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ABSTRACT. The human intestinal fatty acid binding protein (I-FABP) belongs to a family of intracellular
lipid binding proteins. This 15 kDa protein binds dietary long-chain fatty acids in the cytosol of enterocytes.
A naturally-occurring nucleotide polymorphism at codon 54, which produces either an alanine-containing
(A54) or a threonine-containing (T54) protein, has been identified. These two I-FABP forms display
differential binding and transport of fatty acids across cells, and their alleles are associated aivith

insulin resistance and/or altered lipid metabolism in several human populations. The three-dimensional
solution structure of the more common A54 form was previously determined in our lab. A direct comparison
between human A54 and T54 I-FABP has now been performed to help elucidate the structural origins of
their physiological distinctions. The solution structure of T54 I-FABP is highly homologous to that of
A54 |-FABP, with the same overall three-dimensional fold that includes an antipafatiieim motif.
Chemical shift differences between the two proteins suggest only minor local structural changes within
the “portal region” and no significant alterations elsewhere. Hence, the slightly stronger binding of fatty
acids to T54 I-FABP does not originate from residues in direct contact with the bound fatty acid. Instead,
it appears that the larger Tside chain affects the passage of the ligand through the entry portal. Structural
details of this portal region will be discussed in view of the influence residue 54 exerts on the functional
properties of human I-FABP.

The intestinal fatty acid binding protein locus (FABP2) Indians with Ala54, as indicated by higher concentrations
was initially identified as a possible genetic factor determin- of plasma insulin in the fasted state, higher plasma insulin
ing insulin action in Pima Indians, a Native American responses to both oral glucose and a mixed meal, and lower
population with a high prevalence of type 2 diabetes and rates of insulin-stimulated glucose uptake. Furthermore,
obesity (). A polymorphism at codon 54 of FABP2 results individuals with Thr54 showed higher mean fat oxidation
in an alanine-encoding allele (Ala54; frequency of 0.71) and rates (). A more recent metabolic study indicated that Pima
a threonine-encoding allele (Thr54; frequency of 0.29). Pima Indians homozygous for Thr54 had higher and prolonged
Indians with Thr54 were more insulin resistant than Pima nonesterified fatty acid responses to dietary fat, which may

also contribute to insulin resistanca) (
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*The *H and N chemical shifts have been deposited in the ref 3), such as Mexican Americang)( Japanese males)(

BioMagResBank database under accession numbers 5284 (A54 |-Korean males@), and a group of Caucasiarg,(yet showed
FABP) and 5285 (T54 I-FABP). The coordinates of the human I-FABP no correlation with insulin resistance in other groups of

solution structures have been deposited in the RCSB Protein Data Bank ; ; ;
as entries 1KZW (A54) and 1KZX (T54). Japanese and African American subje&ts10). Moreover,
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acids in obese Finnd4), increased postprandial lipemit,

Zhang et al.

present the sequential resonance assignment and solution

and elevated levels of fasting and postprandial plasma structure of human T54 I-FABP and compare it to a refined

triglycerides in type 2 diabetic subject&6]. In contrast,
Thr54 showed no correlation with postprandial lipid me-
tabolism in healthy young European&7). It has been
pointed out by Weiss et al3), however, that those studies

structure of human A54 |-FABP.

EXPERIMENTAL PROCEDURES
Materials. The pET-3d vector and BL21 cells were

which have taken into account environmental and behavioral purchased from Novagen (Madison, WI). Isotope-labeled

factors, such as individual body composition, habitual
physical activity, and diet, generally deduced a connection
between the Thr54 allele and insulin resistance.

ammonium chloride NH,CI, >98% °N) and sodium
3-(trimethylsilyl)[2,2,3,32H,]propionate were acquired from
Cambridge Isotope Laboratories (Andover, MA). Isopropyl

Several physiological and biophysical studies have re- -b-thiogalactopyranoside (IPTG) was obtained from Jersey
vealed altered binding and transport of long-chain fatty acids Lab Supply (Livingston, NJ) and ammonium sulfate from

by the mutant protein. Titration microcalorimetry measure-
ments with purified recombinant human intestinal fatty acid
binding protein (I-FABP) have shown that the threonine-
containing (T54) protein has an2-fold higher affinity for

