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ABSTRACT: Intracellular lipid-binding proteins have evolved from a common ancestral gene with the
appearance of mitochondrial oxidation, to guarantee, for example, transport of fatty acids through the
aqueous cytosol to their site of utilization. The mammalian forms of these lipid carriers are structurally
well-characterized and have been categorized, on the basis of sequence similarities and several typical
ligand-binding features, into four subfamilies. Only a single complex structure of an invertebrate fatty-
acid-binding protein (FABP) has been reported to date, which reveals a unique ligand-binding arrangement
yet unknown in vertebrate FABPs. In the present study, the structure of a second invertebrate FABP
(locust muscle) complexed with a fatty acid has been determined on the basis of intermolecular NOE
connectivities between the protein and the uniford#@-enriched oleate ligand. The resulting ligand
conformation, although resembling the closely related mammalian heart- and adipocyte-type FABPs, is
characterized by certain binding features that differ significantly from the typical hairpin-turn ligand shapes
of the latter forms. This is primarily due to an alanine-to-leucine substitution in locust FABPs that produces
a steric hindrance for ligand binding. A comparison with an FABP from tobacco hornworm larvae
furthermore demonstrates that certain amino acid substitutions that appear to be specific for invertebrates
decidedly influence the binding arrangement inside the protein cavity. Hence, as a result of these
evolutionary variations, invertebrate FABPs may display a much greater diversity in intracellular lipid
binding than observed for the mammalian transport proteins, thus possibly providing new insights for the
design of modified lipid carriers.

The intracellular lipid-binding proteins (i-LBPspegan example, the fatty acid transport to mitochondria fooxi-
to evolve from a common ancestral gene nearly 1 billion dation became a major requirement for energy production
years ago 1), prior to the vertebrate/invertebrate split that in eukaryotes4). Numerous other functional roles have been
took place approximately 650 million years ago. They com- suggested for FABPs based on biophysical data, physiologi-
prise a family of cytosolic 1416 kDa proteins of very  cal disorders, and more recently various studies using null
similar three-dimensional fold2( 3). The primary function mutations for specific FABPs in micd{7); however, some
of these lipid carriers has been presumed to be the efficientof these associations or functions, such as, for example, (i)
transport of lipids that are poorly soluble in water (e.g., fatty protection of polyunsaturated fatty acids, (i) regulation of
acids, bile acids, or retinoids) through the cytosol to the dif- the postprandial lipid metabolism, or (iii) influences on insu-
ferent cellular compartments for utilization or storage. For |in resistance and atherosclerosis, may not be relevant to
insects.

The flight muscle tissues of migratory birds and insects
contain unusually high levels of fatty-acid-binding protein
(FABP). Approximately 18% of the total protein content in
the flight muscle of desert locusS¢histocerca gregarja
for example, is an FABP referred to &FABP (8). The
migratory locust ocusta migratorig carries a homologous
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protein,Lm-FABP, whose primary structure differs fro8g
FABP in only three amino acid position8)( Both Sg and
Lm-FABP are closely related to the mammalian i-LBP
subfamily 1V (3, 10), in particular, to the heart (H-) and
adipocyte (A-) FABP forms with 44 and 43% sequence
identity (65 and 64% sequence similarity), respectively. It
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was consequently proposed that the unusually high FABP arrangements from the corresponding mammalian proteins,
content in migratory insects such as locust ensures efficientthus suggesting a possibly greater conformational diversity
fatty acid utilization for sustained flight activity1(). for lipid molecules bound to the invertebrate FABP forms.
Developmental changes in FABP expression, concentration,

MATERIALS AND METHODS

and intracellular distribution are further indications for an
important role of this lipid carrier in the energy production
(8, 12). The cellular H-FABP levels have also been linked
to energy consumption in vertebrates:
tissues of migratory birds, such as the barnacle gddsa{a
leucopsiy and the western sandpipeCdlidris mauri,

Expression and Purification. LyRABP was expressed and

in the flight muscle purified as previously describe®)( The recombinantly

expressed protein (15 064 Da molecular weight) included
an additional methionine residue at the N terminus (referred

H-FABP concentrations vary with the migration season and 0 as Met0). The endogenous ligand was removed by slowly

miscellaneous developmental stage3{15). Moreover, the
extreme fatigue exhibited by H-FABP knockout mice after
prolonged physical activity 16) is yet another strong

evidence that these types of FABPs play a crucial role as
intracellular lipid transporters to enhance fatty acid metabo-

lism inside muscle cells.
The i-LBPs have been studied extensively in the last 2

eluting the protein with 20 mM phosphate buffer (pH 7.4,
0.05% sodium azide) at 37C through a Lipidex 5000
column @0). Next, 4.1uL of pure, uniformly *C-labeled
oleic acid were dissolved in 180 of KOH (0.1 M) and
subsequently added stepwise, in small aliquots and under
stirring, to the dilute (15 mL) protein solution, to avoid

