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Acid Transfer to Phospholipid Vesicles

Heng-Ling Liou and Judith Storch*
Department of Nutritional Sciences, Rutgers L#msity, 96 Lipman Drie, New Brunswick, New Jersey 08901-8525
Receied January 17, 2001; Réesed Manuscript Receéd March 20, 2001

ABSTRACT. The tertiary structure of murine adipocyte fatty acid-binding protein (AFABP) is a flattened
10-strandeg@-barrel capped by a helixturn—helix segment. This helical domain is hypothesized to behave

as a "lid” or portal for ligand entry into and exit from the binding cavity. Previously, we demonstrated
that anthroyloxy-labeled fatty acid (AOFA) transfer from AFABP to phospholipid membranes occurs by

a collisional process, in which ionic interactions between positively charged lysine residues on the protein
surface and negatively charged phospholipid headgroups are involved. In the present study, the role of
specific lysine residues located in the portal and other regions of AFABP was directly examined using
site-directed mutagenesis. The results showed that isoleucine replacement for lysine in the portal region,
including theal- andall-helices and thgg C-D turn, resulted in much slower 2-(9-anthroyloxy)palmitate
(2AP) transfer rates to acidic membranes than those of native AFABP. An additive effect was found for
mutant K22,591, displaying the slowest rates of FA transfer. Rates of 2AP transfer from “nonportal”
mutants on thé-G and | strands were affected only moderately; however, a lysiigoleucine mutation

in the nonportals-A strand decreased the 2AP transfer rate. These studies suggest that lysines in the
helical cap domain are important for governing ionic interactions between AFABP and membranes.
Furthermore, it appears that more than one distinct region, includinglthelix, all-helix, # C-D turn,

and thef-A strand, is involved in these chargeharge interactions.

Adipocytes play a central role in lipid homeostasis and as the fatty acid-binding proteins (FABP). The expression
the maintenance of energy balance in vertebrates. Duringof AFABP is associated with adipocyte differentiatid), (
periods of excess energy intake, fatty acids are stored asand a role for AFABP in enhancing FA uptake has been
triacylglycerol (TG} in adipose tissue. During periods of suggested by studies in 3T3-L1 cultured adipocytes as well
energy deprivation, fatty acids (FA) are the major energy as studies in AFABP-transfected Chinese hamster ovary
source for most tissues and are exported from the adiposg(CHO) cells 8—5). Recently, AFABP has also been sug-
tissue. The mechanisms by which FA are transported in thegested to be involved in the efflux of fatty acids out of adip-
adipocyte are not precisely known; however, intracellular ocytes via its interaction with hormone-sensitive lipaBe (
lipid-binding proteins are thought to play arole infatty acid 1 4qqress the putative transport function of the FABPS,
trafﬂekmg. . i we have used an in vitro fluorescence resonance energy trans-

Adipocyte fatty acid-binding protein (AFABP), also known g0 assay to examine the rate and mechanism of anthroyloxy
as adipocyte I|p|d-b|n_d|ng. protein (ALBP) anq aP2, IS |apeled fatty acid transfer from FABP to model membranes.
abundantly expressed in adipose tissue, comprising up to 6%y q g its suggested that several FABPs, including adipo-
of _the total cytosolic protein in the cult_ured differentiated cyte FABP and heart FABP (HFABP), trar;sfer fatty acids
adipocyte 1_)- AFABP belongs to a famlly O.f small intra- to acceptor phospholipid membranes via a collisional process,
cellular carriers (1415 kDa) for hydrophobic ligands known in which the protein is hypothesized to associate with mem-
branes during ligand delivery’{-9). The rate-limiting step
for FA transfer, therefore, appears to involve an effective
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1 Abbreviations: AFABP, adipocyte fatty acid-binding protein; :
HFABP, heart fatty acid-binding protein; FA, fatty acid; FABP, fatty interactions between AFABP and membranes may modulate

acid-binding protein; AOFA, anthroyloxy-labeled fatty acid; 2AP, 2-(9- the collisional FA transfer process. The headgroup charge
anthroyloxy)palmitic acid; EPC, egg phosphatidylcholine; PS, phos- of the acceptor membrane phospholipids markedly affects
phatidylserine; CL, cardiolipin; NBDPC, 1-palmitoyl-2-[12-[(7-nitro-  the rate of FA transferl(l). In addition, neutralization of

2,1,3-benzoxadiazol-4-yl)amino]dodecanoghglycero-3-phos- . . .
phocholine; ADIFAB, acrylodated intestinal fatty acid-binding protein; the 14 lysine residues on the AFABP surface by chemical

WT-AFABP, wild-type adipocyte fatty acid-binding protein. modification (acetylation) not only resulted in dramatically
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decreased rates of fluorescent FA transfer but also aIteredTable 1: Oligonucleotide Primers for Mutagenesis
the transfer mechanism from a collisional to a diffusional

. . - . mutation
process 12). A series of recent studies using Fourier Ly;L'”e primers underlined sequencés53
transform infrared (FTIR) spectroscopy, equilibrium binding, e ™06 Banrtil  GGCGGCCGCTCTAGAAATAATT
and a competitive binding assay have demonstrated direct HLO9 Xbd CCGGGGGATCCTAATTTCCATC
interactions of AFABP with anionic phospholipid membranes K59l HLO4 antisense CTCGGTGTTTATAAAAGTACT
and order-of-magnitude lesser interactions with zwitterionic K22! HLO7  antisense CACTCCCACTTCTATCATGTAATC
b 3, 14). Collectively, these studies indicate that HLOB  sense CATTACATGATAC/AGTGECAGTG
membranesi@, 14). Cc Y, 1 _ AL k32 HLO5 antisense GCCTGCCACTATCCTTGTGGC
electrostatic interactions are likely to be important in HL10 sense GCCACAAGGATAGTGGCAGGC
AFABP—membrane “collisions”. K10l HL11 antisense GGAGACAAGTATCCAGGTTCC
L ) 20 HL12 sense GGAACCTGGATACTTGTCTCC
~ Despite disparate primary sequences{82% sequence kg7 HL13 antisense TCCATCCCATATCTGCACCTG
identity) (15—21), members of the FABP family are char- HL14 sense CAGGTGCAGATATGGGATGGA

acterized by remarkably similar tertiary structures, consisting K113! :'Ijg ggrt]izgnse g/{%g%ﬁ%;gggﬁg&i
of a 10-stranded antiparall@tbarrel capped by two short A
a-helices arranged as a heliturn—helix motif (17 aOligonucleotide primers bearing lysine (AAA) to isoleucine (ATA)