ICN Pharmaceuticals (Costa Mesa, CA). Q-Sepharose and
G-75 Superdex were from Pharmacia Biotech (Picataway,
NJ) and the stir cell and YM3 membrane from Amicon
(Beverly, MA). Deuterated waterl,0, 99.9%2H) was

oleic acid and arachidonic acid than the alanine-containing purchased from Wilmad (Buena, NJ). All other chemicals

(A54) protein (). Moreover, in enterocyte-mimicking cells

that were used were analytical grade.

(Caco-2 cells) that were permanently transfected to express Expression and Purification of Human |-FABFhe

T54 |-FABP, the apical to basolateral movement of long-

human T54 I-FABP cDNA was cloned into a pET-3d vector,

chain fatty acids was faster than that in cells expressing theand the recombinant protein was expressed as described

A54 protein (8). It was therefore suggested that T54 I-FABP

previously ). Bacteria were grown either in LB medium

may increase the rate of transport in the intestine and/orto obtain unlabeled I-FABP or in M9 medium witPNH,CI
modulate the metabolism of dietary fatty acids by enhancing as the sole nitrogen source to obta®-labeled I-FABP.

oxidation of fatty acids18). In a recent study using an organ
culture model for the small intestine, the A54T substitution

The purification procedure was performed as previously
reported for A54 I-FABP 25). Briefly, a French press was

was shown to be correlated with increased secretion of newly used for bacterial lysis, followed by protamine sulfate and

synthesized triglycerides and chylomicron particlé$)(

ammonium sulfate precipitation steps. The protein super-

These results support the hypothesis that the polymorphismnatant was then applied to a Q-Sepharose column, followed

at codon 54 of FABP2 affects lipid absorption and metabo-
lism in the small intestine.

Fatty acid binding proteins (FABPs) belong to a larger
family of intracellular lipid binding proteins2Q). Different

by G-75 Superdex column chromatography. The final
concentration of purified nondelipidated T54 protein in the
NMR samples was-3 mM, in a buffer solution consisting
of 20 mM KH,PQ,, 0.05% NaN, and 5%°H,0 at pH 6.5.

FABPs have been isolated from a variety of tissues, including NMR ExperimentsA Bruker DMX 500 MHz spectrometer
muscle, liver, myelin, adipose tissue, and the small intestine With @ 5 mminverse triple-resonance probe was used to carry

(21, 22). Although their exact roles remain unclear, it is
generally believed that FABPs are involved in lipid transport
and trafficking @1, 23). Four intracellular lipid binding

out all NMR experiments. The NMR spectra were collected
at 37 °C in a phase-sensitive mode, implementing time-
proportional phase incrementation (TPPI) for quadrature

proteins are expressed in the small intestine: intestinal fatty detection. The'H and **N chemical shift values were

acid binding protein (I-FABP), ileal lipid binding protein
(ILBP), liver fatty acid binding protein (L-FABP), and
cellular retinol binding protein type Il (CRBP Il). The human
I-FABP is a highly abundant protein expressed solely in
enterocytes. It binds a single fatty acid molecule, with high

referenced to external sodium 3-(trimethylsilyl)[2,2,3,3-
°Hy]propionate and 2.9 NPNH,Cl in 1 M HCI, respectively.

A GARP sequence2@) was applied during acquisition for
15N decoupling. Selective presaturation was used for water
suppression during the relaxation delay, with the carrier

affinities for both saturated and unsaturated long-chain fatty placed on the water resonance in the center of the spectrum.

acids @4). The other three intestinal proteins are less specific
and can bind other lipids in addition to fatty acid?).
Recently, we have reported the NMR solution structures
of two of the intracellular lipid binding proteins found in
the intestine: human A54 |-FABR2E) and porcine ILBP
(26, 27). To help understand the molecular basis of the
differences in fatty acid binding between human T54 and
A54 |-FABP, we have now characterized the T54 form of
human I-FABP by NMR spectroscopy. In this study, we

1 Abbreviations: FABP, fatty acid binding protein; A-FABP, adipo-
cyte fatty acid binding protein; I-FABP, intestinal fatty acid binding
protein; L-FABP, liver fatty acid binding protein; ILBP, ileal lipid
binding protein; COSY, correlation spectroscopy; TOCSY, total cor-

relation spectroscopy; NOESY, nuclear Overhauser enhancement an
exchange spectroscopy; HMQC, heteronuclear multiple-quantum coher

Presaturation was also applied during the mixing time in all
NOESY experiments.

