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ABSTRACT. Uniformly 13C-labeled long-chain fatty acids were used to probe ligand binding to rat liver
fatty acid-binding protein (LFABP), an atypical member of the fatty acid-binding protein (FABP) family
that binds more than one molecule of long-chain fatty acid, accommodates a variety of diverse ligands,
and exhibits diffusion-mediated lipid transport to membranes. Two sét$-efC resonances were found

in a titration series of NMR spectra for oleateFABP complexes, indicating that two molecules of the

fatty acid are situated in the protein cavity. However, no distinct resonances were observed for the excess
fatty acid in solution, suggesting that at least one ligand undergoes rapid exchange with oleate in the bulk
solution. An exchange rate of 54 6 s~ between the two sets of resonances was measured directly using
13C z,z-exchange spectroscopy. In light of these NMR measurements, possible molecular mechanisms for
the ligand-exchange process are evaluated and implications for the anomalous fatty acid transport
mechanism of LFABP are discussed.

Liver fatty acid-binding protein (LFABP)belongs to a  salts, lysophopholipids, monoacylglycerol, cholesterol, cy-
family of intracellular lipid-binding proteins (FABPs) that clopentenone prostaglandins, bilirubin, and heme5<7).
have long been hypothesized to participate in cellular fatty Third, whereas most other FABPs transfer fatty acids to and
acid trafficking, regulation of lipid metabolism, and protec- extract lipids from model membranes via direct protein
tion from fatty acid cytotoxicity {). The mammalian FABP ~ membrane collisions, LFABP has an atypical aqueous
family is composed of more than 10 separate gene productsdiffusion-mediated lipid transfer mechanisi® 9).

Each of the proteins displays a unique tissue distribution, The molecular structure of LFABP in complex with oleate
and more than one FABP form can be expressed simulta-(OLA) has been determined by X-ray crystallograpt)(
neously in a single cell type. Consequently, distinct functional One bound oleate molecule (OLA 129) lies deep within the
roles have been inferred for individual FABPs. The structures cavity, inaccessible to solvent. Its carboxylate group is
of the 14-15 kDa FABPs feature a pair of nearly orthogonal involved in an extensive hydrogen-bonding network that
five-stranded3-sheets and a short hetiturn—helix motif includes the side chains of R122, S39, and S124 and possibly
between strand8A and 5B (2). The lipid binding cavity is bound water molecules. A second oleate molecule (OLA 128)
formed between the twgB-sheets. fills the remainder of the cavity; ite-methyl group is deeply

LFABP is notable within the family of FABPs in three  buried, and its carboxylate moiety lies near the surface and
respects. First, the lipid-binding cavity of LFABP accom- is exposed to solvent. This latter position is similar to, but
modates more than one fatty acid molecile 4). Second, has an orientation opposite of, that of the bound ligands in
LFABP has been reported to bind not only long-chain fatty other FABPs. In addition to the two well-defined bound fatty
acids but also diverse ligands including acyl-CoA esters, bile acids, electron density for a four-carbon segment was
observed near the outer surface of the protein’s first helix.
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distinctive FA transport mechanism of LFABP may arise in
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part from its unique ligand binding properties. In the studies 'H _|4+2 3] a2]Z s [5|25|5} i Sl W
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presented here, NMR spectroscopy has been used to char- ! 6, !
acterize the binding of uniformifC-labeled long-chainfatty 3¢ |« | ] ' 1111 o=
acids to LFABP. Sites at both ends of palmitic and oleic A BC D E F
fatty acid molecules (terminab-methyl, o-methylene, and G , Y ) T
carboxyl carbons) yielded well-resolved resonances, distinct G1GZ G2 G3G4 G4 G5G6G7 G7G8 G8

from interior methylene chain moieties. These resonancesfFicure 1: Pulse sequence for tg-exchange experiment. Narrow
were used to probe binding site occupancy, ligand environ- and wide bars depict 9&nd 180 pulses, respectively. All pulses
ments, and binding kinetics. These observations afford neware ofx phase unless otherwise indicated. Water suppression was

S . A : . achieved using presaturation duringth s recycle delay. Decou-
insights into the binding and transport properties of this pling during the acquisition period used the GARP sequedtle (

intracellular protein. Thexyzgradients are indicated by hatched bars and were used for
suppression of artifacts and the residual water sigad). (The
EXPERIMENTAL PROCEDURES delays are as followsA; = 1.25 ms,A, = 0.75 ms, and) = 2.5

