD (PVDF)
membranes were purchased from Fisher Scientific (Pitts-
burgh, PA). Protein molecular weight markers were pur-
chased from Bio-Rad or Amersham (Uppsala, Sweden). For
SDS-PAGE gels the protein bands were visualized with
Coomassie Blue or Gelcode Blue stains from Pierce Chemi-

ferase and acylglycerol-3-phosphate acyltransferase to stimu-cal Co. (Rockford, IL).

late phosphatidic acid synthes®,(and inducing membrane
fusion @—3).

Cholesterol (B-hydroxy-5-cholesten-3-one), triacylglyc-
erol, cholesteryl oleate, 1-palmitoyl-2-olecsglycero-3-

Despite these data suggesting that ACBP interacts with phosphocholine (POPC), and 1,2-diolesytglycero-3-

membranes to elicit its effects, direct ACBRembrane

phospho:-serine (DOPS) were purchased from Avanti Polar

interaction has heretofore not been reported. Precedent forlipids (Alabaster, AL). [14C]Oleoyl-CoA (56.3 mCi/mmol)
such a possibility, however, is based on the fact that otherwas obtained from Perkin-Elmer (Boston, MA). Silica gel

intracellular LCFA-CoA binding proteins such as sterol
carrier protein-2 (SCP-2)1Q) and liver fatty acid binding
protein (L-FABP) (2) preferentially bind to anionic phos-
pholipid-rich, highly curved membranes. Just like ACBP,
SCP-2 (3) and L-FABP have high affinity for LCFA-CoA
(14, 15), stimulate microsomal glycerol-3-phosphate acyl-
transferase to enhance phosphatidic acid synth@sik6y,
and protect LCFA-CoA from microsomal hydrolas8sX7).

On the basis of the similarity of these activities, it is
postulated that ACBP may also preferentially interact with
anionic phospholipid-rich, highly curved membranes.

60 thin-layer chromatography plates were obtained from EM
Science (Gibbstown, NJ). All other chemicals were of reagent
grade or better.

Construction of a mrACBP/pET32Xa/LIC Plasmid with
His and S-TagsThe mouse ACBP EST clone (Gene Bank
Accession No. W98643) was purchased from Genome
System (Palo Alto, CA) and its coding sequence confirmed.
Plasmid DNA was prepared by Qiagen spin mini-prep kit
and sequenced by the GENE Technology Laboratory (De-
partment of Biology, Texas A&M University, College
Station, TX). The DNA sequencing reactions were done by

The purpose of the present investigation was to determinePCR amplification using the T3 or T7 primers.

if (i) ACBP interacts with membranes, (ii) ACBP exhibits a
preference for binding anionic phospholipid-rich, highly
curved membranes, and (iii) ACBP preferentially donates/
extracts LCFA-CoA to/from phospholipid-rich, highly curved

The mrACBP cDNA coding sequence was then amplified
by polymerase chain reaction (PCR) using the forward primer
(5-GTATTGAGGGTCGAATGICTCAGGCTGAATTTG-

3') and the reverse primer'(GAGAGGAGAGTTAGAGC-

membranes. While native ACBP can be prepared from mouseCCTGGTGATITATATTCCGT-3) containing ligation-

liver, the presence of high levels of L-FABP complicates
the isolation as evidenced by the fact that ACBP was first
isolated as an impurity of L-FABP prepared from livasj.

independent cloning (LIC) site compatible sequences
(underlined) and the ATG initiation and the TTA stop codon
(italicized), respectively. PCR was performed with Ampli-

Since earlier studies showed that small differences in amino G0ld Tag polymerase under denaturing conditions &t®4

acid sequence in the N-terminus of ACBP could significantly
alter function (9) while alterations in the N-terminal
a-helical region of SCP-2 prevented interaction with mem-
branes 11), a purified mouse recombinant acyl-CoA binding
protein (mrACBP) with amino acid sequence identical to that
of the native mouse ACBP was prepar@d)(

MATERIALS AND METHODS

Materials.Recombinant bacteria producing mrACBP were
constructed with commercially available molecular biological
reagents. The pET32/Xa/LIC vector, NovaBlue and BL21-
(DE3) host cells, S-proteinagarose, factor Xa, and Xarrest
agarose were purchased from Novagen (Madison, WI).

10 min, 30 cycles of 94C for 30 s, 60°C for 30 s, and 72

°C for 30 s, with a final 7 min extension at 7€. The PCR
product was purified using QiaQuick PCR purification kit
and quantitated on a 1% agarose gel. The purified PCR
fragment was treated with T4 DNA polymerase to generate
the LIC-compatible cohesive ends and then ligated into the
pET32/Xa/LIC plasmid vector by incubating the insert and
vector at room temperature for 5 min. The ligation mixture
was used to transform NovaBlue bacteria (Novagen, Madi-
son, WI). NovaBlue is endand rec for higher transforma-
tion efficiency and plasmid yield. Positive clones with
mMrACBP plasmid (NACBP/pET32/Xa) were selected by
colony PCR, and the presence of insert was confirmed by
restriction enzyme analysis. Positive plasmid sequences were

Primers were synthesized by Integrated DNA Technologies further confirmed by DNA sequencing. For expression of

(Coralville, 1A). Ni-NTA agarose, Qiaprep spin mini-prep
kit, and Qiaquick PCR purification kit were purchased from
Qiagen (Valencia, CA). AmpliTag Gold PCR kit and

restriction enzymes were purchased from Roche (Indianapo-

high levels of the His and S-tag mrACBP fusion protein,
the His and S-tag mrACBP/pET32/Xa plasmid was trans-
formed into BL21(DES3) bacteria.

Expression of mrACBP Fusion Protein in Escherichia coli.

lis, IN). Protein was determined by Bradford assay using a For large-scale His and S-tag mrACBP fusion protein

kit purchased from Bio-Rad (Hercules, CA).

expression, a starter culture of 8 mL of LB broth

B-PER bacterial protein extraction reagent was purchased(containing 10Q:g of ampicillin/mL) was inoculated with a

from Pierce (Rockford, IL), and Complete Mini protease
inhibitor cocktail tablets were purchased from Roche (In-

single bacterial colony which was incubated at°&7for 8
h. The bacteria were pelleted, the supernatant was removed,