Two-dimensional (2D) NMR spectra were collected with
either the'®N-labeled or unlabeled protein. The time domain
data size fotH—H total correlation spectroscopy (TOCSY)
(29), nuclear Overhauser enhancement and exchange spec-
troscopy (NOESY) 30), *H—N 2D HMQC-TOCSY 1),
and'H—N 2D HMQC-NOESY spectra3?2) was 512x
2048. The time domain data size was 1022048 for the
H—'H double-quantum-filtered COSY (DQF-COSY) spec-
tra (33) and 512x 1024 for thetH—°N heteronuclear single-
guantum coherence (HSQC) spect@d)( After Fourier
transformation, the frequency domain data size was 2048
2048 for the homonuclear 2D spectra and 1622048 for

%he heteronuclear 2D spectra. The spin-lock time for the

ence: HSQC, heteronuclear single-quantum coherence; rmsd, root-mean] OCSY experiments was usually set to 80 ms. COSY-type

square deviation; ANS, 8-anilino-1-naphthalenesulfonic acid.

information was obtained by running a homonuclear TOCSY
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experiment with a short (3 ms) spin-lock time. A mixing  Tapie 1; Structural Statistics of the 20 Selected Structures of
time of 200 ms was used for the 2D NOESY experiments. Human T54 and A54 I-FABP after Energy Minimization

Three-dimensional (3D) NMR spectra were collected with

T54 A54
the >N-labeled protein. The time domain data size for the structural statistics
heteronuclear 3D TOCSY-HMQC spectiab( 36) ar!d 3D total no. of residues 131 131
NOESY-HMQC spectra3?) was 256x 64 x 1024 in the total no. of distance restraints 2497 2538
t1 (*H), t2 (*>N), andts (*H) dimensions, respectively. These intraresidual 211 248
data were Fourier transformed to a 5454 x 2048 matrix, SeQ(;J_entlal (—il=1) B 607 590
and then the empty half @#f was discarded to obtain a final Irgﬁgfgr‘lgg%gs J(|1<>|l4)— jl=<4) 252334 %gl
size of 512x 64 x 1024 data ppints. The spin-lock time total no. of restraint violations 0.3 A 1 2
for the 3D TOCSY-HMQC experiment was setto 80 ms. A total no. of restraint violations 0.2 A 15 11
mixing time of 150 ms was used for the 3D NOESY-HMQC maximal restraint violation (A) 0.31 0.30
experiment Rama((:jhandran plotfstatlstclics (%) o 50
) . residues in most favored regions 79.7 4
The programs NMRI and TRIAD (both from Tripos, St. residues in additionally allowed regions 17.8 17.1
Louis, MO) were used for NMR data analysis. The NOE-  residues in generously allowed regions 1.2 1.2
derived distance constraints were determined from the 2D  residues in disallowed regions 13 13

_adi _ structural precision (A)
homonuclear NOESY and 3&N-edited NOESY-HSQC backbone atofrmsd (residues3130) 1.09+ 0.12 0.98+ 0.11

spectra. Automated assignments of the NOEs, based only  peayy atom rmsd (residues-330) 168+ 011 1.57+ 0.10
on chemical shifts, were obtained with the programr2st backbone atofrmsd (excluding portd) 0.97+ 0.11 0.86+ 0.09
(38). The upper distance limits were set by an internal  backbone atofvmsd (only porta) 1.3240.30 1.16+ 0.28

calibration based on the intensities of sequential and medium- aN, ¢, C, and O Residues 324, 36-52, 57-71, and 77130.
range NOE values from residues within well-defined second- °Residues 2535, 53-56, and 72-76.