) ) . ) ms. The bracketed sequence of pulses and delays was repeated
Materials for NMR StudiesUniformly *N-enriched rat  times. Delays, t;, andts are indirect'H, indirect3C, and direct
liver FABP samples were produced as described previously*H (acquisition) frequency labeling periods, respectively. The
(13). Protein solutions were prepared in a pH 7.0 phosphateeffec“"e mixing period during which magnetization exchange takes
buff taini 50 mM N#HPOJ/NaHPO, 100 mM place,rm, corresponds to the time between points B and F and was
utier containing mo a o b~ TE0 m varied through changes in the value mf Pulse phases are as
NaCI, SOﬂM EDTA, 0.02% NaN, and a 95% |ZD/5A) DZO follows: ¢1 =X, _X, ¢2 =X, X, =X, —X; ¢3 =VY. %Y Y Y
mixture. =y, —Yy; and receiver= X, =X, —X, X, =X, X, X, =X. Quadrature
Preparation of [U*C]Palmitate-Bound LFABAU-13C]- detecélon fWas obtéilned using Stlaté'PPl phase cycling4@) of
Palmitic acid (PA, 16:0) was purchased as the free acid from ¢1andg, for ty andt, respectively.

Cambridge Isotope Laboratories (Andover, MA). Due to the HSQC, constant-tim&C HSQC and HCACO experi-
low solubility of the saturated fat_ty .acid1.4), the PA- . ments'q.8) between 5 and 35(9.7)'I,'he HSQC data F\)/vere
LFABP complex was prepared initially in dilute basic acquired with 160 complex points ta 512 complex points

solution to ensure complete binding. A 900 sample of in t,, and the WET scheme. 9) for water su ;
, ppression. The
0.46 mM [UZ*N]LFABP was eluted through a PD-10 gel 13", rier frequency was placed at 30 ppm for the-PA

filtration column (Pharmacia, Piscataway, NJ) with 100 MM | -Agp com

; . plex, and at 80 ppm for the OLA.FABP
(NI\:L‘)GCl% at |p|_-| 95 an?_|t3e6n m')l;ed. W'tlh 5 rgL of 0'2.5 complex to improve the observation of resonances associated
m [U-"*Clpa mitate at pH 9.6 to obtain a ligand-to-protein i ‘the fatty acid double bond. The spectral widths in the
ratio of 3:1. The mixture was stirred overnight at@ and 1H and®3C dimensions were 7500 and 9052 Hz, respectively.

then subjected sequentially to the following treatments: (a) 2D versions of the CT-HCACO experiment were used to
ultrafiltration (Centricon-10 column from Millipore, Bedford, obtain HA-CA and HA—CO chemical shift correlations

MA) with 100 mM (NH,),CO; to remove any unbound fatty The 1C carrier frequency was placed at 35 ppm, €0

acid, (b) PD-10 gel filtration to exchange the solvent with ulses were - ; :

o . generated by 21 kHz downfield-shifted laminar
pH 7.0 phosphate buffer, and (c) ultrafiltration V‘_"th pH 7'(_) gulses 20). Spectra were acquired with 64 complex points
phosphate_ buffer to reduce the volume. The final protein and a 3000 Hz spectral width in thex@imension and with
con.cen_tratlon was as;ayed at 0.73 it$, (16). i . 64—90 complex points and a spectral width of 1800 Hz in

Titration of LFABP with [U43C]Oleate.[U-C]Oleic acid the CO dimension.

(OLA, 18:1) was purchased as the free acid from Isotec  chemical exchange of tHéC-enriched oleate molecules
(Miamisburg, OH). The higher solubility of oleic acid i the 4:1 stoichiometric complex was monitored at°m
permitted preparation of a stock_ soluthn of 10 mM 1¥G]- using 13C zz-exchange spectroscopRl—23) on a four-
OLA after the acid was neutralized with NaOH at pH 9.6.  channel Bruker DRX 600 MHz spectrometer (Bruker Instru-
Aliquots of this stock solution Wege titrated ohrectly into & ments, Billerica, MA) equipped with a triple-resonance probe
550 uL sample of 0.26 mM [UPN]LFABP in pH 7.0 and x,y,z-axis pulsed field gradients. The pulse sequence
phosphate buffer, producing holoprotein samples with ligand- shown in Figure 1 is similar to previously published methods
to-protein molar ratios of 0.5:1, 1:1, 1.5:1, 2:1, 3:1, and 4:1. (21), put an additional frequency labeling period is used to
The addition of unbuffer'ed sodl'um oleate (pI—! 9.6) did not agplve oleatax-methylene ando-methyl hydrogen reso-
alter the pH of the protein solution. The protein concentra- nances from other methylene signals. A refocused INEPT
tions were measured before the addition of ligand using aperiod spans points AD in Figure 1, with'H frequency
corrected Lowry methodl6) and/or absorption at 280 nm labeling occurring between points A and B d#@ frequency