dianapolis, IN). Sephacryl S-300 beads were acquired fromthe pellet was resuspended in 3 mL fresh.l,Bbroth, and
Amersham (Uppsala, Sweden). Stirred cells (models 84001.5 mL of this bacterial suspension was added to 500 mL of
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LBamp broth. The large culture was incubated at°€7with and the buffer was changed to Ni-NTA binding buffer by
shaking (225 rpm) until the Ogyreached 0.51.0. Isopropyl ultrafiltration. The protein solution was then incubated with
p-thiogalactopyranoside (IPTG) was added to the culture to Ni-NTA agarose at 4C overnight with gentle shaking. The
a final concentration of 1 mM, and the incubation was flow-through containing the mrACBP was transferred to a
continued for another 2 h. The bacteria were pelleted by dialysis bag (cutoff 3000 Da) and dialyzed at least six times
centrifugation at 600@for 10 min. The bacterial pellet was against no less than 150 volumes of 50 mM Tris-HCI, pH
drained and resuspended in 60 mL of B-PER reagent (Pierce,7.4, buffer at £C with stirring. The protein was concentrated
Rockford, IL) supplemented with one Complete protease by ultrafiltration with the stirred cell. Purified mrACBP was
inhibitor tablet (Roche, Indianapolis, IN) and incubated at quantitated using the Bio-Rad protein assay Kit.
room temperature for 15 min with gentle shaking to allow  Tricine Sodium Dodecyl Sulfatd®olyacrylamide Gel
for thorough lysis of the bacteria. The homogenate was ElectrophoresisProtein samples were prepared for electro-
centrifuged at 272afor 15 min. The supernatant containing phoresis by the addition of an equal volume of buffer
the soluble protein was collected and frozen-at0 °C. containing glycerol, 2-mercaptoethanol, 100 mM Tris-HCI,
Sodium dodecyl sulfatepolyacrylamide gel electrophoresis  SDS, and Coomassie G-250. Samples were electrophoresed
(SDS-PAGE) and Western blots were done to assess thein 16.5% tricine gels as described by Schagger and von
expression of mrACBP fusion protein. Jagow R1). Gels not used for immunoblotting were stained
Purification of mrACBP Fusion ProteinThe mrACBP with Coomassie stain (0.1% Brilliant Blue R-250) or Gelcode
fusion protein was purified by affinity chromatography using Blue stain to detect the protein.
S-tag agarose. The affinity chromatography was performed Western Blotting.Rabbit antiserum to native ACBP
in a batchwise method. Ten milliliters of soluble protein derived from mouse LM cell fibroblasts, prepared as
solution was incubated with 30 mL of S-tag agarose in a described previouslyl@), showed no cross-reaction with
125 mL Econo-Column (Bio-Rad) at room temperature for fatty acyl-CoA binding proteins (liver, heart, and intestine)
1 h with gentle shaking. The shaking allowed thorough or the sterol carrier protein-219). For immunoblotting of
binding to the agarose. At the end of 1 h, the flow-through proteins resolved by SDSPAGE, the proteins were trans-
was collected. The S-tag agarose was resuspended in a fulferred to PVDF membranes at 30 V overnight using a
column volume of S-tag bind/wash buffer (20 mM Tris-HCI, Miniprotean Il transblot apparatus (Bio-Rad, Hercules, CA).
pH 7.5, 150 mM NacCl, 0.1% Triton X-100) and briefly The membranes were allowed to air-dry briefly at room
incubated at room temperature with gentle shaking. The temperature and were then blocked in a solution of 5% nonfat
procedure was repeated a total of five times. The S-tag dry milk/Tris-buffered saline/0.05% Tween 20 (TBST) for
agarose was washed further by rurmid L of bind/wash 2 h. Membranes were then incubated with primary antibody
buffer through the column. The bound protein was eluted (i.e., rabbit anti-LM cell ACBP) in TBST/1% BSA at a
by adding 60 mL of MgCG and incubating at room  1:1000 dilution fo 2 h and washed 2 15 min with TBST
temperature for 10 min. The column was eluted once more, and 1x 15 min with TBS. Membranes were then incubated
and the eluate was pooled. with secondary antibody (horseradish peroxidase-conjugated
Factor Xa Cleaage. To cleave both fusion tags from goat anti-rabbit IgG) obtained from Sigma Chemical Co. (St.
mrACBP fusion protein, the S-tag bind/wash buffer was Louis, MO) at a 1:4000 dilution in TBST for 1 h. Finally,
exchanged with factor Xa cleavage buffer (50 mM Tris-HCI, the blots were washed three times for 15 min with Tris-
pH 8.0, 100 mM NaCl, 5 mM Cag) using ultrafiltration buffered saline (TBS). Visualization of ACBP was ac-
with a Microcon Model 8200 stirred cell (Fisher Scientific, complished using the chromagen (4-chloro-1-naphthol) in
Pittsburgh, PA). The protein was concentrated with the stirred the presence of 0.1% hydrogen peroxide.
cell until the protein concentration was 2.3 mg/mL. Mass SpectrometryMass spectra of mrACBP and pro-
Protein quantitation was done using the Bio-Rad protein teolytic peptides were obtained by matrix-assisted laser
assay kit. The S-tag agarose purified mrACBP fusion protein desorption ionization linear time of flight (MALDI-linear
was cleaved with factor Xa at a ratio of 14 of protein/ TOF) Voyager Elite XL TOF mass spectrometer (PerSeptive
unit of factor Xa. The cleavage mixture was incubated at 37 Biosystems, Framingham, MA) equipped with delayed
°C overnight. At intervals, aliquots of the protein cleavage extraction {9, 22). Each sample was prepared using the
mixture were separated using tricine SBISAGE and stained  overlayer method of sample preparati@2)( Briefly, 1 mL
with Coomassie Blue to confirm protein cleavage. Factor of a 0.15 M a-cyano-4-hydroxycinnamic acid solution in
Xa was removed by incubating the cleavage solution with methanol was applied to the stainless steel sample plate and
Xarrest agarose in a 50 mL Econo-Column for 10 min at allowed to dry. A solution of the matrix and the purified
room temperature. The cleavage mixture (containing mrACBP, mrACBP was then prepared in 2:1 water:methanol with final
some uncleaved mrACBP fusion protein, and cleaved fusion matrix and protein concentrations of 10 angM, respec-
tags) was then allowed to flow through the column. tively. Then 0.5 mL of this solution was applied over dried
Final Purification of mrACBP with Natie Peptide Se-  matrix crystals. Salts were removed by washing the sample
guenceTo further remove uncleaved mrACBP fusion protein spots with a drop of ultrapure water and shaking off the
and residual fusion tags, the buffer was first changed to S-tagexcess after 10 s. Each spectrum represents the average of
bind/wash buffer by ultrafiltration as above. Purification of 100 laser shots. The spectrum of each mrACBP preparation
mrACBP with the native peptide sequence was accomplishedwas acquired in the delayed-extraction linear mode, with a
by incubating the cleavage protein mixture (in S-tag bind/ total acceleration of 25 kV, a pulse voltage of 2 kV, and a
wash buffer) with S-tag agarose at room temperature for 1 delay time of 200 ns. These mass spectra were externally
h to remove the uncleaved mrACBP fusion protein and calibrated using a calibration curve generated from a sample
bound nonspecific protein. The flow-through was collected, spot containing ubiquitir{M, 8565) and cytochrome (M,
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12360.1). The [M+ H] ™ ion values reported consist of the acid/doubly distilled water (50:37.5:3.5:2 v/v). Bands cor-
mass of the protein plus the addition of a proton (hydrogen responding to phosphatidic acid were scraped and counted
ion) due to ionization of the protein by the MALDI-TOF for *C using a liquid scintillation counter (Packard 1600TR,
techniqueM;, represents the mass of the protein without the Meridan, CT). Each reaction was carried out in at least
proton. triplicate. Values represent the me&nSEM.

Protein Digestion and Mass Spectrometric Peptide Se- Effect of mrACBP on Rat Ler Microsomal Hydrolysis
guencing.Small molecules were removed from purified of Oleoyl-CoA Microsomal hydrolase activity for [14C]-
mrACBP using an NID Removal MicroTrap cartridge in oleoyl-CoA was determined as described previous\L.7).
combination with a desalting trap (Michrom Bioresources, Preparation of Small (SUV) and Large (LUV) Unilamellar
Inc., Auburn, CA). The resulting mrACBP was then divided VesiclesMembrane vesicles were comprised of 1-palmitoyl-
into three aliquots and enzymatically digested using trypsin, 2-oleoylphosphatidylcholine (POPC) and cholesterol with or
chymotrypsin, or Glu-C (all sequence grade; Roche, India- without dioleoylphosphatidylserine (DOPS). SUV composed
napolis, IN) as previously describet 22). All conditions of POPC/cholesterol (molar ratio 65:35) or POPC/cholesterol/
were identical except for a 12 h analysis period and DOPS (55:35:10) were prepared essentially as described
maintaining the chymotrypsin solution at room temperature. previously @1, 20, 26), with some modifications. Lipids
Two microliter aliquots of each solution were sampled and dissolved in chloroform stocks were mixed in an amber vial,
mixed with 2 uL of matrix solution (0.1 M a-cyano-4- dried under N to form a thin film on the wall of the vial,
hydroxycinnamic acid, 0.2% formic acid, methanol). The and rehydrated in 10 mM Tris-HCI buffer, pH 7.4, prefiltered
resulting mixture was spotted onto a gold-plated target plate through a 0.2um filter (Millipore, Bedford, MA).
that had previously been coated with a thin layexafyano- SUV were prepared by subjecting the rehydrated the lipid
4-hydroxycinnamic acid. The masses were obtained using amixture to vigorous vortexing and sonication for 5 min in a
Voyager Elite XL TOF mass spectrometer (PerSeptive water bath sonicator at room temperature. Then the lipid
Biosystems, Framingham, MA) using the delayed-extraction mixture was sonicated on ice undep Mith a sonicator
reflectron mode and the following instrument settings: (Sonic Dismembrator Model 550, Fisher Scientific, Pitts-
acceleration voltage 25 keV, 70% grid voltage, 0.008% guide burgh, PA). The lipid mixture was sonicated for 15 cycles,
wire voltage, and a delay of 15¢s. each cycle consisting of 2 min sonication followed by 1 min