o extreme changes in the local pH. This mixture was kept at

years. A comparison of the sequential similarities and ligand- '0°M temperature for 24 h before washing with additional

binding features resulted in a division of mammalian i-LBPs
into four subfamilies 10). Subfamily Icontains the intra-
cellular retinoid-binding proteinsubfamily Ilcontains the
liver-type (L-) FABPs and ileal lipid-binding protein; and
subfamily Il contains the intestinal FABFSubfamily 1V
finally, consists of a larger variety of different FABP types;
they all exhibit (i) a typical U-shaped bend in the ligand
conformation, with the fatty acid carboxylate group coordi-

buffer in centrifugal concentrators for the removal of excess
lipid.

NMR MeasurementsThe NMR sample with a protein
concentration of 2 mM was prepared in 20 mM phosphate
buffer (90:10 HO/D,0, v/v) at pH 5.5. A Bruker DMX 500
MHz spectrometer wit a 5 mminverse triple-resonance
probe was used to carry out all NMR experiments. The NMR
data were collected at 35C in a phase-sensitive mode,

nated to the side chains of one tyrosine and two arginine implementing time-proportional phase incrementation (TPPI)

residues, and (ii) a short@helical loop at the N terminus
of the protein. Moreover, this latter subfamily also exhibits

for quadrature detection. One-dimensional (1B spectra
were acquired with carbefproton decoupling but without

a rather large cluster of internal water molecules, forming carbon-carbon decoupling. Two-dimension&H/*H total
an extensive hydrogen-bond network inside the protein cavity correlation spectroscopy (TOCSY) (80 or 6.4 ms spinlock
that increases both protein stability and ligand-binding time) and'H/'H nuclear Overhauser and exchange spectro-

affinity (17).

scopy (NOESY) (150 ms mixing time) spectra were em-

The amino acid sequences of FABPs from invertebrates ployed for the sequential resonance assignment according

show about 2547% sequence similarity compared to those
from vertebrates1). To date, three-dimensional structures
of invertebrate FABP are known only f&@gFABP and an
FABP form (Ms-FABP) isolated from the midgut of tobacco
hornworm Manduca sextplarvae (8, 19). Interestingly,
the reported orientation of the fatty acid ligand inside the
binding cavity ofMs-FABP is unlike any of the conforma-

to the classical strategy via nuclear Overhauser effect (NOE)
connectivities 21). H/*C heteronuclear single-quantum
correlation (HSQC) an#C-edited 3D NOESY¥-HSQC (150

ms mixing time; 2048x 68 x 256 time-domain data sizes

in the ws [*H], w; [*3C], and w1 [*H] dimensions, respec-
tively) experiments made use of pulsed field gradients for
coherence selection and artifact suppression, as well as

tional arrangements found in mammalian FABP. The crystal gradient sensitivity enhancement schemes wherever ap-

structure of the locust muscle protein (i.8g¢FABP), on

propriate 22, 23). Quadrature detection in the indirectly

the other hand, represents merely the apo form. In light of detected dimensions was achieved by either the states TPPI

the fact that most FABP types had evolved prior to the

(24) or the echo/antiecha28) method. All chemical-shift

separation of vertebrates from invertebrates, the questionvalues were referenced to external sodium 2,2-dimethyl-2-

remains, how fatty acid binding by insect FABPs differs from

silapentane-5-sulfonate (Cambridge Isotope Laboratories,

the characteristic binding features found in mammalian Andover, MA) to ensure consistency among all specf. (

FABPs.

For processing, the 1B°C data were multiplied by an

We previously characterized the three-dimensional fold exponential function with a line-broadening factor of 3 prior

of LmFABP in solution using high-resolution nuclear
magnetic resonance (NMR) spectroscoBy (n the present

to Fourier transformation. The spectral data were processed
on a Silicon Graphics O2 workstation using the XWIN-NMR

study, we describe the conformation of the oleate ligand 2.6 software package (Bruker, Rheinstetten, Germany). In

bound toLm-FABP, on the basis of intermolecular distance

case of the 2D and 3D experiments7# phase-shifted

restraints obtained from NOE contacts between the uniformly squared sine-bell function was used for apodization in all

13C-enriched ligand and the protein. The conformational

dimensions. In the 3D spectra, forward linear prediction, to

features of the resulting complex structure were comparedextend the time-domain data, and zero-filling were applied
with those of other invertebrate and vertebrate FABPs suchin the indirectly detected dimensions. A polynomial baseline

as Ms-FABP, human H-FABP, and murine A-FABP. We

correction was employed wherever necessary. The final

find that certain amino acid substitutions that are unique to matrices consisted of 2048 2048 and 2048« 128 x 512

invertebrate FABPs clearly distinguish their ligand-binding

real data points in the 2D and 3D spectra, respectively. Peak
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picking and data analysis of the transformed spectra were[ - ° ©4 [ppm]

performed using AURELIA 2.5.9 (Bruker, Rheinstetten, ° 000

Germany). . ° .
Structure CalculationFor the structure elucidation of the | © " . o wmoa. o ©