. _hali - P mutations were from Midland Certified Reagents (Midland, TX). All
22-24). Theo-helical domain covers one end of the binding primers are listed from the' 5o 3 end. Primer HLO4 was needed for

cavity, and thexll-helix participates in a proposed “dynamic k59 mutagenesis generated by in vitro mutagenesis protocol. Two
portal” that may regulate the entry and exit of fatty acids outermost primers HLO6 and HLO9 were utilized to synthesize the full-

from the internal ligand binding cavit®b, 26). Site-directed ~ length DNA fragment. The underlined sequences in oligos HLO6 and
mutagenesis of lysines on tlehelical domain of HFABP, HLO9 re_presenb(bd and BanH|I sites, respectively, used for further

a homologous protein with greater than 60% sequenceSUbCIOn'ng'

identity to AFABP, demonstrated that specific lysine residues

on thea-helical segments, but not other regions, appeared polymerase for PCR was purchased from New England
to be involved in ionic interactions between HFABP and Biolabs, Inc. (Beverly, MA). The in vitro mutagenesis kit
model phospholipid membranef7. We nevertheless and T4 polynucleotide kinase were from Amersham, Inc.
considered the possibility that the structural determinants of Oligonucleotides and primers containing mutations were
AFABP function might not be identical to those of HFABP  purchased from Midland Certified Reagents (Midland, TX).
because of certain different functional properties. In par- The QIAprep-spin plasmid kit and QIAEXII DNA gel
ticular, AFABP transfers fluorescent FA to membranes at extraction kit were obtained from Qiagen, Inc. (Valencia,
least 10-fold faster than HFABR.). Further, AOFA transfer ~ CA). Tryptone, yeast extract, ampicillin, kanamycin, and
rates from A- and HFABP display different responses to quinine sulfate were purchased from Sigma Chemical Co.
aqueous phase ionic strengt®8). X-ray crystallographic ~ (St. Louis, MO). The fluorescent fatty acid analogue 2-(9-
structures also show that the FA conformations in the binding anthroyloxy)palmitate (2AP) and ADIFAB (acrylodated
sites of the two proteins are differer®9 30). Thus, despite  intestinal FABP) were from Molecular Probes, Inc. (Eugene,
the fact that A- and HFABP have high sequence identity OR). Oleate (sodium salt) used for the ADIFAB assay was
and several consensus lysine residues, the large differencegurchased from Nu-Chek Prep (Elysian, MN). Egg phos-
in absolute AOFA transfer rates as well as their differential phatidylcholine (EPC), 1-palmitoyl-2-[12-[(7-nitro-2,1,3-
regulation by aqueous phase properties prompted us tobenzoxadiazol-4-yl)Jamino]dodecanogi+glycero-3-phos-
investigate the effect of conserved and unique lysine residuesphocholine (NBD-PC), brain phosphatidylserine (PS), and
in AFABP on the process of FA transfer to membranes to bovine heart cardiolipin (CL) were obtained from Avanti

further define the structurefunction relationships for AFABP ~ Polar Lipids (Alabaster, AL).
and the FABP family of proteins. Construction of Mutant AFABP Genes series of lysine

The objective of this study was to determine the specific ©© isoleucine (K= 1) point mutants were constructed.
lysine residues and regions of AFABP which are involved Isoleucine was chosen to replace lysine due to its neutral

in putative electrostatic interactions between the protein and€harge and the relatively similar bulkiness to lysine, so as
phospholipid membranes during fatty acid transfer. The to maintain the backbone size of the protein. Seven mutations

results demonstrate that the portal domain, which includes !N Six distinct regions of AFABP were investigated for their
the helix—turn—helix motif as well as the turn between €ffects on FA transfer from AFABP to zwitterionic and

p-strands-C andj-D, is an important determinant of the anionic phospholipid model membranes. Four of the muta-

absolute rate of FA transfer from AFABP to membranes. 1ONS were introduced in the portal region (hetiarn—helix
Additionally, the 8-A strand in the nonportal region also andf-2 turn), and three of the substituted isoleucines were

plays a role in the process of ligand transfer. on differgntﬁ—strandsﬁ—A, -G, andp-1, which are not in.
the putative portal region (Table 1). The numbering of amino

EXPERIMENTAL PROCEDURES acid residues was counted with the first methionine in-
cluded. All mutants were constructed by overlapping poly-

Materials. The expression vector for wild-type murine merase chain reaction (PCR31j except mutant K59 which
AFABP (pET-AFABP) was generously provided by Dr. Alan was initially constructed by the phosphothioate-based in
Kleinfeld (Medical Biology Institute, La Jolla, CA). Com- vitro mutagenesis protocol (Amersham, Inc.). Oligo pri-
petent BL21 (DE3) cells and vector pET-11a for mutant mers bearing mismatches to wild-type cDNA, indicated by

protein expression were from Novagen (Milwaukee, WI). underline, are listed in Table 1, from lysine (AAA) to
Restriction enzymeXba andBanHI and deoxynucleotides isoleucine (ATA). Each mutation was verified by sequence

(dNTP) were purchased from Promega (Madison, WI). Vent analysis 82). Mutant DNA was subcloned into the pET-
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1la expression vector by using thébd and BamHI model vesicles, either 25 mol % of phosphatidylserine (PS)
restriction sites. or cardiolipin (CL) was incorporated into the neutral SUVs
Protein Purification.Wild-type and mutant AFABPs were  in place of an equimolar amount of EPC. The phospholipid
purified from an Escherichia coliexpression system as concentrations were determined by quantitation of inorganic
previously described1d). Briefly, pET constructs were  phosphate 39), and CL-containing vesicles have been
transformed into theée. coli host strain BL21 (DE3), and  corrected for two phosphate groups per CL molecule.