The mrACBP was also analyzed using an in-gel digest. pause with a set power output level of 4. Multilamellar and
The gel electrophoresis was performed using a Bio-Rad Mini large vesicles and debris from the sonicator probe were
Protean 3 (Bio-Rad Laboratories, Hercules, CA) and a 14% removed by centrifugation at 1100§€r 4 h at 4°C using
T polyacrylamide gel. The in-gel digest procedure was a 40Tirotor (Beckman Instruments, Fullerton, CA). To make
similar to that of Rosenfeld et al2). the LUV, the lipid suspension was extruded using a hand-

N-Terminal Amino Acid Sequencinbhe factor Xa cleav-  held mini-extruder (Avanti, Alabaster, AL). The extrusion
age mixture and the final purified mrACBP native protein was repeated 15 times between double layers ofu®nl
were separated by tricine SBRPAGE and transferred to  polycarbonate membranes (Avanti, Alabaster, AL). A lipid
PVDF membranes. The membranes were stained withphosphate assay was used to determine the lipid concentra-
Coomassie Blue and amino acid sequenced by the Proteirtion of the final SUV solution.

Chemistry Laboratory at the University of Texas Medical  Binding of mrACBP to Liposomal Membranes: Circular
Branch (Galveston, TX). The mrACBP was sequenced for Dichroism.Circular dichroic spectra of samples containing
15 cycles revealing the N-terminal 15 amino acids. buffer only or mrACBP protein (2.M) with or without

Fluorescent cis-Parinaroyl-CoA Binding Assay.-Elarin- lipid vesicles (1.25 mM) were measured as descrildgl. (
aroyl-CoA is a naturally occurring, 18-carbon, fluorescent Samples containing buffer only and samples containing
LCFA-CoA whose structure resembles that of oleoyl-CoA liposome without mrACBP were used as control for back-
(6). cis-Parinaroyl-CoA binding characteristics of mrACBP ground subtraction. A J-710 spectropolarimeter (JASCO,
were determined as described previously for rat native ACBP Easton, MD) was used to obtain the CD measurements. All
(6), human recombinant SCP-23), and rat native L-FABP  measurements were made at room temperature for samples
(15). in a 1 mmcircular quartz cell. The spectra were obtained

Effect of mrACBP on Rat Ler Microsomal Phosphatidic ~ across the range of 18260 nm under the following
Acid BiosynthesisThe microsomal biosynthesis of phos- conditions: 1 nm step resolution; 50 nm/min; response 1 s;
phatidic acid from glycerol 3-phosphate (G3P) was deter- bandwidth 2.0 nm; sensitivity 0.01Each measurement was
mined under conditions optimized previously for recombinant the average of 10 scans, which was smoothed, background-
L-FABP (9). Gel-washed microsomes were prepared as subtracted, and converted to mean residue molar ellipticity
described previously 16, 24, 25). Briefly, each 50uL (degcm?-dmol™Y). The percentage-helix for the mrACBP
reaction mixture contained 15 mM dithiothreitol, 70 mM protein was estimated by using the SELCON program.
Tris-HCI (pH 7.4), 73%M G3P, 80 mM NaF, 4@M [1-4C]- Binding of mrACBP to Liposomal Membranes: Trp and
oleoyl-CoA, and mrACBP or doubly distilled J@ as a Tyr Steady-State Fluorescence Emission SpectrosStggdy-
control. The reaction mixture was preincubated for 15 min state fluorescence spectra of mrACBP Trp and Tyr were
at 37 °C in a water bath. The reaction was initiated by obtained h a 1 cmquartz cuvette utilizing a PC1 photon
addition of 10ug of the microsomal protein, and the reaction counting spectrofluorometer (ISS Instruments, Champaign,
was permitted to proceed for 15 min at 3C in a water IL). Buffer only (10 mM potassium phosphate, pH 7.4) or
bath. The lipids were then extracted and separated by thin-buffer containing 50&M SUV without mrACBP was used
layer chromatographyd( 16, 24, 25) using silica gel 60 plates  as a control for background subtraction. The sample tem-
in a solvent system containing chloroform/methanol/acetic perature was maintained at 250.1 °C. Each sample was
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Ficure 1: Mouse recombinant ACBP/pET32Xa/LIC plasmid construct and native mrACBP purification scheme. The mouse ACBP cDNA
coding sequence containing the stop codon was inserted into the LIC cloning site as described in Materials and MetltbdsoliThe
expressed fusion peptide containing the thioredoxin, thrombin, histidine, and S-tag peptide sequences and a factor Xa protease cleavage site
was cleaved with factor Xa to release the native mrACBP. Fusion peptide and factor Xa were removed as described in Materials and
Methods to yield mrACBP.

allowed to equilibrate for 23 min in the spectrofluorometer  separately and as a complex to the filtration cartridge and
prior to data collection. Excitation and emission bandwidths centrifuged at 1000§at room temperature until the surface
were 4 and 8 nm, respectively. The mrACBP was excited at of the membrane was dry. The filtrate and retentate were
270 nm (excites both Trp and Tyr) or at 296 nm (selectively counted as described above. To measure transfer'6€[1-
excites Trp). oleoyl-CoA from a preformed mrACBP/[¥'C]oleoyl-CoA
Binding of mrACBP to Liposomal Membranes: Nucleo- complex to liposome, the mrACBP/[1C€]oleoyl-CoA com-
pore Filtration. The binding of mrACBP to SUV and LUV plex (2.5uM:2 uM) was incubated with 75@M liposome
was performed as described previou2g)( mrACBP (2.5 at room temperature for 10 min in 10Q of 10 mM Tris-
uM) and 1.25 mM vesicles in 300L of 10 mM Tris-HCI, HCI, pH 7.4, buffer. The sample was then centrifuged at
pH 7.4, buffer were incubated at room temperature for 15 1000@ in a YM-100 filter column. The filtrate and the
min. The mixture was then centrifuged in a Microcon-100 retentate were counted as previously mentioned. The same
filtration unit (cutoff 2700000 Da) at 30@Pin a benchtop sample without the liposomes was used as control.

centrifuge until all solution passed through the membrane.  Extraction of Liposome-Bound Oleoyl-CoA by mrACBP.
The flow-through fraction was lyophilized and rehydrated 1o measure extraction of membrane-bound“toleoyl-

in 100 uL of doubly distilled water. Six microliters of the  coa py mrACBP, the mrACBP was incubated with the
protein solution was separated on 16.5% tricine gel and liposome/[1“C]oleoyl-CoA complex in 10QcL of 10 mM
stained with Coomassie Blue for protein quantitation. An Tyis_HCl, pH 7.4, buffer at room temperature for 15 min.
internal standard curve composed of 0.1, 0.2, 0.5, and 0.8The mixture was then centrifuged at 10906 a YM-100

u#g of the mrACBP was run on each gel. The protein fiiter apparatus until the membrane surface was dry, and

quantitation was performed using the Scion Image software ggain the filtrate and retentate were measured in a liquid