(16). labeling between points C and D. Transvet%g coherence

NMR ExperimentsUnless otherwise stated, data were s converted to longitudinal magnetization at point D, and a
collected on a four-channel Variagf'™INOVA 600 MHz variable delay follows until point E. Points E and F demarcate
spectrometer (Varian NMR Inc., Palo Alto, CA) equipped another refocused INEPT period that convé?® magne-
with a triple-resonance probe améixis pulsed field gradi-  tization back to'H for detection. NMR data were acquired
ents. In all experiments, tHél carrier frequency was placed  with spectral widths of 2803, 3205, and 10 000 Hz and 32,
on resonance with the @ signal. 16, and 1024 complex points in thet,, andts dimensions,

BC spectra of [UYC]oleate-bound PN]JLFABP and respectively. A total of 128 transients were recorded fer (
[U-13C]palmitate-bound N]LFABP were obtained with  t,) complex pair. ThéH carrier frequency was resonant with
one-dimensional (1DYC NMR, two-dimensional (2D}C the water signal, and thEC carrier frequency was set to
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26.1 ppm. Chemical exchange that occurs during the time
between points B and F results in signal intensity changes
as a function of the variable delay, because affected nuclei
precess at different frequencies during periads, andts.
The spectra were acquired with exchange delaysf 10.7,
21.9, 31.9, 61.9, 111.9, 211.9, and 511.9 ms, including the
magnetization transfer periods between points B and F, but
not includingt,. To minimize the effects of exchange during
t;, the maximum value of; (4.99 ms) was kept as short as
possible to ensure that exchange kinetics<afigtymax

NMR Data Processing=xcept as noted below for thez-
exchange experiments, all NMR spectra were processed with
NMRPipe @4) and analyzed with the NMRView program
(25). The™C HSQC time domain data for the PAFABP
complex were multiplied by an 84shifted sine bell-squared
weighting function int; and a 90-shifted sine bell-squared
weighting function int;. HSQC data in the oleate titration

series were apodized using Lorentz-to-Gauss transformations

in both thet, andt; dimensions with exponential broadening
of —7 and—10 Hz, respectively, Gaussian broadening of
20 and 40 Hz, respectively, and an offset factor of 0.1 for
the Gaussian maximum. After zero filling and Fourier
transformation, the resulting matrices had 162812 points.
For oleate titrations, peak volumes were obtained ftéth
HSQC spectra using the nonlinear line shape modeling
routinenlinLS of the NMRPipe program with Gaussian line
shape modeling in both dimensions. The peak volumes were
then adjusted assuming logarithmic scaling of signal ampli-
tude according to the value of the receiver gain.
Thezzexchange data were processed using Felix 97 (MSI,
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FiIGURE 2: 13C NMR of a complex of [UC]palmitate (PA) and
liver fatty acid-binding protein. PA is bound to [BN]LFABP at

a mole ratio between 2:1 and 3:1 at pH 7 and?@0The top panel
shows the!3C HSQC spectrum and the bottom panel the- €0
correlation spectrum measured with a 2D CT-HCACO experiment.
Proton and carbon chemical shifts were referenced to external DSS.

Tm, Was fit to the sum of the third and fourth equalities given

in eq 1 to obtairkex andR;. The relative populationga and

ps Were determined from cross-peak volumes 8aHSQC

spectrum obtained using a 7.5 s recycle delay to ensure the

restoration of equilibrium magnetization between transients.
Molecular StructuresCoordinates for graphical represen-

San Diego] CA) The Spectra were processed using a Lorentz_tations of IFABP and LFABP were obtained from Protein

to-Gauss window function (exponential broadening-&0

Hz, Gaussian broadening of 30 Hz) in the direct dimension,
and Kaizer windows with arguments of 32 and 16 in the
indirect'H and*3C dimensions, respectively. Signal intensi-

ties were estimated as the sum of three intensity values alon
the direct-detect frequency axis, centered on the peak

Data Bank entries 2ifb26) and 1Ifo (L0), respectively, and
displayed with the SYBYL program (Tripos Associates, St.
Louis, MO).