ary structure elements. The cross-peak intensities were

grouped into four different distance categories of 2.5, 3.5, tivities were used as input for torsion angle dynamics
4.5, and 6.0 A. The structure calculations were performed calculations to determine the tertiary structure of the protein.
with the DYANA 1.5 program 89). Assignments of mean- The 'H and >N resonance assignments were completed
ingful NOE cross-peaks were made by applying a structure- for all amino acid residues of holo T54 I-FABP, with the
aided filtering strategy in repeated rounds of structure exception of the N-terminal residue Ala@he chemical shift
calculations. From aab initio starting point, 300 conformers  values of both human I-FABP forms have been deposited at
were calculated in 8000 annealing steps each. Stereospecifithe BMRB database under accession numbers 5284 (A54)
assignments of prochiral methylene and isopropyl groups and 5285 (T54). A detailed secondary structure analysis for
were obtained using the program GLOMSAQ]. Pseudo- T54 |-FABP was carried out as previously described for A54
atom correction for unassigned stereo partners and magneti{-FABP (25), where patterns of strong and weak NOE

cally equivalent protons was applied as proposed Byhviain connectivities were used to identify regular secondary
et al. @1). No hydrogen bond restraints were used in the structure elements (data not shown). The secondary structure
structure calculations. of T54 I-FABP is identical to that of A54 I-FABP as well

Subsequent restrained energy minimization was performedas other FABPs, consisting of Jstrands and two short
with the 20 best DYANA conformers using the DISCOVER a-helices located between the first and sec@rstrand.
module of the INSIGHT Il program package (Accelrys, San  Upper distance limit constraints obtained from the NOE
Diego, CA). The CVFF force field42) was used with a  data were used as input for structure calculations with the
dielectric constant equal to(distance in angstroms); a force program DYANA. The C traces of the 20 best conformers
constant of 20 kcal mot A2 was applied in the NOE after restrained energy minimization are shown in Figure 1A.
restraint term. The resulting structures were analyzed with For a better comparison, the solution structure of the A54

PROCHECK-NMR 43). protein, which had been reported previously [PDB entry 3IFB
(29)], has now also been refined according to the new
RESULTS AND DISCUSSION protocol (Figure 1B). The structure ensembles of holo T54

Structure of T54 I-FABPThe general strategy for the and A54 I-FABP show average backbone atom rmsd values
NMR structure determination of T54 I-FABP was essentially of 1.09+ 0.12 and 0.98t 0.12 A, respectively(Note that
the same as that previously described for A54 |-FABB).( the positions of the fatty acid ligands have not been
Homonuclear 2D DQF-COSY, TOCSY, and NOESY as well experimentally determined.) When superimposed (Figure
as heteronuclear 2D HMQC-TOCSY, 2D HMQC-NOESY, 1C), both sets of conformers are highly homologous with
3D TOCSY-HMQC, and 3D NOESY-HMQC spectra were an average backbone rmsd of 1.420.13 A. Overall, the
used for spectral assignments and subsequent structur@rotein structures are well-defined, in particular the 10
calculations. The assignments were accomplished in twofS-strands where the average rmsd values are lowest. The
steps. The first step was to assign spin systems, where thestructural statistics of both human I-FABPs are listed in Table
proton resonances are grouped into different amino acid 1. The atomic coordinates of both I-FABP ensembles have
residue types via correlation-type experiments (COSY and been deposited at the RCSB Protein Data Bank as entries
TOCSY). The second step was to assign these spin systemdKZW (A54) and 1KZX (T54).
sequentially by connecting them via NOE connectivities  The three-dimensional fold of T54 I-FABP is shown
obtained from the homonuclear 2D NOESY and hetero- schematically in Figure 2. The 10 antiparaffestrands (A-
nuclear 3D NOESY-HMQC experiments. After conversion J), which are arranged in two nearly orthogopatheets,
into proton distance constraints, all assigned NOE connec-form a f3-clam structure. The top of thé-clam is covered
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Ficure 1: Solution structure ensembles of human T54 (A) and A54 (B) I-FABP. Theates of the 20 best DYANA conformers after
restrained energy minimization are shown superimposed in stereoplots. The average rmsd values between the backbone®t@ns (N, C
and 0), excluding the terminal residues, are 1409.12 and 0.98+ 0.12 A for T54 and A54, respectively. A superposition of both
ensembles (C) indicates the high degree of structural homology among all 40 conformers (average backbone atom rmsd df31A4)2
Residue 54 and the N- and C-termini are labeled.