Binding of Oleoyl-CoA to Liposomal Membrarj&-1“C]-
Oleoyl-CoA (2uM) was incubated with 75@M liposomes RESULTS
for 10 min at room temperature in 10Q of 10 mM Tris-
HCI, pH 7.4, buffer for measuring the binding of J4€]- Cloning, Expression, and Purification of Recombinant
oleoyl-CoA to liposome. At the end of the incubation, the Mouse ACBPSince small amino acid sequence differences
sample was centrifuged at 10@D@ a YM-3 filter apparatus  in the N-terminal portion of ACBP significantly alter its
until the filtration membrane was dry. The flow-through was structure 27) and function 19), it was essential to prepare
transferred to a scintivial and counted in a liquid scintillation mrACBP identical to the native mouse ACBP. This was
counter. An identical sample without liposome was used as accomplished by constructing an expression plasmid using
a control to ensure that the [f€]oleoyl-CoA passed through  the mouse ACBP EST clone with a coding sequence identical
the YM-3 filter. Liposomes (SUV or LUV) did not pass to that of the mouse DBI gen28) and PCR engineered to
through the YM-3 filter (1, 20, 26). insert the mouse ACBP cDNA coding region into the pET32/
Transfer of mrACBP-Bound Oleoyl-CoA to the Liposomal Xa/LIC vector (Figure 1). The mouse recombinant mrACBP
MembraneThe mrACBP/oleoyl-CoA complex was formed cDNA encoded the entire 87 amino acids including the initial
by mixing 2.5uM mrACBP and 2uM [1-'“C]oleoyl-CoA methionine into the pET32/Xa/LIV vector using the LIC site.
in 100uL of 10 mM Tris-HCI, pH 7.4, buffer and incubating  The stop codon was inserted at tHeeBd to avoid the '5
the mixture at room temperature for 10 min. To ensure that end fusion peptide. Insertion of the cDNA into the LIC site
the [1+“Cloleoyl-CoA and mrACBP/[24C]oleoyl-CoA com- allowed cleavage of the Bnd fusion peptide and purification
plex both passed through the YM-3 filter, each was added of the mrACBP. The pET32/Xa/LIC vector had several 5
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Ficure 2: Expression of mouse recombinant ACBP (mrACBP) in
BL21(DE3)E. coli. Panel A: Five mrACBP/pET32XA/LIC clones
(1—5) expressed mrACBP fusion protein of about 28 kDa. The

Biochemistry, Vol. 41, No. 33, 20020545

= b A
= g
= 5
=
£ 2000 |
=
=
= 1500
™
2
>, 1000 A
‘n
=
& 500 _L
5 "
0 _ =
4000 6000 8000 10000 12000 14000
B

40000 4

30000 4

20000 4

1911

l : |
m bbb ; | X | L

SEII'! 1 Slﬂll

13

10000

Intensity (arbitrary units)

600 1000 1200 1400 1600

Mass (m/z)

Ficure 3: Linear delayed-extraction MALDI-TOF mass spectral

analysis of the mrACBP sequence. Panel A: MALDI-TOF of

mrACBP. Panel B: the tryptic digested fragment of native

mrACBP. The observelll, was 10000.5. The insets containing the

m/z showed that the resolution is sufficient to resolve the carbon
isotopes.

control clone C did not have a dense 28 kDa protein band that affinity chromatography. The smallest band was removed

showed on the gel. Panel B: S-proteimgarose purified mrACBP

by membrane dialysis. The final purified mrACBP from

fusion protein showed a single band on the Coomassie Blue stainedyhjch all tags had been removed appeared as a single band

gel. Panel C: The final purified native mrACBP (C) showed a single

10 kDa band on the Gelcode Blue stained gel. Symbols represent

the following: M, Bio-Rad prestained SDFAGE low-range

on Gelcode Blue stained SBAGE gels (Figure 2C).
Equivalent immunoreactivity of equal amounts of protein on

molecular standards; C, the control bacteria clone C without the western blotting (not shown) indicated that the mrACBP

mrACBP/pET32Xa/LIC plasmid; mrACBP/F, the mrACBP fusion
protein; PM, Amersham peptide marker; mrACBP, final purified
mrACBP.

shared domains similar to those of the mouse native ACBP.
Based on>150 mg of mrACBP fusion protein/L in the
bacteria, the overall yield of mrACBP was 42%, ap-
proximately 62 mg/L of pure mrACBP.

end tags: the thioredoxin tag, which increased the solubility  Determination of mrACBP Mas3$o determine if the mass

of the fusion protein; the S-tag and the His-tag, both of which
were used for affinity purification; the thrombin and factor
Xa sites, which allowed the proteolytic cleavage of the fusion
protein using thrombinase or factor Xa.

Driven by the T7 promoter, the mrACBP fusion protein
near 28 kDa was highly expressed in BL21 cells (Figure
2A) as shown by SDSPAGE gels and achieved levetd 50
mg/L. Almost all the mrACBP fusion protein was soluble,
consistent with the presence of the thioredoxin tag which
increased solubility. Only trace amounts of mrACBP ap-
peared in bacterial inclusion bodies. Purification of mrACBP
fusion protein was achieved by sequential affinity chroma-
tography, i.e., S-proteinagarose purification followed by
Ni-NTA agarose purification to yield a single band on
Coomassie Blue stained SB8AGE gels (Figure 2B). The
mrACBP fusion protein was completely cleaved by factor
Xa (15 ug of fusion protein/unit of factor X) to yield 10
kDa mrACBP, the complete 18 kDa fusion peptide, as well
as 14 kDa and 2 kDa fragments resulting from partial

of mrACBP was identical to that of mouse native ACBP,
MALDI-TOF-MS analysis was performed using a Voyager
Elite XL TOF mass spectrometer in linear mode. An intense
signal, corresponding to the [M H]* ion of mrACBP, was
observed at 10000.5 Da (Figure 3A). The M H]* and

the [M + 2H]?" ions of cytochrome were used as internall
standards. On the basis of the cDNA-derived amino acid
sequence of mrACBP (identical to native mouse ACBP), the
calculated mass of the [M- H]* ion of mrACBP should
have been 10000.6 Da. With an instrumental accuracy of
0.1 Da/10000.0 Da, the measured and predicted molecular
weights were the same.

N-Terminal Amino Acid and Peptide Sequencing of
mrACBP.The first 15 amino acids of purified mrACBP were
identical to mouse native ACBP (Figure 4). To determine if
the rest of the mrACBP sequence was also identical,
mrACBP was proteolytically digested by trypsin (Figure 3B)
and other enzymes as described in Materials and Methods,
followed by analysis of the resulting fragments by MALDI-

digestion of the 18 kDa fusion peptide (confirmed by peptide TOF to determine the molecular mass of each fragment. The
sequencing; data not shown). The 18 and 14 kDa peptidesproteolytically digested mrACBP fragment masses covered
were removed using S-tag agarose and Ni-NTA agarosethe entire sequence of mrACBP (Table 1), verifying that the
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Ficure 4. Amino acid sequence of mrACBP. The first 15 amino
acids were sequenced. Symbols represent the observed tryptic®
fragment ), observed chymotrypsin fragment--}, observed

Glu-C fragment %), and observed in-gel tryptic fragment (bold).

-20000

-40000
Table 1: Mass Assignment of Proteolytic Fragments of mrACBP

Molar Ellipticity, deg cm

fragment m'z 10000 ] NEUTRAL MEMBRANES B
sequence measured calculated A

Met!—Lys!4 1582.698 1582.742 —0.044

Meti—Argls 1738.830 1738843  —0.013 20000 1

Ala®—Lys!> 802.452 802.442 0.010

Leutd—Lys% 2227.124 2227.110 0.014

GIn34—Lys> 1912.013 1912.013 —0.000 0 N

Ala®—Lysét 1034.480 1034.505 —0.025

Thr73—Lys?? 1223.651 1223.652 —0.001 20000

Thr73—Lys?3 1351.760 1351.747 —0.013 )

AsprO—Tyrs 945533 945552  —0.021

AsrFo-Met®  1293.690 1293.683 0.007 o000 e

Lys*s—Tyr™ 1330.640 1330.667 —0.027 190 200 210 220 230 240 250 260

Val>—[le®” 1548.880 1548.900 —0.020

- - - Wavelength (nm)
mrACBP peptide sequence was identical to that of the mouse . - .
Ficure 5: Effect of liposome surface curvature and lipid composi-

native ACBP. tion on mrACBP circular dichroism spectra. Circular dichroism
Structure of mrACBPAIlthough the above data demon-  gpectra were obtained as described in Materials and Methods. In

strated that the primary amino acid sequence and mass 0{A) symbols represent mrACBP CD spectra taken in the absence

mrACBP were identical to those of the mouse native ACBP, of liposome ®) and in the presence of anionic SU¥)(and anionic

it was necessary to determine if mrACBP adopted a structure{-hUV (bA)' In (B% Is.ymbO'S.repre;e.mtrTrACBP CD Sfpec”‘? tlaksel?v'“

similar to that of the mouse native ACBP. Therefore, the (o% gngeﬁgﬁtgl ESS&T_ Xand in the presence of neutra

secondary structure of mrACBP was measured by circular
(]

dichroism. Circular dichroic spectra of mrACBP in an 200
aqueous buffer showed a negative ellipticity 615700
degcn?-dmol™t at 222 nm and large positive ellipticity of
36430 degcn?-dmolt at 190 nm (Figure 5A, solid circles).
These findings suggested a largéhelix content. Analysis

of the CD spectrum as indicated in Materials and Methods
showed that mrACBP had 56%-helix, consistent with
NMR data of native ACBP4, 5).