JQESULTS

Ligand Environments for LFABP-Bound Palmitate (PA).

maximum. Peak volumes were estimated using standard FelixNMR spectra for protein-bound palmitate in the-PEFABP

software routines. For each time point, four peaks are
observed with intensities denoted b (7m), Iea(zm), Ise-

(tm), andlag(ztm) for the upper right, upper left, lower left,
and lower right peaks in the spectra, respectively. For
exchange between two sites A and B, the intensities of the
autocorrelation resonancdga(tm) andlgg(tm), and of the
cross-peaks,lga(tm) and lag(rm), are governed by the
relations 21—23)

|an(Tm) = 1aa(0)[Pa + Pg €XP(—Kextin)] €XP(—Ry71)
l88(7m) = lag(0)[Pg + Pa EXPKexim)] EXP(—Ry7)
lea(Tm) = 1aa(0)Ps[1 — exp(—key)] exp(—Ryzy,)

| a8 (7m) = 18(0)PA[1 — exp(—kerin)] €Xp(—Ry7y) (1)

in which thep; values are relative populations for site&,

is the sum of the forwards;, and reversek_;, kinetic rate
constants for interconversion between sites, Bnds the
longitudinal relaxation rate of th&C nucleus in the spin
system. TheR; values are assumed to be equal for both
magnetic environments of an interconverting pair. The total
cross-peak volumédda(zm) + 1as(zm)] for each time point,

complex, acquired at 1TC to enhance the spectral resolution,
are displayed in Figure 2. Two sets of resonances are evident
in the3C HSQC correlation spectra for bo#hrmethyl and
a-methylene groups of the fatty acid ligands (top panel),
indicating two ligand electronic environments in slow
exchange. In addition, oree-methylene group (labeled;)

has distinct prochiral protons with a chemical shift dispersion
of 0.07 ppm. This latter difference in magnetic environment
is roughly ¥, the size of that reported, for instance, in the
PA—HFABP complex 27). Despite the expected sensitivity
of carboxyl carbon chemical shifts to the electronic environ-
ment, the HCACO experiment shows that the two PA
molecules have nearly degener&0 resonances (bottom
panel). The coupled’C spectrum confirms this similarity,
showing one doublet with &lcc splitting of 49.0 Hz (data
not presented).

Ligand Environments for LFABP-Bound Oleate (OLA)
The 4:1 OLA-LFABP preparation has spectroscopic proper-
ties very similar to those of the PALFABP holoprotein, in
terms of both the protein backbord@NH chemical shift
fingerprint (Figure 3) and the fatty actti and*3C chemical
shifts (Figure 4). In contrast to the results for the-RAABP
complex, however, the CT-HCACO experiment with the
OLA—LFABP complex reveals two distiné¥CO resonances
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Ficure 3: N NMR of LFABP complexed with two different fatty 186 c
acids.1®>N HSQC spectra are displayed for [GN]JLFABP bound
to two PA molecules (red) and to four OLA molecules (black). 20 ; 1.0
Residue F3 display®H—1°N cross-peaks at 11.31 and 131.8 ppm H (ppm)

(PA complex) and at 11.50 and 131.8 ppm (OLA complex) (data ¢ ,oc 4. 13c NMR of oleate (OA) complexed to liver fatty acid-
not shown). Site-specific spectral assignments, along with analysesbinding brotein. A 41 comple(x o? [U3CI]30Ieate (OLA) is b{)und
of chemical shift and line width perturbations, will appear elsewhere to 0.26 MM [UJSN]LFABP at pH 7 and 10°C. (A) 1C HSQC

(Y. He etal., unpublished experiments). spectrum of a freshly prepared 2 mM oleate suspension (no protein
. . present) at pH 7 and 1%C, measured with a relaxation delay of

with a separation of 0.2 ppm (30 Hz). If these resonances 15 s and assigned using% HMQC-TOCSY experiment. (B)

correspond to the oleate molecules at different sites within 3C HSQC spectrum acquired with a relaxation delay of 1.5 s. (C)

the protein cavity 10), then their exchange rate constant is Ho—CO correlation spectrum measured with a 2D CT-HCACO