Lm-FABP/oleate complex, the X-ray coordinatesSofFABP bt ." @ °9go e o ° T, o [ 100

(PDB code 1FTP, chain B) were used. All following steps | ¢ ®° '§ TR 3 t.;; L¢ 8

were performed with the INSIGHT 2000 software package |, o ° " 9§ &3 i P’M v . i o0

(Accelrys, Inc., San Diego, CA), which includes the DIS- ° @ o0, &% ,;..v:-°; ° X P 200

COVER module for energy minimization (EM) and molec- ° :5 P ] ©e

ular dynamics (MD) calculations. First, charges were intro- s @ ‘;’, 0,'_0» L

duced for all Asp, Glu™, Arg*, Lys", and His residues, 9 ° S e

with the exception of the internal His96 imidazole ring, ° e w4 afess © }e ° o

whose chemical-shift values resembled the noncharged and - o & ‘: e o - :5 L 4.00

nontitratable His93 in H-FABPL(). Second, the side chains ° ° 0 8% o %ﬂb" o 9%

of residues 45, 75, and 85 were replaced corresponding tg . :. o' ® o %a® T v =

theLm-FABP sequence and subsequently energy-minimized ° o”%"’ ‘:'cf\ - 5.00

according to the EM protocol described below, with all other |o € .b“‘ g

atom coordinates of the protein kept fixed. e e @ ° < ©

Next, the oleate molecule was placed manually into the 1000 950 900 850 800 750 700 o [ppm]
protein cavity, by searching for a position of minimal Fure1: Amide region of a homonucledr/*H TOCSY spectrum
potential energy in the region where the most pronounced collected with thé3C,g-oleatel. m-FABP complex sample at 3%
chemical-shift changes had been observed in the NMR (500.13 MHz proton resonance frequency). The mogtgheet
spectra after relipidation afm-FABP with oleate. Thereby, structure of the protein provides a high signal dispersion.
the ligand was docked in two alternative ways: (i) in a restrained EM according to the same protocol as described
U-shaped oleate conformation with @s double bond, above.
analogous to the binding arrangement in H-FABB){ and
(i) in a more stretched oleate conformation withtrans RESULTS AND DISCUSSION
double bond, where the methyl group extends in the direction
of the turn between helicesl and all similar to the bound
ligand inMs-FABP. Because the subsequent restrained-EM
and restrained-MD calculations always produced very similar
binding arrangements, with@s double bond in the bound
oleate, we concluded that this conformation is energetically
preferred. Presented here are therefore only the result
obtained when starting from the U-shaped oleate witfsa  jinigation with uniformly 1C-labeled oleate, leading to

double bond conformation. better resolved spectral data with fewer multiple spin systems
The structure calculations were performed with DISCO- (Figure 1). As illustrated in Figure 2A, the resulting spectra
VER in several steps, employing the consistent valence forceof the oleate complex displayed, compared to the previous
field (27), with the dielectric constant set equalkt(istance NMR experiments with a mixed ligand population, signifi-
in angstroms). The applied EM protocol consisted of several cant chemical-shift changes (i.ez0.10 ppm) exclusively
steps. First, two cycles of 10 000 iterations each were cal- for residues that line the so-called portal region of the protein
culated using the steepest descent algorithm until a maximum(Table 1). These data indicate that the lipid-binding site is
derivative of 0.5 kcal/A (cycle 1) or 1.0 kcal/A (cycle 2) located inside the large protein cavity near the fatty acid
was reached. Next, 15 000 iterations were performed usingportal (Figure 2B), as in the case of the mammalian FABPs
the conjugate-gradient method up to a maximum derivative of i-LBP subfamily I\ this was subsequently confirmed by
of 0.01 kcal/A. For restrained-EM calculations, the experi- intermolecular NOE connectivities between the fatty acid
mentally obtained intermolecular NOE data were included ligand and the protein (Figure 2C). Consequently, tHe
with a force constant of 20 kcal & mol~* as upper limit resonances of all 134 protein residues (including Met0) were
distance restraints, which had been categorized into shortassigned for thém-FABP/oleate complex, with the excep-
(=3 A), medium €4.5 A), or long &6 A) distance limits  tion of 1 missing and 8 incomplete side-chain assignments.
according to strong, medium, or weak NOE signal intensities, This sequence-specific resonance assignment has been
respectively. To save computer time and avoid distortions deposited at the BioMagResBank database (http://www.
of the X-ray structure, only the atom coordinates of the oleate bmrb.wisc.edu) under accession number BMRB-6931.
molecule and the side chains of the residues located inside Even though the three-dimensional structur&mfFABP
the binding cavity were minimized, whereas the rest of the has not been reported to date, we had previously character-
protein was kept fixed. The energy-minimized complex struc- ized its structural features based on high-resolution NMR
ture was subsequently applied to a 100 ps restrained-MDdata @8). The secondary-structure elements indicated in
run (i.e., with NOE restraints), performing 100 000 iterations Figure 3 were derived from NOE connectivities typical for
in 1 fs steps, with the temperature set to°85 Every 4000 o-helix and -sheet conformations2(). A total of 10
steps (i.e., 4 ps), a conformer was written to the disk. Finally, antiparallel 5 strands were identified spanning residues
each stored MD conformer was subjected once more to aGly6—Thrl5 (3A), Val40—Leu46 (3B), Phe51Lys56 (3C),