Functional Actiity of mrACBP: LCFA-CoA Bindinglo
determine if the mrACBP was functionally active, its ability
to bindcis-parinaroyl-CoA (a naturally occurring fluorescent
LCFA-CoA) was examined in a fluorescence binding assay 0
not requiring separation of bound from free ligand as
described in Materials and Methods. The assay was based Ligand Concentration (uM)
on the fact thatcis-parinaroyl-CoA fluoresces weakly in  Ficure 6: LCFA-CoA binding by mrACBP. The mrACBP (0.2
aqueous solution, but this fluorescence signal increasesuM) was titrated with increasingis-parinaroyl-CoA (6-0.4 uM).
dramatically upon interaction with proteins containing hy- Excitation was at 310 nm, and fluorescence emission intensity

P PR : reflecting binding was measured at 416 nm. All values were
drophobic ligand binding sitesLg, 19). In the presence of corrected for fluorescence emission in the absence of mrACBP.

mrACBP, the fluorescence intensity ofs-parinaroyl-COA  The inset represents a Scatchard plot of dieparinaroyl-CoA
increased with increasing ligand concentration in a saturablebinding data. Values represent the mearsD, n = 3.

manner (Figure 6). A Scatchard plot of the binding data was

linear, indicating a single binding site (Figure 6, inset).  Functional Actiity of mrACBP: Stimulation of Microso-
Analysis of the Scatchard plots from three experiments mal Glycerol-3-phosphate Acyltransferase (GPAThe
showed that mrACBP bouncis-parinaroyl-CoA with aKy functional activity of mrACBP in stimulating the rate-limiting

= 12 + 2 nM at a single binding sitep = 0.95+ 0.13 step of microsomal phosphatidic acid biosynthesis, the first
mol/mol. These ligand binding characteristics were very transacylation mediated by glycerol-3-phosphate acyltrans-
similar to those reported previously for mouse native ACBP ferase (GPAT), was evaluated. The effect of mrACBP on
and rat native ACBPg, 19). microsomal phosphatidic acid synthesis was highly depend-
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Ficure 7: Effect of mrACBP on microsomal phosphatidic acid
formation. Reactions containing 40/ [1-1C]oleoyl-CoA, 80uM

NaF, 15 mM DTT, 73%M G-3-P, and 6-50 uM mrACBP in 70

mM Tris-HCI, pH 7.4, buffer were performed as described in
Materials and Methods. The effect of mrACBP on microsomal
phosphatidic acid formation was determined over the rangg00
uM mrACBP. Phosphatidic acid formation was expressed as pmol
min—t (mg of proteiny!. Values represent the meah SD of
triplicate determinations. Unpaired Student’'sest was used to
determine the significance of the differences. An asterisk denotes
p < 0.05 compared to @M mrACBP.

25 50

ent on the molar ratio of the mrACBP/oleoyl-CoA substrate.
In the presence of 3-fold excess of oleoyl-CoA (#NI),
mrACBP stimulated microsomal phosphatidic acid formation
3-fold (Figure 7). This was close to the 2.3-fold stimulation
previously reported in the presence of native ACBP under
essentially identical conditiond 9). In contrast, when the
concentration of mrACBP (e.g., 5M) > oleoyl-CoA (40
uM), mrACBP inhibited microsomal phosphatidic acid
synthesis by 71% (Figure 7).

Functional Actvity of mrACBP: Protection from Mi-
crosomal Fatty Acyl-CoA Hydrolas&he ability of mrACBP
to bind and thereby protect LCFA-CoA from microsomal
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Ficure 8: Effect of mrACBP on aqueous [f€]oleoyl-CoA pool

size. Panel A: hydrolyzed [¥*C]oleoyl-CoA. Panel B: unhydro-
lyzed [1+“Cloleoyl-CoA. Hydrolyzed and unhydrolyzed [€]-
oleoyl-CoAs were measured in the aqueous layer and microsomes
by lipid extraction and resolution of [#C]oleic acid from [114C]-
oleoyl-CoA on gel G60 TLC plates. Reactions without mrACBP
were used as control. Unpaired Student'sest was used to
determine the significance of the differences. An asterisk denotes
p < 0.05 compared to @M mrACBP.

under these conditions (Figure 7), this suggested that excess
mrACBP extracted [£4C]oleoyl-CoA from the microsomal

hydrolase enzymes was determined. The data showed thaf’€mbrane in addition to protecting it from microsomal

mrACBP protected the oleoyl-CoA from hydrolysis in a
dose-dependent manner (Figure 8A). With increasing
mrACBP, microsomal hydrolysis of oleoyl-CoA decreased
up to 50% (Figure 8A), similar to the effect of mouse native
ACBP on microsomal hydrolysis of oleoyl-CoA (65%
inhibition) (19).

Functional Actbity of mrACBP: LCFA-CoA Pool Size.
ACBP has been postulated to alter the partitioning of LCFA-
CoA from membranes and thereby affect the aqueous pool
size of LCFA-CoA (). However, the results showed that
this effect was highly dependent on the molar ratio of
mrACBP/oleoyl-CoA. At low levels (i.e., mrACBP/oleoyl-
CoA molar ratio< 1) the mrACBP reduced the amount of
aqueous unhydrolyzed [#C]loleoyl-CoA by 70% (Figure
8B, 5uM mrACBP). However, this effect was not due to
mrACBP enhancing [14C]oleoyl-CoA hydrolysis under
these conditions. Instead, the lowered level of aqueous
unhydrolyzed [1¥C]oleoyl-CoA was consistent with mrACBP
stimulating [114C]oleoyl-CoA utilization by acyltransferases
(Figure 7) under these conditions. In contrast, under condi-
tions of molar excess mrACBP levels (i.e., mrACBP/oleoyl-
CoA molar ratio> 1) the unhydrolyzed [#4C]oleoyl-CoA
increased up to 4.4-fold (Figure 8B). Since mrACBP
inhibited [1+“C]oleoyl-CoA utilization by acyltransferases

hydrolase activity.

Interaction of mrACBP with Membranes: Circular Dichro-
ism.Although several other intracellular LCFA-CoA binding
proteins such as SCP-2% 20) and L-FABP (2) interact
with membranes to elicit ligand binding/transfer, it is not
known if ACBP does so. Since circular dichroism (CD)
measures changes in secondary structure when proteins
interact with membraneslg, 20, 26), CD was utilized to
determine (i) if mrACBP interacted with model membrane
vesicles and (ii) the specificity of this interaction. To
determine specificity, unilamellar membrane vesicles were
comprised of phosphatidylcholine and cholesterol (65:35
molar ratio). To determine the effect of membrane charge,
10 mol % of palmitoyloleoylphosphatidylcholine (POPC)
was replaced by 10 mol % dioleoylphosphatidylserine
(DOPS), an anionic phospholipid. To determine the effect
of membrane curvature, the unilamellar vesicles were
prepared in two sizes, SUV and LUV, with mean vesicle
diameters of 20 and 120 nm, respectively)(

As indicated above, CD spectra of mrACBP in an
aqueous buffer showed a negative ellipticity 15700
degcn?-dmolt at 222 nm and a large positive ellipticity
of 36430 degcnr-dmol? at 190 nm (Figure 5A, solid
circles), corresponding to 56%-helix when resolved as