; PP ‘o fi experiment. To rule out the possibility that NMR signals from
smaller than the chemical shift difference at this field strength slowly relaxing free OLA molecules are attenuated, similar spectral

(~190 st, Figure 4B). Of the two sets of resonances in the yegqyits were verified from HSQC experiments conducted with a
a-CH, andw-CHs regions, peaks 3 and 6 halié chemical relaxation delay of 7.5 s (data not shown). The olefinic proton

shifts similar to those observed in a fresh (slightly opaque) resonances are obscured by water.
2 mM oleate suspension at the same pH (Figure 4A).
Furthermore, peak 2 shows a prochiral separation of 0.03regions, respectively. These peaks have chemical shifts that
ppm, close to that observed in the PAFABP complex. are close to but nevertheless distinct from the deeply bound
Thus, peaks 2 and 5 are tentatively assigned to the moreoleate molecule of the fully ligated complex (peaks 2 and
tightly bound OLA molecule, which is expected to be buried 5). Thus, resonances 1 and 4 probably arise from the deeply
more deeply within the protein cavity. TR¥ HSQC spectra  bound oleate in the singly ligated OEALFABP complex.
in Figure 4 were measured on a LFABP sample containing As the OLA stoichiometry increases, peaks 1 and 4 diminish
4 equiv of oleate. Thus, the observation of only two sets of in volume compared with peaks 2 and 5. At an OLA:protein
OLA resonances, made at all accessible temperatures beratio of 1:1, o resonances 1 and 2 are very weak and the
tween 5 and 35C, suggests that rapid exchange processesligand may undergo intermediate exchange between singly
are occurring between the bound and excess OLA moleculesand doubly occupied species, because only two sets of
(see below). resonances are observed for the fully occupied complex. The
Titration of LFABP with [U43C]OLA. To examine ligand simplest interpretation of these results is that the LFABP
binding by LFABP more closely, the growth in peak protein binds at least two OLA molecules. This conclusion
intensities was monitored by NMR spectroscopy during is consistent with the X-ray structuré@), N HSQC studies
titration of LFABP with OLA. Figure 5 shows an overlay of the oleate titration (Y. He et al., unpublished experiments),
of the 13C HSQC spectra obtained at the beginning (0.5:1 and proteir-ligand 'H—'H nuclear Overhauser effects
OLA:LFABP ratio, red) and end (4:1 OLA:LFABP ratio, (NOESs) (X.-M. Yang et al., unpublished experiments). The
black) of the titration. The regions highlighted by boxes fact that no resonances can be attributed solely to the excess
contain minimally overlapped peaks that could be assignedbulk oleate suggests that free and bound oleate molecules
readily by comparison with free oleate, which was assigned are in rapid chemical exchange.

in turn using an HMQC-TOCSY experimerz§) (data not Exchange Processes for Both Bound OLA SifEse
shown). The titration curves that track changes in the cross-second OLA molecule entering the binding cavity can
peak volumes are plotted in Figure 6. exchange rapidly on the NMR time scale with bulk oleate,

When the proportion of OLA is small compared to protein, resulting in a set of averaged resonances for both bound and
resonances 1 and 4 are dominant in tieand w-carbon free species. An analogous exchange phenomenon was not
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exchange experiment. Panels A and B show regions ofHheéH

plane containing ther-methylene andv-methyl signals, respec-
tively, obtained for a, value of 61.9 ms. Panel C displays a plot

of the sum of exchange peak intensitiéga[tm) + las(tm)] VS
Ficure 5: 13C NMR spectra during titration of liver fatty acid-  €xchange delayzn, for the O) w-methyl and @) o-methylene
binding protein with OLA13C HSQC spectra are compared at the SPin systems. The solid lines are the best nonlinear least-squares
beginning (0.5:1 OLA:LFABP ratio, red) and end (4:1 OLA:LFABP fits to the expressiofsa(zm) + las(tm) = A[1 — exp(—Kem)] exp-

0.5

ratio, black) of the titration. (—Rutm), in whichAis a scaling parameter. The data are normalized
so thatA = 1.
1k L
A y B ) tightly within the protein cavity. Thus, according to this

expectation, the intensities of peaks 3, 6, 9, and 12 (Figure
5) would continue to grow after addition of 2 equiv of OLA,
whereas those of peaks 2, 5, 8, and 11 would remain
approximately constant. The results shown in Figure 6 are
therefore surprising: both sets of resonances and all carbon
signals grow in size at essentially the same rate upon addition
of 3 equiv of OLA, and their cross-peak volumes reach a
0 e S plateau between 3 and 4 equiv of OLA. These observations
e [ D ' suggest that both OLA sites are involved in rapid chemical
exchange with bulk fatty acid.