Structural Characterization of Lm-FABRVe have previ-
ously reported the NMR resonance assignment of a recom-
binantLm-FABP sample that included a mixed population
of bound fatty acid ligands, which were endogeneous to the
bacterial expression system used for the protein production
(28). In the present study, the heterogeneous fatty acid
Sopulation was exchanged by delipidation and subsequent
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Table 1: Residues that Show Chemical-Shift Changes Larger than
0.10 ppm between (l.m-FABP with a Heterogeneous Fatty Acid
Population and (ii).m-FABP in Complex Only with Oleate

shifted backbone shifted side-chain
location proton resonances proton resonances
helix ol lle24
helix ol Ala28, Glu30, Gly34, Ala28, Glu30, Leu35

Leu35, Ala36

turn SC—D Thr57, 1le59
f-strand D Thr62
turn BE—pF Leu77, Asp78 Asp78

a Differences in backbone and side-chain resonances are listed in
separate columns. Most of these residues are located within structure
elements that surround the fatty acid portal region.

Asn61-Phe66 D), Glu70-Thr76 (BE), Arg80—Asp89
(BF), Lys93-Lys99 (3G), Pro103-Phel1104H), Cys115-
Lys120 @3l), and Vall25-Alal32 (3J). The a helices
comprised residues Asni#le24 (al) and Ala28-Ala36
(all). Finally, Lm-FABP exhibited a helical loop at the N
terminus (Valt-Ala5) that is a typical feature of the
mammalian i-LBPsubfamily I\ which includes H- and
A-FABP among others3; 10). Two other NMR spectral
features, which are characteristic for mammalian H- and
B-FABP, provided additional evidence for a very high
similarity in the structural and functional propertieslofr
FABP and H-FABP 28): (1) proton spin-system heterogen-
eities of residues located in the fatty acid portal region and
(2) slow exchange of labile protons belonging to Thr7é O
and His96 N°. The former feature is indicative of distinct
ligand conformational states in the presence of several
competing fatty acid types20). The slowed labile proton
exchange, on the other hand, is due to the intricate hydrogen-
bond network inside the lipid-binding cavityL 7).

The tertiary fold ofLm-FABP should be basically identical
to SgFABP, because the amino acid sequences of these two
locust muscle proteins differ in only three positions (i.e., 98%
sequence identity): lle45/Val45 at the end®btrand B,
Glu75/Asp75 at the end ¢i-strand E, and Thr85/11e85 in
the middle of g-strand F. Only the first, conservative
substitution (145V) involves a side chain that is located in
the protein interior, whereas the side chains of the other two
substituted residues reside on the protein surface. To confirm
that the three-dimensional conformation lai+FABP re-
semblesSgFABP, we searched for long-range NOE contacts
between specific side-chain protons inside-FABP that
correspond to protonproton distances of not more than 5
A in the crystal structure 08gFABP. For example, lle41
H° (B-strand B) displayed NOE connectivities to Cys115 H
and H as well as 1le117 Pi(both3-strand 1), and Ile86 M

Ficure 2: Ribbon representations of locust muscle FABP. (A)
Chemical-shift differences observed between nondelipidataed
FABP (with a mixed fatty acid population) andm-FABP in
complex only with oleate. Colored in yellow are backbone segments
(worm) and side chains (rods) of residues that showed significant
(>0.10 ppm) chemical-shift differences between the two holo forms,
thus indicating that these regions are affected by the presence of
the ligand. (B) The large internal protein cavity near the fatty acid
portal, where the ligand can be incorporated, is shaded in green.
(C) Colored in red and magenta are backbone segments and side
chains, respectively, of residues showing intermolecular NOE
connectivities with the bound oleate ligand. [This figure was
produced with GRASP4Q) using the X-ray coordinates &g
FABP (PDB code 1FTP).]
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distance) in H-FABP with the corresponding residues in
locust muscle FABP has already established that most of
these amino acids are conservé)l Hence, the fatty acid
ligand should be bound to locust muscle FABP in a manner