10548 Biochemistry, Vol. 41, No. 33, 2002 Chao et al.

Table 2: Changes in mrACB®&-Helix Content on Interaction with Table 3: Effect of Membrane Interaction on ACBP Fluorescence
Liposomes Emission Characteristigs
total helix (% change) excitation ACBP + ACBP +
Suv LUV (nm) property ACBP anionic SUV neutral SUV
neutral anionic neutral anionic 270 maximum  22.3£0.2 28.6£0.1 27.1+05¢
(Tyr, Trp)  intensity
3.6+1.6 8.0+ 3.0 26+1.6 3.5+ 3.8 (x 1079)
emission 316.2+ 0.9 309.8+ 0.5 308.8+ 0.2
. . . . maximum
described in Materials and Methods. Addition of membranes (nm)
elicited small alterations in mrACBP circular dichroic peak width  69.440.2 63.2+ 0.5 60.64 0.2¢
spectra. In the presence of anionic SUV or LUV (Figure 5A) (nm) i
comprised of POPC/cholesterol/DOPS (molar ratio 55:35; 298 maximum ~ 19.0+£0.0 22.1+0.2 18.1+0.3
Lo (Trp) intensity
10), the molar ellipticity of CD spectra at 222 nm became (x 1079
more negative while molar ellipticity at 190 nm became more emission 3325+ 0.6 331.0:0.0 332.3:1.0
positive. Analysis of these spectra showed that addition of maximum
anionic SUV increased the mrACB®&-helix content sig- (nm)

peak width  65.6+0.5 62.4+4.4 67.8:0.8

nificantly by 8.0% (Table 2). The extent of this change was (nm)

similar to that exhibited by SCP-2 upon interaction with = Speciral properties of mrACBP (M) in the presence or absence
anionic phospholipid containing SU\ML{, 20). However, in of SUV (5004M) were obtained as in Materials and Methods. Anionic

the presence of anionic LUV the change in thehelix SUV = POPC/cholesterol/DOPS (55:35:10) and neutral SYROPC/
content of mrACBP was 2-fold smaller and not statistically  cholesterol (65:35) were prepared as described in Materials and

significant. In contrast to the effects of anionic phospholipid Methods. Measurements were made in 10 mM potassium phosphate,
containing SUV, the addition of neutral SUV or LUV, PH 7.4 at25C. Datarepresent the meanSEM (= 4).°p < 0.05

comprised of POPC/cholesterol (molar ratio 65:35), altered ggmgggg ttoo A%%ﬁqa%i;ni(c)-ggl\/.gglpg.rgg Ctgm'?,grBez'E’o ;Coég?

the circular dichroic spectra only slightly (Figure 5B). anionic SUV./p < 0.001 compared to ACBR- anionic SUV.
Analysis of the spectra showed that the increagduelix

content of mrACBP in the presence of neutral SUV and LUV

was not statistically significant (Table 2). 1300 A o ACHD+ SUV (55:35:10)
In summary, since phospholipids and cholesterol are not S — T ACBP Y SUV (6535:0)

ligands for ACBP 1), the mrACBP changes in secondary ;

structure in the presence of anionic SUV membranes were 20.04 |

consistent with direct interaction of the protein with the
membranes. The fact that CD data showed mrACBP second-
ary structure changes were largest in the presence of anionic
phospholipid-containing membranes that were highly curved
(SUV) suggested that ionic interactions facilitated this
interaction.

Interaction of mrACBP with Membranes: Steady-State
Fluorescence Spectroscopy of mrACBP Trp and Tyre
mrACBP contains five aromatic amino acids (Figure 4), three
Tyr and two Trp, which can be excited in the 27800 nm
range and can be used to monitor changes in fluorophore
microenvironment. Therefore, steady-state fluorescence spec-
troscopy was utilized to further analyze associations between
mrACBP and anionic/neutral SUV. Upon excitation of
mrACBP at 270 nm, a wavelength that excites both Tyr and
Trp residues, the protein shows a broad (peak width of 69.4 - . , , , : _
+ 0.2 nm, Table 3) fluorescence emission spectrum with an 320 340 360 380 400 420 440
emission maximum at 31622 0.9 nm (Figure 9A). Shifting Wavelength (nm)
the wavelength of excitation of ACBP to 296 nm, a FiGURrRe 9: Fluorescence emission spectra of ACEP SUV.
wavelength that selectively excites Trp residues, resulted in Fluorescence emission spectra il ACBP were obtained with

o P or without 5004M SUV in 10 mM potassium phosphate, pH 7.4,
an emission spectrum that was significantly narrowed (peak at 25 °C. Aniol:ﬂc SUV = POPC/EhoIesterol?DOPpS (55:25:10);

width = 65.6 & 0.5 nm, Figure 9B) and an emission neutral SUV= POPC/cholesterol (65:35). Panel A: excitation at
maximum that was dramatically red shifteth{x = 332.5 270 nm. Panel B: excitation at 296 nm. Each curve represents the

+ 0.6 nm, Table 3) as compared with excitation at 270 nm. mean of four independent scans.

Incubation of mrACBP with anionic SUV and excitation width = 63.2 4+ 0.5 nm). By contrast, addition of neutral
at 270 nm (excites both Trp and Tyr) increase emission SUV to mrACBP and excitation at 270 nm resulted in a
intensity by 28% 9 < 0.001) as compared to mrACBP alone slightly smaller increase in fluorescence intensity as com-
(Figure 9A, Table 3). In addition, the emission spectrum was pared to that of ACBPt+ anionic SUV (Figure 9A, Table
blue shifted by approximately 6 nmi{x = 309.8+ 0.5), 3). Interestingly, the emission spectrum of ACBfheutral
and there was significant narrowing of the spectrum (peak SUV was also blue shiftedl{ax = 308.8+ 0.2 nm), and

10.0

0.0-— T T T T r 7 "
300 320 340 360 380 400 420 440

30.0

Fluorescence Intensity (a. u.) (x 10-3)
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the spectrum was also narrowed (peak wigtl60.6 + 0.2
nm) slightly more than that of ACBR- anionic SUV.

Excitation of ACBP+ anionic SUV at 296 nm selectively
excites Trp residues and increases fluorescence emission b
16% [ < 0.001) as compared to ACBP without SUV (Figure
9B, Table 3). By contrast, excitation of ACB® neutral
SUV at 296 nm yielded an emission spectrum that was
significantly lower in fluorescence intensity than that of either
ACBP or ACBP+ anionic SUV. Neither anionic SUV nor
neutral SUV elicited a significant change in the emission
maximum or the spectrum peak width of ACBP upon
excitation at 296 nm.

In summary, steady-state fluorescence analysis of the
intrinsic fluorophores in mrACBP indicated that the mi-
croenvironment of Tyr, and even more so Trp, residues in SUV LUV
mrACBP was significantly altered upon interaction with SUV MEMBRANE CHARGE
membranes. The mrACBP Trp spectral changes appeared:gyre 10: Effects of liposome surface curvature and charge on
specific to anionic SUV while those from mrACBP Tyr were  mrACBP membrane binding. The binding assay was performed as
detected in the presence of either anionic or neutral SUV. described in Materials and Methods with 28 mrACBP and
These data provided additional evidence of an interaction 1.2 MM liposome. The percentage of unbound mrACBP was

: o quantitated by comparison with the internal standards. The binding
between the protein and anionic membranes. Although the rve was plotted as the bound mrACBP. Each point represented

T c
fluorescence data suggested some association between neUtrﬁ‘Te meandt SD of triplicate determinants. The unpaired Student's
membranes and mrACBP, these data clearly indicate thatt test was used to determine the significance of the differences. An

there are significant differences between anionic membranesasterisk denotgs < 0.05 compared to the neutral charge membrane.
and neutral membranes in the nature of their interactions with

mrACBP. These changes in aromatic amino acid fluorescence0r curvature may also affect the competence of mrACBP to
upon mrACBP preferential interaction with anionic SUV donate/transfer bound LCFA-CoA to the membrane. This
were in the same range as those detected by circularpossibility was tested using a filtration assay to separate
dichroism (see above). This confirmed that interaction of liposomal membrane-bound LCFA-CoA from aqueous

mrACBP with membranes resulted in modest, but significant, MTACBP/LCFA-CoA. The [1}C]oleoyl-CoA donating as-
alterations in mrACBP structure. says all included samples without the liposome as controls.