Ligand Exchange Rates froffC z,z-Exchange Spectros-
copy. As noted above, OLA methyl and-methylene
05 - resonances each give rise to two resolved NMR signals in
IH—-13C correlation spectra of the oleate ligand in the 4:1
complex, reflecting the presence of two highly populated
magnetic environments. Thez-exchange pulse sequence of
oy el L L L. 1 Figure 1 was used to investigate the kinetics of the inter-

o 1 2 3. 4 128 4 conversion between these two sites. Displayed in Figure 7
equivalents OLA (panels A and B) are regions of tHd—H planes for-CH,
FIGURE 6: Growth in*%C HSQC cross-peak volumes of several andw-CHjs signals, recorded using =, delay of 61.9 ms.
OLA resonances during the course of titration into LFABP For each time point, four peaks are observed with intensities

solution: (A) a-carbon (peak 3 in Figure 5), (Bju(-2)-carbons
(peaks 8 and 9), (C)y—1)-carbons (peaks 11 and 12), and (D) denoted aa(m), lsa(tm), lee(7m), andlas(zm) for the upper

w-carbons (peaks 5 and 6). Volumes for each carbon type are"ght, upper left, lower left, and lower right peaks in the
normalized to the value measured in the presence of 3 equiv of Spectra, respectively. For the-methylene groups, the
oIe_ate. _Fi_lled symbols represent_hydrogen atoms with (_:hemical designations A and B refer to peaks 2 and 3, respectively;
shifts similar to those of!fC]JOLA in aqueous solution (Lsite), for the w-methyl groups, they refer to peaks 5 and 6,

whereas empty symbols represent internally liganded OLAitE); . ;
the seven curves are essentially superimposable. oFbarbon respectively. Figure 7C shows the suga(zm) + las(tm)

cross-peaks from the internal OLA (peak 2) are omitted because for €ach time point, plotted versus,. The estimates dfex
they are not modeled well by the nonlinear fitting routine of the andR; obtained from the nonlinear least-squares optimization

NMRPIPE program. Volume variations of peaks attributed to the are summarized in Table 1. As anticipated for resolved
singly ligated complex (1, 4, 7, and 10) are also omitted for clarity. resonances, both valueslef (53 and 55 st) were smaller
than the'H chemical shift differences (570 and 1900)s
expected for the first OLA molecule, because that ligand Chemical shift differences are smaller for #i€ resonances
displays distinct NMR signals and is thought to bind more than for the'H resonances, so the exchange process is faster

05r- r

Normalized Peak Volumes
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Table 1: Oleate Chemical-Exchange Parameters

spin system Pe/pa ki (s79) ko1 (s7Y) Kex (579 Ry (s71)?2
o-methylene 1.1% 0.06 29.0+ 2.9 26.1+ 2.6 55.1+ 5.3 2.21+0.22
w-methyl 1.49+ 0.07 32.0+4.4 21.44+ 3.0 53.4+ 7.2 0.70+ 0.17

@ The effects of differences iR, values for the two sitesa andRyg) are insignificant provided tha, > |Ria — Rug|. In the case presented
here, the inequality is well-satisfied.

+ w36 A +
PA 2.63A

R106 | 2.94A
: 238A°
5 ws2
w176
N R122 B .
2.91A"
w175 -
LY S124 TIAL
\Y 25TA 5 78A
S39 w177 | 2.63A

OLA129

Ficure 8: Stereoview comparison of the FA carboxylate headgroup binding pockets in IFABP (A) and LFABP (B). Coordinates were
obtained from Protein Data Bank entries 2if26 and 1lfo (L0), respectively, and displayed with the SYBYL program. The lowercase w
denotes the internal water molecules, numbered according to their respective PDB entries.