protein expression was induced by the addition of 0.5 mMM  Transfer of 2AP from AFABP to Model Membran&ke
IPTG to the growing culture. The cells were harvested and rate of 2AP transfer from wild-type and mutant AFABPs to
resuspended in lysis buffer, and the cytosolic FABP was acceptor vesicles was determined using a fluorescence
released by sonication. The resulting sample was centrifugedresonance energy transfer assay as detailed previdly (
for 30 min at 40000. The supernatant was applied to two FA transfer was monitored at 2% in TBS buffer. The
sequential size-exclusion Sephadex G-50 columns: anion-conditions were developed prior to each experiment to ensure
exchange chromatography (DE 52 column, Whatman) andthat no photobleaching of AOFA was observed. Final
delipidation (Lipidex 1000, Sigma). FABP purity was concentrations in a typical transfer assay were /M
assessed by SDEPAGE. Protein concentration was calcu- AFABP, 1 uM 2AP, and 106-500 uM vesicles. The
lated using the molar extinction coefficient for AFABP at fluorescent FA-FABP complex was the fluorescence donor.
280 nm, 1.36x 10* M~t cm! (33). Upon mixing of the FA-FABP complex with acceptor

Control Analysis of FABP Structural Integritythe fol- membranes, transfer of FA from protein to acceptor SUVs
lowing methods were utilized to examine the integrity of is directly monitored by the time-dependent decrease in
mutant AFABP structure and physical properties to ensure fluorescence, using an SX-18MV stopped-flow spectrofluo-
that the point mutations introduced did not change the overall rometer (Applied Photophysics Ltd., U.K.) interfaced with
protein conformation and/or its ligand-binding properties. an Acorn A5000 computer. The data were analyzed as

(A) Circular Dichroism Circular dichroism (CD) spectra  previously described by fitting to a single exponential with
were measured to verify that no overall folding modifications  steady-state functioriLg).

occurred in the mutant FABP structures as previously  giatistical Analysisin each transfer experiment, seven

describedZ7). Secondary structure analysis was performed ygpjicates of each condition were collected. Results are

with a least-squares f|tt|ng. program utilizing the protein presented as meah standard error of the mean (SEM) for

secondary structural analysis of Yang et 8#)(and Chang  three or more separate sets of experiments. Two tail paired

et al. @9). . L t-test was used to analyze the differences between rates of
(B) Geometry MinimizationEnergy minimization was A transfer from mutant proteins versus wild-type AFABP

used to compare the mutant AFABP structures with the wild- 4 yarious concentrations and compositions of phospholipid

type protein to ensure that no large structural differences in mempranes. Results were considered statistically significant

the local region surrounding the mutation, as well as for the ¢ p < 0.05.

entire protein, would occur. For the local minimization, seven

residues (the mutated residde three) and bound water RESULTS

molecules were selected, and the lowest free energy for this

domain was determined using Hyperchem software (Hyper- Controls for Conformational Integrity of Mutant Proteins.

cube, Inc., Gainesville, FL). For the entire protein, the free Circular dichroic spectra showed no major differences in

energy including water molecules was determined using mutant proteins relative to wild-type AFABP, indicating no

software Discover and Insight Il provided by Silicon Graph- substantial alteration introduced by mutation in the overall

ics Inc. (MSI, San Diego, CA). folding of the 5-barrel structure. The CD spectra obtained
(C) Fluorescence Measuremerit® check the hydropho- ~ from wild-type and mutant proteins were almost superim-

bicity of the internal ligand-binding pocket, fluorescent posable, demonstrating curves typical of proteins with a large

quantum yields @) of the fluorescent fatty acid analogue content of3-sheet. The molar ellipticity at 222 nréizz, for

2AP bound to wild-type or mutant AFABP were determined Wild-type protein was approximately8127 deg crfidmol

with an SLM 8000C fluorescence spectrophotometer as and ranged from-7446 to—9144 deg criidmol for various

previously described3g). Excitation wavelengths were set mutants, indicating a similar-helical content (Table 2). All

at 383 nm for 2AP and 352 nm for quinine sulfate in 0.1 N proteins contained 6871% f3-sheet in overall secondary

H.SO, (reference fluorophoreQ.es = 0.7). structure, when spectra were analyzed using the reference
(D) Binding of FA to AFABPsBinding of oleate to wild-  spectra of Chang et al39), indicating the maintenance of

type and mutant AFABPs was analyzed by employing the the S-barrel structure in the mutant proteins. This analysis

fluorescent probe ADIFAB33, 37), as previously described, of secondary structure is also copsistent with the X-ray crystal
to obtain the values dfq for oleate binding, as well as the  structure of AFABP 17, 18), which shows 70% and 20%

binding stoichiometry Z7). of protein content in thg-sheet andr-helical conformation,
Vesicle PreparationSmall unilamellar vesicles (SUVs) respectively.
were prepared by sonication and ultracentrifugation as pre- Free energy minimization estimations of mutant AFABPS
viously described38) in TBS buffer (40 mM Tris-HCI, 100  were determined both for the local region adjacent to the
mM NaCl, pH 7.4) except for SUVs containing cardiolipin mutation site and for the entire mutant protein, compared
which were prepared in TBS with 1 mM EDTA. The with the wild-type protein. As shown in Table 3, for the
standard vesicles were prepared to contain 90 mol % of EPC7-residue domain and sphere water molecules surrounding
and 10 mol % of NBDPC, which served as the zwitterionic each mutation, the increases A were less than 0.37%,
fluorescence quencher. To introduce the negative charge intoexcept for K221 which increased by 1.47%. Likewise, the
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Table 2: Physical and Binding Properties of Wild-Type and Mutant
AFABPg