Lm-FABP VEEFAGIFKYKLDSOQTNFEEYMEAIGVGAIERKAGLALSPVIELEWV
Sg-FABP VEEFAGIKYKLDSQTNFEEYMEAIGVGATERFAGLALSFVIELEL Slmllar to mammalian H-FABF_)S’ Ie’ in a bent Conformation
H-FABP VDAFLG- TWKLVDSKNFDDYMKSLGVGFATRQVASMTKPTTIIEK in the upper part of the protein cavity, on top O_f_a network
A-FABP CDAFVG-TWELVSSENFDDYMEEVGVGFATREVAGMAKPNMI TSV Of hyqrogen-bonded Water. m0|eCL_j|eS_ that Stablllze bOth the
Ms-FABP - - S¥LGKV¥SLVKQENFDGFLKSAGLSDDKIQALVSDKPTQRMER protein structure and the Ilgand bmdm]g?][.
As expected, the 1B°C NMR spectrum oft3Cyg-oleate
bound toLm-FABP showed only one carbonyl signal at 185
2struetwre | [-BC-|  |-BD-|  [-PE-e|  |oeeoPFoe| ppm, thus indicating a single ligand-binding site (Figure 4A).
Residue No. 50 60 70 80 90 In addition, the methylene resonances of several other oleate
| | | | | carbon units (C2, C3, C7, C8, C11, C17, and C18) could be
Lm-FABP LDGDKEKLTSKTAIKNTEFTFKLGEEFDEDTLDGRKVKE 1ETADG assigned on the basis of chemical-shift values and intramo-
Sg-FABP LOGDKFKLTSKTATENTEFTFKLGEEFDEETLDGREVESTITQDG lecular NOEs (Figure 4B); these chemical-shift values have
H-FABP -NGDILTLKTHSTFKNTEISFKLGVEFDETTADDRKVKS INTLDG also be_en depOSited at the BiOMagReSBank databas? u_nder
A-FABP -NGDLVTIRSESTFEKNTEISFKLGVEFDEITADDRKVKSIITLDG acqessm)n number BMRB-6931 (The Cg and Clo mOIetIes’
Ms-FABP -NGDSY¥SITSTGIGGERTVSFESGVEFDDVIGAGESVESMYTVDG which f_orm the carbpﬁcarbon double bOﬂd, could not ,be
unambiguously assigned because of very weak signal
intensities; it appears, however, that #€ and'H reso-
27 structure [---pG---|  |---PH-| Pl i nances of both groups overlap around 132.7 and 5.26 ppm,
Residue No. 100 110 120 130 respectively.) ThéC-edited 3D NOESY-HSQC spectrum
| | | | furthermore provided intermolecular NOEs between'#ie
Lm-FABP PNKLVHEQKGD-HPTIITREFSKEQCVITIKLGD- - LVATRIYKAQ- labeled oleate ligand and various protons of the nonlabeled
Sg-FABP PNKLVHEQKGD-HPTITIIREFSKEQEVITIKLGD- - LVATRI¥KAQ- Lm-FABP (Figure 4C) These NOE data were converted into
H-FABP B T — 81 intermolecular distance restraints between the protein and
A-FABP - cABVEVBIDCKSTTTKEKBDCDKEVVECYMKG- -VTSTRVEERA- the ligand (see Table S1 in the Supporting Information) and
- I A —— were subsequently employed in restrained-EM and restrained-

MD calculations to obtain the structure of the complex. Those
Lm-FABP residues showing NOE connectivities with the
oleate ligand are located mainly in the upper part of the
protein cavity, as was shown in Figure 2C.

TheLm-FABP/oleate complex was calculated on the basis
of the X-ray structure o5gFABP, which had been previ-
ously modified in those three positions where the amino acid
sequences of both locust FABPs differed. After the ligand
(B-strand F) showed NOE contacts with the ring protons of was docked, only the protein side chains inside the binding
Phe64 and Phe66 (bofirstrand D) as well as Leu53°H pocket as well as the bound oleate were subjected to
(B-strand C). On the basis of these and other NOE data, it minimization, whereas the rest of the protein molecule
could be concluded thatm-FABP andSgFABP have the remained fixed in the conformation that corresponds to
same three-dimensional structus) crystallizedSgFABP and is supported by the NOE data of