on the*C chemical shift time scale. Intermediate or rapid cavity (10, 30), small or unobservable prochir@tmethylene
chemical exchange phenomena have been invoked previousiichemical shift dispersions, and small differences between
to explain the observation of single carboxyl resonances in carboxyl resonances corresponding taahd L, in LFABP-
spectra of ¢arboxyH3C]JOLA mixed with tissue-derived  bound PA and OLA. By comparison, PA complexed to

LFABP at 31°C and pH>8.5 (29). IFABP displays prochirati-methylene chemical shift disper-
sions that are 1 order of magnitude larger. Thus, fatty acid
DISCUSSION mobility may be one factor that facilitates exchange in-FA

Molecular Environment of Fatty Acids Bound to LFABP. ~LFABP complexes.
Both the X-ray structurel()) and the intermoleculatH— Although hydrophobic interactions favor association of the
IH NOEs measured by NMR methods (X.-M. Yang et al., protein-bound FA acyl chains, the electrostatic interactions
unpublished experiments) provide evidence for at least two deduced from the OLALFABP crystal structure suggest a
different OLA binding sites within the LFABP cavity. One rationale for enhanced FA exchange from complexes with
carboxylate group (1) is buried deeply inside the cavity, this member of the protein family. The interaction between
and the other (}) lies near the protein surface and is exposed the internalized arginine and the FA carboxylate is likely to
to solvent. At least six water molecules are observed within make a major enthalpic contribution to the binding af L
the ligand-binding cavityX0). These water molecules may (OLA 129). In OLA—IFABP complexes, this carboxyl group
provide a polar environment for the carboxyl end of the is thought to be sequestered from the aqueous solvent over
internal ligand (L), approximating that experienced by the a wide pH range, whereas for the OEAFABP complex,
carboxyl end of the ligand near the protein interface with the ionization behavior of bound ligand(s) is similar to that
the agueous solvent £). of bulk monomeric FA 29, 31). This comparison can be

Motional and Structural Basis for FA Exchange in LFABP better appreciated after examination of the respective X-ray
ComplexesA recent NMR relaxation study shows that PA  structures, shown in Figure 8. In the liganded form of IFABP
within the binding cavity of IFABP reorients twice as fast (Figure 8A), PA has a bidentate polar interaction with the
as the protein itself and over a wide angular rang@.( R106 guanadino headgroup and is anchored further by
Although no direct assessments of dynamic behavior haveinteraction with W82. Many other FABPs utilize side chains
yet appeared for FAs within the liver-type protein, rapid from two arginines (and possibly water) to secure binding
reorientation is likely: this FABP has an unusually large to the two oxygen atoms of the FA carboxylate), By
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Ficure 10: Possible exchange schemes for the GILA&AABP
complexes.

previously using fluorescence spectroscopy and titration
calorimetry. TheKq values range from 0.009 to 02V for
the primary site, and from 0.06 to 4w for the secondary
site 3, 4, 33). The weaker binding parameters were
C determined by titration calorimetry, and the stronger binding
estimates were obtained using a competing fluorescent fatty
acid-binding protein. The calorimetric data suggest that
entropy plays a substantial role in binding at both sites; the
fluorescence measurements suggest that the binding is
predominantly driven enthalpically for the first site but less
so for the second one. The fluorescence studies indicate that
the off-rates for both sites are on the order of %; she on-
rates are diffusion-controlled for the first site and 1 order of
N magnitude slower for the second si@4(35).
Even in excess OLA, only two sets of resonances are
. observed in the NMR spectra at all accessible temperatures.
Ficure 9: Representation of the LFABP X-ray structurg0) One set of resonances has distinctive chemical shifts corre-

showing the two OLA ligands in the protein cavity. Drawn in purple : . .
is the purported primary lipid portal region common to all FABPs. sponding to L. The other set has chemical shifts that result