022, (deg f-sheets Kg binding guantum
protein  cm?/dmol) (%) (nM) site () yield (Qx)
A-WT —8127 71 116+ 11 1.2+ 0.1 0.27+0.01
K22l —8154 70 146+ 11 1.2+ 0.1 0.264+0.03
K32l —7451 71 119+8 1.1+0.1 0.26+0.02
K59l —8034 69 69+8 1.3+0.1 0.26+0.01
K22,591 —7821 71 687 0.9+0.1 0.23+£0.01
K10l —9144 70 109-3 1.1+0.1 0.264+0.03
K97I —7446 68 858 1.1+0.1 0.28+0.03
K113l —8538 70 89+ 10 1.2+0.1 0.27£0.03

a Circular dichroism spectroscopic properties were determined as
described in Experimental Procedures. The ellipticity dohelical
content,622, was determined as per Chang et 8b)( Measurement
of fluorescence quantum vyield for 2AP was repeated at least three
separate times, and results are shown as re&&EM for fatty acid-
binding analysis. Recombinant AFABP was titrated with oleate, and
ligand binding was assessed using the ADIFAB assay 6). Final
concentrations were 4AM AFABP, 0.2 uM ADIFAB, and 05 uM

Liou and Storch

Ficure 1: Ribbon diagram of adipocyte fatty acid-binding protein.
Representation of the X-ray crystal structure of AFABP determined

oleate, as described under Experimental Procedures. Results ard@y XU et al. (8). The selective lysine K= | point mutations in

presented as meah SEM.

Table 3: Local Energy Minimization of Wild-Type and Mutant
AFABPs

energy (kcal/mol)

position wild type (Lys) mutant (lle)
10 (5-A strand) 540.19 541.94
22 (al-helix) 518.06 525.56
32 (all-helix) 526.49 528.42
59 (5 C-D turn) 533.66 534.70

aEnergy minimization was calculated for a selected local region

the present study are highlighted as black sticks on the protein
backbone.

AFABP was 0.27+ 0.01 (Table 2). The values for the
AFABP mutants ranged from 0.23 to 0.28, confirming that
the mutagenesis of surface lysine residues did not change
the hydrophobicity of the interior ligand binding cavity of
AFABP.

The dissociation constari{§) for binding of oleate to wild-
type and mutant AFABPs was assessed using the fluorescent
probe ADIFAB, as previously described?). The dissocia-
tion constant for oleate binding to wild-type AFABP was

adjacent to the mutated residue. The mutated residue is in the middleconsistently found to be 118 11 nM, which is somewhat

of a total of seven selected amino acids. Lysine and isoleucine 10, 22,
32, and 59 ornp-A strand,al-helix, all-helix, and g C-D turn were
examined, respectively, using the Hyperchem program (Hypercube, Inc.,
Gainesville, FL).

Table 4: Free Energy Estimations of Wild-Type and Mutant
AFABPs

protein energy (kcal/mol)
A-WT 608.81
A-K22I (al-helix) 613.65
A-K32I (all-helix) 607.43
A-K59 (8 C-D turn) 616.94
A-K22,59I (al-helix andg C-D turn) 620.95
A-K10I (-A strand) 609.75
A-K97I (-G strand) 615.19
A-K113lI (-1 strand) 614.00

@ Free energy minimization was calculated for an entire protein, for
native and mutant AFABPs, using the programs Insight Il and Discover
from Silicon Graphics Inc. (MSI, San Diego, CA).

higher than the 47 and 67 nM values reported earlier by
Richieri et al. 83, 40). The absolut&y values obtained for
mutants ranged from 6& 7 to 146+ 11 nM (Table 2),
indicating relatively small differences in FA-binding affinity
relative to wild-type AFABP. The binding stoichiometry of
native and mutant AFABPs to FA appeared to be 1 (Table
2), in agreement with the X-ray crystal structude8) and
earlier ADIFAB studies 33).

Effect of K— | Mutations on FA Transfer to Zwitterionic
Phospholipid Membrane3he absolute rates of FA transfer
from wild-type and mutant proteins to increasing concentra-
tions of neutral EPC vesicles are shown in Figure 2. The
transfer rate of 2AP from 12M wild-type AFABP (WT-
AFABP) to 100uM zwitterionic EPC vesicles was 1.88
0.03 s, and transfer to 50@M SUV was approximately
4-fold faster, 6.5+ 0.7 s'*. Mutation K321 on theall-helix
resulted in 2-3-fold faster ratesg < 0.05) of FA transfer,
ranging from 4.7+ 0.6 to 21.8+ 2.3 st for 100 and 500

differences in overall free energy of each mutant protein uM SUV, respectively. In contrast, other point mutations

compared with native AFABP were also small, ranging from

located in the portal region (K22I, K591, and K22,59I)

0.15% to 1.99% (Table 4). Thus, these estimations of energyshowed only minimal, if any, differences (3Q@0%) in

minimization suggest that, as anticipated, the point mutations
did not change the protein structure to a great extent.

The integrity of the ligand-binding environment with K
— | mutation was expected to be maintained, as the tertiary

absolute FA transfer rates. A small (30%) but statistically
significant increase in ratg(< 0.05) was observed from
“nonportal” mutant K101 to 50«M neutral vesicles, while
“nonportal” mutants K971 and K113l did not show any

structure indicates that the side chains of lysine residues ofsignificant effects. The absolute rate of 2AP transfer (1.83

AFABP face the aqueous environment rather than pointing
into the interior of the ligand-binding cavityl8). AOFA
probe 2AP quantum yield(Q) was measured to examine

s 1) was lower than our previous estimates of transfer rates
to EPC/NBDPE acceptor vesicles (A30.5 s1) (12), under
the same final conditions of protein:probe:SUV (@®!:1

the hydrophobic environment of the FA binding pocket in ©M:100 «M), owing to the present incorporation of 10 mol

wild-type and mutant protein86). The value ofQ; for native

% of the neutral quencher NBDPC into acceptor vesicles
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Ficure 2: 2AP transfer from AFABP to zwitterionic membranes. The transfer of 2AP from wild-type AFABP and various mutants to SUV
was measured at Z&, pH 7.4, as described in Experimental Procedures. Final concentrations weké ABABP with 1 uM probe and
100-500u4M EPC/NBDPC (90%/10% mol/mol) acceptor vesicles. (A) 2AP transfer from wild-type AFABRa(d portal mutants K22-
AFABP (@), K32I-AFABP (m), K59I-AFABP (a), and K22,591-AFABP 4). (B) FA transfer from wild type ©) and nonportal mutants
K10I-AFABP (#), K97I-AFABP (v), and K113I-AFABP {). The values of meast SEM were obtained from at least three separate sets
of experiments. Two tail pairetdtests were used to determine the significant differences for each mutant vs wild-type ApABRe <