Three-Dimensional Structure of the Lm-FABP/Oleate Lm-FABP. The resulting structure ensemble (Figure 5A),
Complex.In comparison with the mammalian H-FABP which has been deposited at the Protein Data Bank under
forms, the two locust muscle FABPs exhibit three insertions PDB code 2FLJ, presents 25 energy-minimized conformers
and two deletions in their amino acid sequences (Figure 3).that derive from a 100 ps restrained-MD simulation. These
The insertions occur at position 7 (lle7 at the beginning of conformers were collected every 4 ps during the MD run,
pB-strand A), position 46 (Leu46 at the end @&trand B), starting 4 ps after the beginning of the calculation. The bound
and position 91 (Pro91 in the turn betwegstrands F and  ligand shows a very well-defined orientation at the buried
G). The deletions pertain to a residue in the turn between carboxylate end, while the methyl tail in the portal region is
p-strands G and H (Gly99 in human H-FABP) and the partially defrayed. This result was not unexpected, because
C-terminal residue (Alal32 in human H-FABP). These the carboxylate group is apparently coordinated by the side
sequential differences have the following effects on the chains of Arg108, Arg128, and Tyr130 (Figure 5B), analo-
protein structure: (i) a bulge is produced flstrand A gous to the mammalian FABPs sfibfamily I\ Moreover,
because of the insertion of lleL-FABP); (ii) the tight it had been demonstrated previously by another group
B-turnsB—fC, BF—SG, andSG—pH are disrupted because applying'3C NMR relaxation measurements that, in the case
of the insertions of Leu46 and Pro91 (bdtim-FABP) and of palmitate bound to rat intestinal FABP, the immersed
the deletion of Gly99 (H-FABP); and (iii) the C terminus is carboxylate moiety of the ligand displayed a lower mobility
shortened because of the deletion of Alal32 (H-FABP). than the noncoordinated methyl end near the entry portal
Aside from these minor distinctions, the backbone folds of (30). This is a general consequence of the close interactions
the FABPs derived from the muscle tissues of vertebratestypically found between the fatty acid carboxlate group and
and invertebrates are very similar. Moreover, a comparisonbasic or polar amino acid side chains in lipid-binding
of those residues showing fatty acid contacts (i&4,5 A proteins, as exemplified also by serum albun8i)(

Ficure 3: Amino acid sequence comparison lai+rFABP with
SgFABP, human H-FABP, murine A-FABP, arids-FABP from
tobacco hornworm. The secondary-structure elementys g
indicated in the top row; the amino acid numbering referkre
FABP. Shaded in gray are residues that play a role in the intricate
hydrogen-bond network inside the H-FABP cavity. Letters in bold
represent the residues that line the hydrophobic tail of the palmitate
ligand in Ms-FABP.
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FIGURE 4: NMR spectra collected with théC,g-oleatel. m-FABP complex. (A) Carbonyl region of a 15C NMR spectrum (1125 scans)
obtained without carboncarbon decoupling. The doublet at 185 ppm represents the C1 carbon resonance, which couples with the adjacent
C2 atom Jc1-c2 = 52.6 Hz), thus indicating that only a single binding site is occupied. Nonbound oleate, which under identical conditions
shows a very weak doublet at 182 ppm in aqueous solution, is not detected here. (B) Aliphatic region'f/Z#QMSQC spectrum that

was acquired without carbeirtarbon decoupling. The resonances of the assigned methyl and methylene groups are marked. The weak
signals in the upper right corner derive from the methyl groups of the nonlabeled proteldC(€lice of the 3D NOESY¥-HSQC spectrum

at the carbon frequency of the oleate (OLA) C2 atom at 41.6 ppm. Both C2 methylene protons (H2a at 2.10 ppm and H2b at 1.93 ppm)
show NOE connectivities with each other, with the adjacent C3 methylene protons (H3a and H3b), and with several methyl protons belonging
to Lm-FABP residues 1le106 and lle117.

The ligand conformation observed in the+FABP/oleate extending toward the open port83 34). These differences
complex is nevertheless unusual. The hydrophobic tail pointsbetween various FABPs in the orientation of the fatty acid
toward the entry portal, whereas in most mammalian FABPs methyl terminus can be explained by the presence of a
of i-LBP subfamily I\ such as H-FABP, brain (B-) FABP, phenylalanine ring (Figure 6B) that is highly conserved in
and epidermal (E-) FABP, this end curls back into the cavity mammalian FABPs. In the case of H-FABP, the phenyl ring
in a U-shaped conformation (Figure 6A). The only known has been proposed to act essentially as a lid at the entry portal
exception is murine A-FABP, where just the very long-chain (35), which interacts with the hydrophobic tail of the bound
fatty acid arachidonate displays a U-shape in the bound formligand and thus stabilizes the complex. In A-FABP, however,
(32), while the long-chain fatty acids palmitate, stearate, and this phenyl ring points away from the binding cavity, thus
oleate bind with the hydrophobic tail of the ligand always allowing the hydrophobic tail of the bound ligand to orient
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Ficure 5: (A) Stereo representation bim-FABP (black & trace) in complex with oleate (gray carbon chain). The carboxylate group of

the ligand is well-defined inside the protein cavity, while the hydrophobic tail displays a higher conformational variability near the fatty
acid entry portal. (B) Analogous to mammalian FABPs of i-LBibfamily I\ the oleate (OLA) carboxylate group iim-FABP shows a

binding geometry that suggests coordinative interactions with the side chains of the highly conserved residues Arg108, Arg128, and Tyr130.
Heavy atom pairs that show a hydrogen-bond geometry are indicated by dotted lines marked with the corresponding distance values.