Drawn in orange is the proposed secondary portal unique to LFABP, from the averaging of £and Lyuk. Thus, the interconversion
which may provide an escape route for the interior-bound FA of L, and L,k is fast on the chemical shift time scale and
molecule (see the text). Tehstrands are denoted with the letters  cannot be measured in tag-exchange experiment. LFABP
A—J, and the twac-helices are designated abandall. Many of ~ 4n solubilize up to 8 equiv of oleate, yet only two ligands
these structural features are confirmed in the holo-LFABP solution . e )
structure determined by NMR methods (X.-M. Yang et al., Were identified clearly in the X-ray structure. A four-carbon
unpublished experiments). segment was located in the electron density map near the
beginning of helixal, suggesting a possible binding site for
, . , . a third oleate. In the presence of LFABP, excess OLA does
contrast, OLA 129 interacts directly with LFABP by forming ot form bilayers and the solution remains optically clear,
a strong hydrogen bond to a single oxygen, through interac-yen though free OLA at this bulk concentration and pH is
tion with R122 and S39 (Figure 8B). In this latter case, an ynown to form a turbid bilayer solutionld). The fast
intricate hydrogen-bonding system invoIving threg internal exchange observed betweendnd Lk SUggests that du
water molecules (w175w177) provides additional interac- g sojubilized near the primary portal region of LFABP. Thus,
tion but may also allow_a measure of flexibility. S124 is rapid exchange of Awith the bulk may compete effectively
connected to the fatty acid only indirectly through w175 and yitpy bilayer formation.
wil77. Schemes for Fatty Acid Exchandeublished X-ray data
The X-ray structure of dOUbly Iiganded LFABP also allows depict the OLA-LFABP Comp|ex as a two-"gand System
for the pOSSIbI'Ity of direct L exchange with bulk OLA, (Figure 9, in which the hydrophobic packing of OLA 128
without the displacement of L Direct L, egress may be  and 129 suggests that binding of (OLA 128) depends on
possible because LFABP contains a unique gap in its the presence of L (OLA 129) (10). This hypothesis is
hydrogen bond network adjacent to the loop between strandssupported by our observation that NMR resonances arising
G and H (Figure 9)10). This gap, which may be as large from OLA at the Ly site are shifted significantly depending
as 7.5 A and has been proposed as a second portal regiogn whether the & site is occupied (Figure 5), presumably
unique to LFABP 10, 30, 32), results from shortening the  pecause the two ligands experience hydrophobic interactions
G and H strands and disrupting hydrogen bonds betweenrather than occupying separate, independent pockets of the
the E and F strands and between the F and G strands, agrotein-binding cavity. Possible exchange schemes for these
compared to other FABPs. Although bulk solvent access t0 ligands are depicted in Figure 10. These scenarios assume
the interior is blocked by hydrophobic side chains, the that exchange is rapid betweepdnd the unbound aqueous
proximity of the w-CHs group of OLA 129 to this portal  (bulk) ligand, consistent with NMR spectra in which at most
could allow for exit of an FA molecule, particularly if w175 two resonances are observed for each chemical moiety upon
displaces the single interaction anchoring the FA carboxylate addition of -8 equiv of OLA, and that the slow exchange
oxygen to the protein. rate of~54 s measured in thez-exchange experiment is
OLA Exchange and Thermodynamic Properties of LFABP. determined by processes involving, li.e., exchange with
The dissociation of oleate from LFABP has been examined L, within the cavity or direct exchange with,l.
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In Scheme A, ligandsiand L, exchange with each other

Wang et al.

collision-driven “pull” from acceptor membranes. Alterna-

within the cavity, and L also undergoes exchange with bulk tively, a modest level of collisional FA transfer may occur
OLA. The internal exchange process then corresponds to thefrom LFABP to membranes under some circumstances. In

54 s value forkex measured in thez-exchange experiment;
i.e., it occurs much more slowly than thg éxchange with
bulk OLA. In Scheme B, exchange of land L, within the

particular, we have observed that vesicles containing the
anionic phospholipid cardiolipin exhibit 2-fold faster rates
of transfer from LFABP than zwitterionic vesicle8)( and

cavity does not occur, but both ligand molecules exchange Wilton and co-workers40) showed that LFABP membrane

with the bulk OLA. Exchange of { through the main portal
requires dissociation of Lfrom the protein complex; thus,
exchange of Lwith bulk OLA would occur from the singly

interactions occur under low-ionic strength conditions. These
results suggest the possibility of electrostatic interactions
between the protein and membranes that could serve to

liganded LFABP species. Under our experimental conditions, further depopulate the ligand-binding cavity.

the population of singly liganded species is very low and

exchange broadening effects should be minimal. Thus, theACKNOWLEDGMENT
measured exchange rate constant cannot reflect stepwise We gratefully acknowledge Drs. Alan Kleinfeld and Ron

dissociation of I, and L. If a second portal allows direct
exchange of L with Lpyk, Without prior dissociation of 4,

the measured exchange rate would correspond directly to

this kinetic process. In Scheme C, intracavity exchange
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