0.05 is presented a%)(
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Ficure 3: 2AP transfer from AFABP to phosphatidylserine-incorporated membranes. The transfer of 2AP from wild-type AFABP and
various mutants to SUV was measured at°@5 pH 7.4, as described in Experimental Procedures. Final concentrations wah 10
AFABP with 1 uM probe and 106500 uM EPC/PS/NBDPC (65%/25%/10% mol/mol/mol) acceptor vesicles. (A) 2AP transfer from
wild-type AFABP (©) and portal mutants K22|-AFABPE(), K32|-AFABP (l), K59I-AFABP (a), and K22,59I-AFABP 4). (B) FA
transfer from wild type ©) and nonportal mutants K10I-AFABR¥), K97I-AFABP (¥), and K113I-AFABP ¢). The values shown are

the meant SEM from three sets of experimentsvalue < 0.05 ¢) andp value < 0.01 (#) are presented.

instead of the negatively charged NBDPE used in the earliering from 10.1+ 1.0 to 54.1+ 4.8 s* for transfer to 100
studies 12, 27). and 500uM acceptor SUV, respectively (Figure 3). Like
Effect of K — | Mutations on Transfer to Anionic the native AFABP, all of the mutant forms also displayed
MembranesAs previously found 11), the absolute rates of an increase in the rate of 2AP transfer to PS vesicles;
2AP transfer from native AFABP to membranes increased however, the observed absolute transfer rate constants were
with the incorporation of negatively charged phospholipids smaller for the mutants than for the wild-type protein. For
(Figures 3 and 4). A 5-fold increase for WT-AFABP, on example, changing lysine 22 on théhelix in mutant K221-
average, was observed in the absolute rates of 2AP transfeAFABP led to a 2-3-fold decrease in absolute rates of fatty
to increasing concentrations of PS-containing vesicles, rang-acid transfer compared to the WT-AFABP. Neutralization
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Ficure 4: 2AP transfer from AFABP to cardiolipin-incorporated membranes. The transfer of 2AP from wild-type AFABP and various
mutants to SUV was measured as previously described in Experimental Procedures. Final concentrationgMeXEABP with 1 uM

probe and 106500 M EPC/CL/NBDPC (65%/25%/10% mol/mol/mol) acceptor vesicles. (A) 2AP transfer from wild-type AFABP (
and portal mutants K22I-AFABRS(), K32I-AFABP (l), K59I-AFABP (a), and K22,591-AFABP 4). (B) FA transfer from wild type ©)

and nonportal mutants K10I-AFABR¥), K97I-AFABP (v), and K113I-AFABP ¢). The values of average SEM were obtained from
three sets of experimentg.value < 0.05 () andp value < 0.01 (#) are presented.

of lysine 59 on thef C-D turn (mutant K59I-AFABP)
displayed a small decrease of approximately 30% in FA
transfer rates to PS-containing SUV, with the only signifi-
cantly lower rates found at 500M SUV (p < 0.05). The
K32l mutant showed small decreases-{20%) relative to
rates from WT-AFABP; however, the differences did not
reach statistical significance.

FA transfer rates from a double mutant K22,591-AFABP,
containing mutations on both thd-helix andg C-D turn,
were 4-6-fold lower than those from WT-AFABP (Figure

proteins demonstrated reduced levels of enhancement of
ligand transfer to CL-containing vesicles, displaying similar
transfer patterns as with the PS vesicles. For example,
neutralization of single residues K59 and K22, and of these
two sites together, resulted in approximately 30%, 3-fold,
and 6-8-fold decreases in 2AP transfer rates relative to the
wild-type AFABP (p < 0.05 or lower), respectively (Figure
4A). The additive effects of the K59 and K22 mutations once
again point to the contribution of both th#eC-D turn and

the al-helix to the collisional FA transfer process. Similar

3A), the slowest observed among all mutants. The effectsto results with the PS vesicles, small (200%) but statisti-

of the K22,591 double mutation were essentially an additive
function of the effects of each of the single mutations,
suggesting that both th-helix and thes-turn between the

cally significant reductionsp( < 0.05 or 0.01) in rates of
2AP transfer from the mutant proteins K971-, K113I-, and
K10I-AFABP to CL vesicles were found, relative to

C and D strands are determinants of the absolute rates ofWT-AFABP (Figure 4B). The diminution of absolute rate

ligand transfer from AFABP. Although the transfer rates from

of FA transfer was generally less from nonportal mutants

mutant K22,591 were very slow, the observed mechanism than that from portal mutants. In contrast to the small effect

of FA transfer from this protein remained a collisional

(10—20%) of the K32l mutation on FA transfer to PS-con-

process, in that the rates of transfer increased in directtaining membranes, transfer to CL-containing membranes
proportion to the concentration of acceptor vesicles. Figure was 3-fold slower than transfer from the wild-type AFABP.
3B shows the results of neutralization of the positive charge This suggests that, for CL in particular, thé-helix is also

of lysines located in several nonportal regions, specifically

involved in the process of FA transfer to phospholipid

p-strands A, G, and I. Isoleucine replacement in residue 10 vesicles and that K32 may interact in possibly a unique way

(B-A) resulted in significantly lower transfer rates30%)

in comparison with other lysine residues investigated.