itself toward the entry portal. In the A-FABP/arachidonate difference between the locust and mammalian protein forms.
complex, on the other hand, the tail of the ligand curls back In Lm-FABP, the central section of the fatty acid carbon
into the cavity even though the entry portal remains in the chain is aligned slightly¥ 1 A) further into the back of the
“open” state. Presumably, as in the case of serum albuminbinding cavity compared to the ligand positions in H- and
(31, 36), the methyl terminus of this very long-chain fatty A-FABP (Figure 6B). This effect had been previously
acid would be too exposed to the bulk solvent, thus making predicted 18), because the rather large Leu77 side chain,
such a protected position of the hydrophobic tail energetically which is conserved in th8E—/SF turn of the locust FABP
more favorable. ILm-FABP, finally, the phenylalanine is  forms, apparently diverts the ligand as a result of steric
replaced by Ile59, whose side chain has a similar orientation hindrance, in contrast to the mammalian FABPsutffamily

as Phe57 in A-FABP, i.e., with the portal open. As a IV where the corresponding residue is a highly conserved
consequence, similar to A-FABP, the methyl end of the alanine. As a result of this displacement, the oleate ligand
oleate ligand inLm-FABP occupies the space where the in Lm-FABP differs clearly from the typical U-shaped turn
phenyl ring of Phe57 is located in H-FABP (Figure 6B).  conformation observed in the mammalian counterparts.

A sequence comparison (see Figure 3) of all of those Comparison between Vertebrate andéntebrate FABPs.
residues, which in human H-FABP are in direct contact with Hence, it appears that, although they separated from verte-
the internal water cluster or the ligand carboxyl groti)( brates only after the evolutionary development of the four
shows a high degree of similarity betwekm-FABP and i-LBP subfamilies typically found in mammalian organisms
H-FABP (23 of 26 residues are conservedi0% identity). (1), the FABP forms of invertebrate species feature certain
An analogous comparison betwelem-FABP and A-FABP amino acid substitutions that produce a more diverse col-
yields the same result. Nevertheless, despite the abovedection of binding arrangements than observed in vertebrates.
mentioned similarity in the oleate-binding conformation This is also evident from the palmitate-binding scenario
betweenLm-FABP and A-FABP, there is a significant reported forMs-FABP by Benning and co-workerdl9),
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Ms-FABP

Ficure 6: (A) Superposition of the calculatddn-FABP/oleate complex with the X-ray structuresM§&FABP (with palmitate), murine
A-FABP (with oleate), and human H-FABP (with oleate). The overall three-dimensional fold (backbone worm) is very similar for both the
vertebrate and invertebrate proteins, but the ligand-binding scenarios (rods) differ notably. The invertebrate FABP from tobacco hornworm
(Ms-FABP; yellow) displays a highly unusual extended orientation of the ligand, whereas the bent oleate confornhatidtABP (red)

shows some resemblances to the mammalian A-FABP (blue) and H-FABP (cyan) forms. (B) Structural compdrisedrA®P with

human H-FABP and murine A-FABP employing the same color code as in A. The backbone folds are very similar for all three proteins.
A major difference is observed in the tys€—/D that (i) exhibits an isoleucine residue (159)Lim-FABP instead of the highly conserved
phenylalanine found in mammalian FABPs and (ii) is pushed out furthemirABP. As a consequence, similar to A-FABP, the ligand
entry portal inLm-FABP is open, thus allowing the oleate methyl group to protrude from the binding cavity, in contrast to H-FABP where
the phenyl ring lid is closed. (C) Structural comparisorvist FABP with human H-FABP employing the same color code as in A. In the
vertebrate protein, the oleate methyl end curls back in a U-shaped conformation, whereas the palktg&iaB®P stretches nearly linearly
through the protein pocket. This extended ligand conformatiodssfFABP is apparently favored by several amino acid substitutions, in
particular the less bulky side chains in positions A22 and G96. [This figure was produced with GRA3P (

where the hydrophobic tail of the ligand extends into a In comparison with other i-LBP amino acid sequences,
section of the protein cavity that is not occupied in any of Ms-FABP shows the greatest similarity with human H-FABP
the known vertebrate FABP structures (Figure 6C). Similar of subfamily 1V(33% identity or 60% similarity) but is not
to Lm-FABP, specific amino acid replacementdvis-FABP much more distant to human L-FABP sfibfamily 11(29%
also produce a rather unique binding conformation. identity or 57% similarity). In fact, there is a conflict in the
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literature whether on an evolutionary balsis-FABP is more
closely related to H-FABP or L-FABPL( 37). With regard

to the internal water network found in H-FABP (Figure 3),
Ms-FABP certainly shows a lower degree of conservation
(17 of 26 residues conserved; 27% identity) thamFABP,

in particular for the respective cavity side chains in the turn
BE—pF. However, when the conformation of the bound
ligand in Ms-FABP is compared with that in H-FABP and
L-FABP, the fatty acid carboxylate end (at least up to C6)
is rather similar inMs-FABP and human H-FABP, while

Licke et al.