Filtration Assay To Determine Binding of mrACBP to These controls confirmed that the filtration was efficient and

MembranesTo confirm that the spectral changes exhibited reproducible.

by mrACBP in the presence of anionic SUV reflected direct  In the absence of mrACBP, addition of f4]oleoyl-CoA
binding to membranes, the binding experiment was repeatedto vesicles resulted ir 98% of [144C]oleoyl-CoA partition-
using a membrane filtration assay. The mrACBP was ing into membranes regardless of size and charge (Figure
incubated with liposomes followed by separation of lipo- 11A). In contrast, addition of the mrACBH1-'“C]oleoyl-
some-bound from unbound mrACBP by filtration through a CoA complex to vesicles resulted in [{€]Joleoyl-CoA
100000 Da cutoff nucleopore membrane. The filtrate con- transfer to membranes with anionic SU¥ anionic LUV,
taining the unbound MrACBP was then resolved by 16.5% neutral SUV, and neutral LUV (Figure 11B). The complex
tricine SDS-PAGE. After being stained with Coomassie of mrACBP—[1-1“Cloleoyl-CoA preferentially transferred
Blue, the mrACBP was quantitated by Scion Image software [1-*“C]oleoyl-CoA 2.5-3-fold more to anionic SUV than
and compared to an internal standard curve consisting of 0.1,to other types of membranes. These data suggested that direct
0.2, 0.5, and 0.8&g of mrACBP run on the same gel. binding of mrACBP to anionic SUV facilitated transfer of
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Membrane filtration showed that 58% of mrACBP was
bound to anionic phospholipid containing SUV comprised
of POPC/cholesterol/DOPS at a molar ratio of 55:35:10
(Figure 10). In contrast, very littte mrACBP bound to anionic
phospholipid containing LUV, neutral SUV, or neutral LUV
(Figure 10). This pattern of mrACBP binding specificity was
similar to the pattern of circular dichroism changes (Figure
5).

These data indicated that the changes seen in the circulal
dichroism and fluorescence spectra anddaHeelical content
may be due to the binding of mrACBP to the negatively
charged SUV.

Functional Significance of mrACBP Interaction with
Membranes: Transfer of mrACBP-Bound LCFA-CoA to
MembranesAs observed above, ACBP preferentially inter-

[1-1“C]oleoyl-CoA from the mrACBP-[1-“C]oleoyl-CoA
complex to the membrane. This transfer was optimal when
the membrane was both anionic and highly curved (anionic
SuUV).

Functional Significance of mrACBP Interaction with
Membranes: Extraction of Membrane-Bound LCFA-CoA by
mMrACBP. Since the mrACBP-LCFA-CoA complex pref-
erentially donated LCFA-Co0A to liposome membranes that
contained anionic phospholipid and exhibited high surface
curvature (i.e., anionic SUV), the possibility that the
membrane charge and/or curvature may also affect the
competence of mrACBP to extract LCFA-CoA from mem-
branes was examined. The same filtration assay as above
was used to separate membrane-bound LCFA-CoA from
aqueous MrACBPLCFA-CoA. The [1%*C]oleoyl-CoA

acted with liposome membranes that contained anionic extraction assays all included assays without mrACBP and
phospholipid and exhibited high surface curvature, i.e., without liposome as controls. The controls confirmed that
anionic SUV. This suggested that the membrane charge andthe filtration assay was efficient and reproducible.
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120 carboxylase is a soluble enzyme inhibited by LCFA-CoA
A (Ki of 5.5 nM). However, under physiological levels of
100 1 ACBP and LCFA-CoA, acetyl-CoA carboxylase is active.

Because of the high affinity of ACBPL( 2, 6), it has been
proposed that ACBP competitively binds LCFA-CoA to
60 - maintain cellular free LCFA-CoA levels a5 nM (2).

ACBP also regulates membrane-bound enzymes whose
activities are either regulated by LCFA-CoA or which utilize

®
>

40 1

[1-14C]Oleoyl CoA
(% bound)

20 A LCFA-Co0A as a substrate. For example, while neither HMG-
CoA reductase nor hormone-sensitive lipase utilizes LCFA-
01 CoA as a substrate, their activities are altered by LCFA-
< 25 | B CoA (1, 2). In contrast, a variety of membrane-bound
© _ acyltransferases directly utilize LCFA-CoA as a substrate
§§ 20 - including (i) microsomal LCFA-CoA transacylation with
S8 glycerol 3-phosphate to form phosphatidic acsl 9, 19),
&0 (i) microsomal LCFA-CoA transacylation with cholesterol
if 10 1 to form cholesteryl este29), (iii) microsomal LCFA-CoA
2.; S transacylation with water (i.e., hydrolase) to form LCFA and
% 5 - CoA (10), and (iv) mitochondrial outer membrane LCFA-
CoA transacylation to LCFA-carnitineg3(30—32). Finally,
01 ACBP transfers LCFA-CoA between membrangs4( 33).
C Despite these observations indicating that ACBP affects

801 membrane protein activities, it is not known whether ACBP

directly interacts with membranes. The work presented herein
makes the following significant contributions to this potential
interaction.

First, to examine if ACBP interacts with membranes, it
was essential to utilize an ACBP that is not a variant or
posttranslationally modified form. Preparations of native
ACBP contain modified forms and variants of ACB®],
while posttranslational modification during purification is still
SUV LUV an issue even with recombinant ACBP. It was essential to

avoid these potential problems because small differences in
MEMBRANE CHARGE the ACBP amino acid sequence, especially in the N-terminus,
Ficure 11: Effect of mrACBP on oleoyl-CoA partitioning. Panel  can significantly alter its functional activityl@). Similar

A: partition of free [13“Cloleoyl-CoA into liposomes. Panel B: : : P
partition of mrACBP-bound [£4C]oleoyl-CoA to liposomes. Panel observations have been made for other LCFA-COA binding

C: extraction of membrane-bound }4]oleoyl-CoA by mrACBP. proteins such as SCP-2X, 20, 35) and L-FABP (2). The
. results showed that mouse recombinant mrACBP prepared
The ability of mrACBP to extract membrane-bound herein had amino acid sequence identical to that coded by
LCFA-CoA was dependent on both anionic phospholipid and the gene and, in addition, exhibited structure, ligand affinity,
surface curvature. The mrACBP extracted the least (aboutynq function the same as mouse native ACBP.

60 1

40 1

[1-14C]ole0yl CoA
(% extracted)

20 1

Neutral Negative Neutral Negative

55%) of membrane-bound [£€]oleoyl-CoA from anionic Second, it was shown for the first time not only that
phospholipid containing SUV (Figure 11C). Although all the  ,, ACBP interacted directly with membranes but membrane
membranes regardless of charge or curvature boud&o binding was specific for anionic phospholipid containing
of [1-“CJoleoyl-CoA, mrACBP extracted the least {C]- membranes (i.e., anionic SUV). The interaction of mrACBP