(p < 0.01), whereas the other two mutations in residues 97 Sensitiity of Lysine Mutants to Phospholipid Negai

(8-G) and 113 §-1) decreased the rates by20%; however,
these differences did not reach statistical significance.
Incorporation of negatively charged CL in acceptor phos-
pholipid vesicles resulted in a dramatic increase in AOFA
transfer rate from AFABP relative to transfer from zwitte-
rionic vesicles, consistent with earlier findings2. In the
present study, 2AP transfer rates from WT-AFABP to CL-
containing vesicles were approximately 50-fold and 10-fold

Charge.To explore the sensitivity of each mutant to vesicle
charge, the data are presented as the fold increase in 2AP
transfer rate to PS or CL vesicles versus the transfer rate to
neutral SUVs. For example, as shown in Figure#t2the
transfer rate of 2AP from native AFABP to PS- and CL-
containing vesicles increased 5- and 50-fold, respectively,
when compared to transfer to neutral vesicles. The fold
increase for each mutant was then compared to the increase

faster than those to zwitterionic and PS vesicles, respectivelyobserved for wild-type AFABP, by setting WT-AFABP to

(Figure 4). In contrast with native AFABP, K- | mutant

be 100% sensitivity. The results shown in Figure 5 are for
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Ficure 5: Effect of mutation on response to vesicle negative charge. The sensitivity of each idutant protein to anionic vesicles is

shown in the histogram. Key: PS vesicles (open bar) and CL vesicles (hatched bar). The graph is presented to show the relative sensitivity
of mutants compared to that of wild-type AFABP (in percentage; i.e., the response of WT-AFABP to SUV is 100%). The values of the
mean+ SEM are from three separate sets of experiments. Two tail pabest was used to determine the significant difference of each
mutant vs wild-type AFABPp value < 0.05 is shown as*], p < 0.01 is shown as (#), am < 0.005 is shown as).

100uM SUV as a representative acceptor membrane con- negatively charged vesicles to the transfer rate to zwitter-
centration, and the effects were essentially identical for otherionic vesicles. For native AFABP, which displays the most
vesicle concentrations. rapid 2AP transfer rates, the increase in rate to CL-
Abolishment of positive charges in the helical domain of incorporated membranes exceeded 50-fold. For the double
AFABP resulted in a substantial effect on the ability of the mutant K22,591, which has the slowest absolute fatty acid
protein to sense the negative charges of the acceptor vesitransfer rates of all proteins examined, the increase in rate
cles. Neutralization of the lysine residues in tie (K221) to CL-containing membranes was less than 8-fold. An
and all- (K32l) helices was found to reduce by at least exception to this relationship was found for the K32I
60—80% the increases of 2AP transfer rate to negatively mutation. Mutant K32I-AFABP appeared to be relatively
charged relative to zwitterionic membranes (Figure 5). insensitive to negative charge, even though the absolute rates
Modification of lysine 59, in the3 C-D turn, resulted in a  of 2AP transfer to PS vesicles were reduced only by
25—-40% reduction in sensitivity, and the double mutant 10—20% compared to those from wild-type AFABP. This
K22,591 once again displayed a cumulative effect, with a was due to its more rapid AOFA transfer rates to neutral
decrease in sensitivity to negatively charged membranes ofvesicles relative to the rates from the other proteins, including
approximately 75-85% relative to the sensitivity of the WT-  wild-type AFABP (Figure 2).
AFABP. The sensitivity to negative charge of nonportal ~ These studies suggest that lysines in the helical region of
mutants K97I and K113l was less than that of the helical AFABP are important in sensing the negative charge of
domain mutants. K97I-AFABPG strand) appeared to phospholipid membranes during the collisional process of
resemble the WT-AFABP most closely in sensing the FA transfer, showing generally more sensitivity than those
negative charge, retaining virtually 100% sensitivity. K113I- out of the helical domain. In addition, lysine 32 on k-
AFABP (8- strand) maintained 90% of the sensitivity to helix is, perhaps, involved in the FA transfer process in a
negative charge of the wild-type protein. Another nonportal unique way relative to other lysines: the K32l mutation
mutant K10I-AFABP g-A strand), however, showed a 40% resulted in a dramatic increase in AOFA transfer rate to
decrease in the sensitivity to vesicle negative charge relativezwitterionic vesicles (Figure 2), as well as a large decrease
to wild-type AFABP @ < 0.05). in AOFA transfer rate to anionic membranes (Figure 4), and
In general, the decreased sensitivity of the mutant proteins@lmost no response was found to acceptor negative charge
to the negatively charged membranes was parallel to theirWithout the presence of positively charged K32 (Figure 5).
slower transfer rates relative to the wild-type proteins. In
other words, the slower the absolute transfer rate in com- DISCUSSION
parison with native AFABP, the less sensitive to membrane AFABP is thought to be important in the intracellular
negative charge. In Figure 6, the relative transfer rate for transport of unesterified FA. Previous studies have suggested
each protein is shown as the ratio of the transfer rate tothat basic lysine residues on the surface of AFABP may
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had expected that single site mutation would not introduce
dramatic changes. This is also in agreement with another
series of K— | point mutants of the homologous HFABP,
examined in our laboratory, as well as those engineered by
Veerkamp and colleague2q, 43). Indeed, the FABP
pB-barrel structure seems to be very stable, as a covalent
modification did not influence folding4d) and since a
variant of IFABP that lacks both of the-helices still forms

a stable structure and maintains the ligand-binding cavity
(25, 45, 46).

Previously, changing lysine 22 of HFABP to a neutral or
acidic residue yielded proteins that did not respond at all to
the negative charge of membrane&¥)( For AFABP, in
contrast, neutralization of no single lysine residue examined
completely abolished the increase in FA transfer rate from
AWT | KSel 30 K82l K22501 ‘ protein to anionic compared with zwitterionic membranes.
Nevertheless, we observed varying degrees in the loss of

e ) 0 0
Ficure 6: Effect of vesicle net charge on relative rate of AOFA sensitivity to membrane charge, ranging from 30% to 85%,

transfer from AFABPs. Transfer of AM 2AP from 10uM native from point' mutants with an isoleucine replacement in the
and mutant proteins to 1QfM vesicles with different phospholipid ~ Portal region and thes-A strand. A number of recent
composition is shown. Key: EPC/NBDPC (black bar), EPC/ observations are consistent with the hypothesis that the portal/
NBDPC/PS (light gray bar), and EPC/NBDPC/CL (dark gray bar). helical domain of the FABP’s is important in FA transport.