Nevertheless, despite this high degree of similarity, the
locust protein exhibits several features in the ligand-binding
arrangement that are atypical for vertebrate FABPs. For
example, in the case afm-FABP, the side chain of Leu77
apparently forces the fatty acid into a conformation that is
significantly different from the typical U-shaped bend found
in mammalian FABPs of i-LBRubfamily I\ Furthermore,
residue 11e59 replaces the highly conserved phenyl ring lid
at the fatty acid entry portal, thus leading to an orientation
of the ligand tail that is similar to mammalian A-FABP,

the positions and orientations of the two fatty acid ligands where the portal lid is, rather uncommon feubfamily 1V

in the cavity of rat L-FABP are quite differen8). Hence,

here we compare briefly the binding featuresMs-FABP

and H-FABP to demonstrate the drastic effects of certain

amino acid replacements on the ligand-binding arrangement.
The hydrophobic tail of the palmitate ligand fis-FABP

is lined by residues Phel5, Phel8, Ala22, Leu24, Val94,

members, in an open state. Despite these differences in the
ligand-binding arrangement, however, the oleic acid binding
affinity of LmFABP is as high as that of the highly
specialized mammalian H-FABP.

The only other hitherto known invertebrate FABP structure
(Ms-FABP) shows a completely novel fatty acid ligand

Gly96, Alal0l, and Phel03 (Figure 3). In the H-FABP orientation, which is due to a number of very specific amino
sequence, only one of these residues is conserved (Phel6jcid substitutions. It therefore seems that, even thdungh
while three are replaced with polar side chains (Tyrl9, GIn95, FABP does show a fairly close resemblance to the FABP
and Thr102), two with smaller hydrophobic side chains types of the mammalian i-LBBubfamily I\ the invertebrate
(Val25 and Leul04), and two with much more bulky side FABPs may have produced a greater structural (and possibly
chains (Leu23 and Trp97). The combination of these also functional) diversity that still needs to be explored
substitutions, in particular Ala22s-FABP) — Leu23 (H- further. It is conceivable that other invertebrate species have
FABP) and Gly96 s-FABP)— Trp97 (H-FABP) for steric developed yet unknown binding scenarios that may have
reasons, presumably prevent fatty acid binding in this part optimized the transport of fatty acids or other lipids to
of the H-FABP cavity (Figure 6C). Interestingly, Phe103 of warrant particular physiological functions. Hence, such new
Ms-FABP also occurs in human B-FABP, where it plays a conformational features might be of special interest to protein

role in the interaction with ther-electron system of
polyunsaturated fatty acid ligands; aside from this single
exception, however, all of the other respective residues in
B-FABP are identical to H-FABP.

CONCLUSIONS

The X-ray structure of human H-FABR) has shown
that a water molecule cluster exists inside the binding cavity,
forming an intricate hydrogen-bond network as also evi-
denced by several slow-exchanging protons observed with
NMR (17). This network is created mainly by two factors:
(i) several polar side chains in the center section of the ligand-
binding cavity and (ii) a patch of hydrophobic residues at
the bottom of the cavity. Most of these residues defining
the internal water structure in H-FABP are also present in
both locust flight muscle FABPs (Figure 3). This close

evolutionary relationship between these lipid carriers suggests

that there should be marked structural (i.e., very stable protein
conformation) and functional (i.e., high fatty-acid-binding
affinity) similarities. In fact, the structure of the locust FABPs
as derived from NMR and X-ray shows a strong resemblance
to the mammalian H-FABP in both overall fold and ligand-
binding properties: first, the ;ghelical loop at the N
terminus, which is a hallmark of mammalian FABPs belong-
ing to i-LBP subfamily 1V is also present in the locust
FABPs. Second, the coordination of the fatty acid carboxylate
group by Argl08, Argl28, and Tyrl30 dfm-FABP is
analogous tesubfamily 1Vas well (L0). Third, the binding
affinity of oleic acid toLm-FABP (47 uM) is of the same
order as that of H-FABP (48M), suggesting very similar
overall binding characteristic®), Finally, the spin-system
heterogeneities observed in the portal region of nondelipi-
dated Lm-FABP had previously been reported only for
mammalian H-FABP and B-FABF29, 39).

engineers who intend to design improved binding charac-
teristics for this widespread family of lipid carriers.
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