oleoyl-CoA from anionic phospholipid containing, highly  ith membranes was determined by three independent
curved membranes. This was consistent with the most nethods: (i) The binding of mrACBP to membranes elicited
mrACBP being bound by anionic phospholipid containing, 5 conformational change in mrACBP secondary structure
highly curved SUV membranes. demonstrated by circular dichroism spectroscopy. The
mrACBP a-helical content increased nearly 8% in the
DISCUSSION presence of anionic phospholipid containing SUV. This effect
Although most mammalian cells contain at least three was specific since neutral SUV did not significantly alter
families of soluble intracellular proteins that bind LCFA- the mrACBP circular dichroic spectra orhelical content.
CoAs, only acyl-CoA binding protein (ACBP) specifically (i) Steady-state fluorescence spectroscopy indicated signifi-
binds only LCFA-CoAs {). The structure of ACBP and its  cant changes in the spectral characteristics of the intrinsic
ligand binding site are now establishe8, 6). However, mrACBP fluorophores Tyr and Trp in the presence of anionic
neither the physiological function(s) nor the mechanism(s) SUV. In the presence of neutral SUV, the spectral charac-
of ACBP action is (are) as yet completely resolved. In vitro teristics of mrACBP Tyr and Trp were less affected.
studies indicate that ACBP affects the activities of both Although the changes in mrACBP emission spectra induced
soluble and membrane-bound proteins. by association with anionic SUV were not large, they were
ACBP affects soluble enzymes whose activities are significant < 0.001) and specific for membrane interaction
regulated by LCFA-CoAs](, 2). For example, acetyl-CoA  as opposed to mrACBP interaction with fatty acyl-CoA
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ligand, an interaction which decreased rather than increased A
ACBP fluorescence emission (6). Furthermore, these alter-
ations in aromatic amino acid fluorescence upon mrACBP
preferential interaction with anionic SUV were in the same
range as those detected by circular dichroism, confirming
that interaction of mrACBP with membranes resulted in
modest, but significant, alterations in mrACBP structure. (iii)
A nucleopore membrane filtration assay also showed that
mrACBP bound to anionic but not neutral SUV. These data
indicated that a negative surface charge was essential for
facilitating interaction of mrACBP with membranes. These
findings were consistent with those of other LCFA-CoA
binding proteins (SCP-2, L-FABP) which also preferentially
interacted with anionic SUV membranekl( 12, 20).
Although the specific amino acid sequence of mrACBP | R
responsible for membrane interactions remains to be identi-
fied, the most common secondary structure in the interfacial
phospholipid binding domain of peripheral proteins and
peptides is thea-helix (36, 37). The three-dimensional +
structure of bovine apo- and holo-ACBP [determinediy
13C, and®™N NMR spectroscopyH)] reveals the presence
of four a-helices, Al (Glu4Leul5), A2 (Asp21Val36),
A3 (Gly51—-Lys62), and A4 (Ser65Tyr84) folded into an
up—down—down—up helix bundle with an overhand loop
between the A2 and A8-helices. The overall shape of the
protein reveals a shallow bowl-like structure containing a
hydrophobic binding region at the bottom of the bowl and a
hydrophilic region at the rim of the bowl. Although all four
helices are involved in ligand binding, only helices A1, A2,
and A4 are important for overall protein stability)( None
of the A3 helix residues are involved in overall stability,
and®®N relaxation measurements upon ligand binding show
a substantial decrease T for a-helix Al (residues 16
16) anda-helix A3 but not the other-helices b). This
indicated thatr-helices A1 and A3 may be considered rather
flexible structural features7). Helical wheel diagrams of
thesen-helices demonstrated that orlyhelices A3 and A4
exhibit amphipathic character with highly charged polar faces
that are rich in positively charged amino acid residues (Figure
12)'. Such pOSItlver charged_ cationic fac_es may accognt_for Ficure 12: Helical wheel diagrams of mrACBP helix A3 and A4.
the interaction of mrACBP W|t_h _ph(_)sphandylsgrlne (anionic, Symbols representH) positively charged amino acid:—j nega-
negatively charged phospholipid) in the anionic SUV mem- tively charged amino acid, polar amino acid, and,{ hydro-
brane surface. It should be noted, however, that, in addition phobic amino acid.
to these electrostatic interactions, for ACBP binding to certain
membranes such as the endoplasmic reticulum an additional Third, it was shown for the first time that high surface
factor must be considered. The C-terminus of mrACBP curvature facilitated mrACBP interaction with membranes.
contains the di-lysine endoplasmic reticulum retention motif The a-helix content of mrACBP was significantly altered
(KKXX) ( 38). This di-lysine endoplasmic reticulum retention in the presence of anionic SUV but not anionic LUV.
motif is highly conserved in chicken, duck, and many Likewise, the membrane filtration assay also showed that
mammalian ACBPs and directs protein retrieval to the mrACBP bound only to anionic SUV but not anionic LUV.
endoplasmic reticulum. Together, these features of ACBP These data indicated that not only a negative surface charge
provide a rational explanation that ACBP stimulates mi- but also a high surface curvature of the membrane was
crosomal enzymes1@). However, in the case of other important for mrACBP interaction with membranes. The
intracellular membranes, i.e., mitochondria, the endoplasmic mean radius of curvature of SUV is about four times smaller
reticulum retention motif is unlikely to play a role in ACBP than that of LUV. Due to the highly curved membrane
action, and the electrostatic factors may be more important. surface, it is thought that SUV are endowed with several
Finally, it is important to note that other intracellular LCFA- physical properties that facilitate the binding of proteins to
CoA and LCFA binding proteins such as SCP412,(20), the SUV membrane. The packing constraints of the SUV
L-FABP (12), heart H-FABP and adipocyte A-FABRBY), are thought to increase exposure of the hydrophobic core of
and intestinal I-FABP 40) also @1) have amphipathic the lipid bilayer to enhance the interaction of the vesicles
o-helix domains that interact with membranes through with hydrophobic domains of proteins4%). The high
electrostatic interactions with anionic phospholipids. curvature of SUV also makes the outer monolayer more fluid
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and causes more packing defects, thereby facilitating interac-

tion with proteins 43, 44). Finally, the lateral pressure of
lipids in the outer monolayer of SUV is less than in LUV,
further favoring protein interaction with the SUV membrane
(45). Not only LCFA-CoA binding proteins such as mrACBP
(shown herein) but other LCFA-CoA binding proteins [i.e.,
SCP-2 (1) and L-FABP (2)] as well as several unrelated
proteins preferentially bind to highly curved SUV mem-
branes: blood clotting Va light chai), cytochromebs

(47, 48), glycosylceramidase4®), phospholipase A240),

and rotavirus NSP4 enterotoxi2€). Cell membranes are
heterogeneous in membrane curvature and lipid distribution.
For example, thin-section transmission electron micrographs
of cultured fibroblasts reveal that the cell surface has
numerous microvilli, the tips of which have diameters
ranging from 13 to 50 nm50). Likewise, thin-section
transmission electron micrographs of the fibroblast cell
surface show caveolae with “necks” (i.e., where caveolae
join the plasma membrane) and “tips” having diameters of
20—30 nm 61-53). These highly curved regions of cell
plasma membrane from 13 to 30 nm are in the range of the
20 4+ 5 nm diameter of the SUV vesicles used herdif)(

In contrast, the diameters of caveolae and caveolar vesicles

(50—90 nm) 61, 52, 54, 55) overlap the lower range of the
1204 20 nm diameter of the LUV vesicles used hereif)(

Fourth, taken together, the above findings suggest that the

preferential interaction of ACBP with highly curved anionic
membrane surfaces may be physiologically relevant. To
address this question, the ability of mrACBP to donate bound
LCFA-CoA to membranes and to extract membrane-bound
LCFA-CoA was examined. It was shown that a mrACBP
LCFA-CoA complex preferentially donated LCFA-CoA to
anionic SUV membranes. This would suggest that acyltrans-
ferases localized in anionic phospholipid-rich, highly curved
membrane domains would be preferentially stimulated by
MrACBP—LCFA-CoA complexes. Conversely, mrACBP
was least able to extract membrane-bound LCFA-CoA from
anionic SUV as compared to anionic LUV or neutral
membranes. Since it is known that ACBP is an aqueous
LCFA-CoA pool former and transports LCFA-CoA between
membranes1, 33), this would suggest that mrACBP may
preferentially extract LCFA-CoAs from neutral membrane
surfaces or anionic membrane domains with low curvature
in order to transfer LCFA-Co0As to anionic phospholipid-
rich, highly curved membrane domains.

In conclusion, mrACBP appeared structurally and func-
tionally the same as mouse native ACBP as evidenced by
amino acid sequence, prevalencenseielical structurecis-
parinaroyl-CoA binding characteristics, stimulation of mi-
crosomal phosphatidic acid synthesis, and protection from
microsomal LCFA-CoA hydrolase activity. The data showed
for the first time that mrACBP interacted directly with
membranes, preferentially with anionic phospholipid-con-
taining membranes that were highly curved, i.e., SUV. Thus,
although it exhibits no sequence homology, mrACBP shares
in common with other LCFA-CoA binding proteins (SCP-
2, L-FABP) the ability to preferentially bind anionic, highly
curved membranes. Interestingly, the interaction between
mrACBP and anionic SUV membranes elicited a conforma-
tional change as evidenced by increaselelix content of
mrACBP. Such conformational changes in mrACBP may
be important for LCFA-CoA transfer (extraction from donor

Chao et al.

membrane and donation to acceptor membrane). The
mMrACBP—LCFA-CoA complex preferentially donated LCFA-
CoA to anionic SUV membranes and was less able to remove
LCFA-CoA from anionic highly curved SUV membranes.
These data suggest that both electrostatic and membrane
curvature (packing) interactions may be important to the
membrane binding activity and LCFA-CoA transfer functions
of mrACBP. Membrane binding-induced conformational
changes may alter the affinity of ACBP for oleoyl-CoA and
thereby affect the ligand transfer and extraction activities.
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