Results are expressed relative to the average transfer rate of 2AR |; ; ; ;
{0 neutral EPC/NBDPC membranes. The meaBEM is presented. F’Usmg protein structure calculations, Licata and Bernlohr

The absolute rates of FA transfer from wild-type and mutant examined the surface e!ectrostatic potenti:?ll of AFABP.a}nd
AFABPs to 100uM PS vesicles are listed below tixeaxis. showed that the protein has a strong ridge of positive
potential across the helixurn—helix region which extends
participate in electrostatic interactions between AFABP and to include the opening to the binding cavit¢7j. This is
phospholipid membranes that are proposed to occur duringconsistent with our transfer results, in that the positive
fatty acid transfer2, 27). On the basis of the well-known electrostatic polarity in this domain may promote the binding
membrane-binding properties of amphipathic helices, we of the protein to negatively charged membranes. Hence, these
suggested that the hetturn—helix domain of AFABP studies support the idea that a disruption in chaigfearge
would be likely to be involved in potential AFABP interactions between positive lysines and the negative charges
membrane interactions, since thé-helix is amphipathic of membranes by the substitution of isoleucine for lysine
(18). The importance of the helical region of AFABP can contributes to the observed reductions in FA transfer rates.
also be inferred by comparison of the amino acid sequences Lysine 32 lies within theoll-helix, shown to be one of
for orthologous and paralogous FABP41. The first 39 the most dynamic regions in backbone mobility by NMR
residues of AFABP from the N-terminal end, which include spectroscopy and as predicted by computer simulatié®s (
the twoa-helices that form the “lid” on thg-barrel as well 26). Abolishment of the positive charge of K32 resulted in
as thes-A strand, are conserved in all species studied so far a unique pattern of FA transfer to membranes. Transfer was
(41). This appears to place additional significance to this 2—3-fold faster to zwitterionic vesicles but up to 3-fold
portion of the structure. The exact importance of the strict slower to PS and CL vesicles when compared to those from
sequence identity at the N-terminus is not yet completely WT-AFABP. The large reduction in sensitivity to membrane
understood. Molecular dynamics simulation estimates havecharge suggests that lysine 32 is important in sensing the
suggested that the-helical domain is involved in maintain-  negative charge of the acceptor phospholipid membranes and
ing the integrity of the internal binding site and enhancing that substitution of isoleucine for lysine at residue 32
ligand selectivity 29, 30, 42). In addition, these theoretical disrupted electrostatic interaction of K32I-AFABP with
studies have suggested that thél-helix functions in membranes. The possible cause of the increase in rate to
stabilizing the binding cavity of IFABP25, 26). In the neutral vesicles was explored by an examination of side chain
present study, we focused on the role of the helixn— interactions. Previously, arginine 31 and aspartic acid 18 were
helix portal domain in FA transfer to membranes. We speculated to form a salt bridg&8); however, their side
demonstrate that lysines in the first 39 residues, as well aschains do not extend toward each other, and no direct
K59, located in thed C-D turn of AFABP, are important  evidence to support this interaction has been reported. We
determinants of the absolute rate of FA transfer to mem- propose, rather, that a local electrostatic interaction between
branes. In addition, K22 and K32 in the- and all-helices, lysine 32 and aspartic acid 18 on théhelix may help to
respectively, are likely to be involved in electrostatic hold the two helices together and therefore maintain the
interactions with anionic phospholipids of acceptor mem- stability of the helical cap (Figure 7). Unlike the other 13
branes. lysines of AFABP which have a stretched side chain facing
It was found that mutations of lysine to isoleucine did not the aqueous milieu, lysine 32 has a unique kinked positive
significantly alter protein structural integrity. Since acety- side chain, oriented toward the carboxyl group of aspartic
lation of all 14 lysine residues of AFABP was shown acid 18. The computer modeling program Insight Il (Silicon
previously not to alter protein secondary structure and ligand- Graphics, Inc.) was used to obtain the distance between the
binding affinity when compared to native proteibl], we amino group of lysine 32 and the carboxylate group of

30

20

10
6.4
6.3

6 1

Relative Transfer Rate (Arbitrary Unit)

Abs. Rate to
100 pM SUV (sec™) 10.1 8.6 4.4 9.5 2.4
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closed state to a disordered open state. The protein then
releases the LCFA from its internal ligand binding cavity,
and finally, the FA associates with the acceptor membrane.
Thus, an isoleucine replacement for lysine at residue 32 could
cause a decrease in electrostatic interactions of the helical
lid and may also alter the conformational state of the putative
cap. At present, the rate-limiting step in this putative FA
transfer sequence is not known. Estimates of FA on-rates to
membranes suggest that this step occurs very rapidly, and
thus is not likely to be rate determiningi). Dissociation

of FA from the FABP-binding site may not be equivalent
for the protein in solution compared to a proteimembrane
“collisional complex”; nevertheless, since the point mutations
did not substantially alter the FA-binding affinities, the
FIGURE 7: Atomic distances between K32 and D18. The distances dissociation of the ligand is also not likely to be rate limiting.

?heg\gliggri?ceagiigofgEa?{:)g;(s;lr;ﬁesgrggg ;.\:‘Veosiﬂg\i/\\;:‘ldggl 301(3{95#521‘1 gThus, itis possible that binding of AFABP to the membrane
A, respectively. The one-letter abbreviations are shown on the and/or conformational changes in AFABP induced by

backbone of amino acids, and the amino acids were numberedMembrane interaction may determine the overall rate of
without the first methionine. ligand transfer.

Amphipathic helices are known to be involved in protein
Table 5: Atomic Distance between the Amino Group of Lys 32 or  lipid interactions, and the significance of amphipathic helices

Arg 31 and the Carboxylate Group of Asp“18 in protein targeting to membranes has been studied exten-
AFABP distance (&) to atom (O) of Asp 18 sively (52). A major determinant of binding to lipid surfaces
amino acid atom (N) oD1 0oD2 is the ability of the amphipathic peptide to attain the correct

Lys 32 (holo) NZ 311 418 orientation of hydrophobic and hydrophilic groufis(54).

Arg 31 (holo) NH1 5.53 5.39 The al-helix of AFABP is amphipathic. Thus, the K22l
NH2 4.57 4.16 mutation could slightly alter the helical content of the region

"&3:; gi Eggg; ',:I'E' L é:gg ‘5‘%(3) and/or alter its relative hydrophilicity, resulting in a decrease
NH2 461 4.03 in the rate of FA transfer. On the basis of the transfer results

, , , . obtained with the K22I-AFABP mutant, it appears that K22
a Distances were determined using the computer program Insight |1 . . .
(Silicon Graphics, Inc.)¥8). The protein code of AFABP is “llid” of AFABP_ IS necessary for the formation of effective
with oleate bound inside the binding pocket. NZ represents the nitrogen €l€ctrostatic interactions between AFABP and membrane
atom in the amino group of the lysine residue. NH1 and NH2 represent acidic phospholipids. These results are consistent with our
nitrogen atoms from each amino group of arginine. OD1 and OD2 previous series of isoleucine substitution mutagenesis in
represent oxygen atoms from the carboxylate group of aspartic acid HEABP. where the K221 mutation also resulted in a dramatic
18. P .
decrease in absolute AOFA transfer rate and a decrease in
sensitivity to membrane negative charg®/)( Thus, by
aspartic acid 18, and these were found to be generally smalleigisrupting AFABP-membrane electrostatic interactions,
than distances between arginine 31 and aspartic acid 18mutation of this lysine may interrupt the targeting of the
(Table 5 and Figure 7). Therefore, it is possible that a salt helical lid to membranes, which then decreases the rate of
bridge forms between K32 and D18, contributing to the EA transfer.
Stablllty of the two helices. The role of surface salt bl’idges Theﬁ_turn between Strands C and D (residues_sm) iS
to |Oca.| a.nd OVera.” protein Stablllty haS been described in another region Considered to be part Of the portal domain'
other proteins48, 49). A helical cap which lacks this salt | the present study, mutation K591 led to an approximately
bridge, e.g., caused by a K32 132 mutation, resulted ina 5004 decrease in the rate of FA transfer relative to wild-
faster FA transfer rate to neutral acceptor vesicles. In thetype AFABP. Along with thexll-helix, residues 56-59 also
case of FA transfer to acidic phOSphOlipid-Containing VeSiCIeS, exhibit a h|gh degree of conformational freedom’ as deter-
however, the overall electrostatic interaction between the mined by B factors in X-ray crystallographic studies,
protein and membranes appears to be a more dominant factopackbone and side chain dynamics obtained by NMR, and
than the local K32D18 interaction. This chargecharge molecular dynamics simulation&g, 29, 30, 41, 55). Thep
interaction, then, overrides the local interaction in determin- c.p turn is suggested to interact with thdl-helix to cap
ing the absolute rate of fatty acid transfer; therefore, a the ligand-binding cavity30) and was also proposed to be
decrease in transfer rates to negatively charged vesicles wagolved in ligand binding, since the side chain of K59 is
observed due to the abolishment of positive charge in thefound within 4 A proximity to the bound ligand4q).
protein. Moreover, lysine 59 was also shown to form a hydrogen
These suggestions are consistent with our previous hy-bond with a water molecule in the binding cavity, and this
pothesis that the FA collisional transfer mechanism is likely was proposed to play a role in the stability of protein folding.
to be a multistep proces$(), as follows: The first step  Interaction with the bound water may also play a role in
may be governed by electrostatic interactions involving the buffering ligand binding and release without causing major
entire helical lid of the protein with the acceptor phospholipid changes in the binding cavityt{). Mutation of this lysine
membranes. This interaction is proposed, in turn, to induce could therefore result in disrupted ligand binding and/or a
a conformational change in the putative cap, from an ordereddisordered environment in the ligand-binding cavity, which
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could decrease the binding affinity of FA to AFABP.
However, we did not observe this phenomenon, and if
anything, the binding affinity was actually slightly increased
(Table 2). Thus, the decreased rate of 2AP transfer from
K591-AFABP is likely primarily explained by the disruption

of charge-charge interactions between the AFABP surface
and the acceptor membranes, brought about by changes in
the surface electrostatic properties of the protein.

To elucidate whether additional domains are involved in
the collisional transfer process, we constructed three K
mutants in regions outside the portal region, specifically on
B-A, -G, and -l strands. These mutations also altered the 2AP
transfer rate; however, the reduction in rates was generally
small compared with that in the portal mutants. The
mutations in strands G and | (K971 and K113l) resulted in
5—35% slower transfer but did not affect the sensitivity of
the transfer rate to anionic membrane phospholipids. For the
mutation in strand A (K10l), however, absolute AOFA
transfer rates were 215% lower than from native AFABP,
and sensitivity to anionic phospholipid was reduced by
approximately one-third. Unlike HFABP, the nonportal
mutants of AFABP cannot be considered purely as negative
controls, and the results imply that the surface ofiHmrrel
structure of AFABP may also contribute to the regulation
of FA transport, albeit to a lesser extent in comparison with
the portal region of the protein.

The helical domain may also, in part, underlie functional
differences between AFABP and HFABP, for example, the
faster AOFA transfer from AFABP. HFABP contains no
lysine in the all-helix, whereas AFABP contains K32.
Introduction of a lysine residue into thel-helix of HFABP
(T28K-HFABP) resulted in a faster FA transfer rate relative
to native HFABP and a more sensitive response to membrane
charge, both properties more similar to AFABP.

No single mutation generated altered the ligand transfer
mechanism of the proteins from collision-based to diffu-
sional. Thus, the collisional interaction between AFABP and
membrane is not likely to be dependent on only one residue
or domain of the protein. Overall, it appears that the helix
turn—helix element had a greater impact on FA transfer than
the other regions. Lysine 22 (and/or helix I) is important in
establishing the rate of FA transfer and sensing the membrane
negative charge. Lysine 32 (and/or helix 1) may be
particularly important in sensing the negative charge of
acceptor membranes as well as in stabilizing the helimn—
helix conformation. Lysines 10 and 59 also play a role in
the FA transfer process. In conclusion, the helical domain
and thef C-D turn, all components of the putative ligand
portal region, along with th@-A strand, appear to be the
likely structural elements responsible for the physical interac-
tions between AFABP and membranes which occur during
the process of FA transfer.
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