by two shorta-helices, while a cluster of hydrophobic side Ab54 I-FABP. Since chemical shift values are dependent on
chains, including PHeat the N-terminus, closes the bottom the electronic shielding of the surrounding atomic environ-
of the-clam. It has been proposed that fatty acids enter the ment, they are very sensitive to changes in conformation and
binding cavity through an “entry portal”, which is defined electrostatics. Hence, we compared the chemical shift values
by the CD and EF turns as well as hetikl (44). In both of both proteins to elucidate the effects of the A54T
forms of human I-FABP, this portal area (together with other substitution. Heteronucledid —'>N HSQC spectra were used
pB-turns and the two termini) is less well defined than the for the comparison of the amide resonances. Few significant
rest of the protein structure, as indicated by elevated rmsddifferences were observed between the HSQC spectra of the
values (see Table 1). A similar conformational variability T54 and A54 proteins, which are overlayed in Figure 3. The
around the portal had been previously reported also for largest shifts, involving only residues within the portal region,

various other intracellular lipid binding proteingtq). are marked. All other HN resonances remain identical or
Nonetheless, the structures of the respective apo and holmearly the same in the two I-FABP forms. This result
forms are generally highly comparabkg]. confirms that both proteins have an almost identical structure

Comparison between the T54 and A54 Proteifbe that varies merely in the direct vicinity of the mutation site
overall fold of T54 I-FABP is highly homologous to that of  (Ala® — Thr%).
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Ficure 2: Ribbon representation of T54 I-FABP. The 10 anti-
parallel 5-strands (A-J) and two shortt-helices ( and all) are

Biochemistry, Vol. 42, No. 24, 2003343

amide protons. For Asfy however, an unusually large
change Ao = 0.34 ppm) of the €H resonance was detected,
possibly indicating a difference in its backbone conformation
between T54 and A54 I-FABP. Since no such conformational
differences have been observed in the two structure en-
sembles, an alternative explanation for this discrepancy in
the Asp* C*H chemical shift could be an alteration in the
electronic shielding as a result of the more voluminous
threonine side chain at position 54.

Other proton resonances that exhibited relatively large
chemical shift changes include AFdHN (+-0.11 ppm), LeéP
C%?H (+0.18 ppm), Hig® HN (—0.21 ppm), Hi& C<H
(—0.32 ppm), Asf N°2H (—0.13 ppm), and PRe HN
(—0.15 ppm). Similar results were also obtained from the
analysis of the backbon®N resonances, which showed
significant differences between T54 and A54 |-FABP only
for residues Let? (—0.6 ppm), Al&! (+0.5 ppm), Asp?
(4+0.7 ppm), As (+0.5 ppm), and especially Pid€+4.7
ppm). The huge effect found for the Phaitrogen resonance
is not particularly surprising, since the backbdé chemical
shift value is strongly dependent on the type of preceding
residue 47), which in this case is the mutation site. It should
be noted, however, that the side-chain Noup of Asii®,

labeled. The fatty acid entry portal is defined by the area between Which extends toward the side chain of residue 54 in both

helix all and the CDg-turn, where Thr54 is located. This figure
was produced with MOLSCRIPT6{) and Raster3Dg8).
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Ficure 3: Overlay of the?H—15N HSQC spectra obtained for T54
(red) and A54 (blue) I-FABP. Significant differences in chemical
shift values were observed solely for residues in the portal region,
as indicated in the plot with colored labels. Amide peaks of portal
region residues that exhibit only minor chemical shift changes are
marked with black labels.

Figure 4 shows the maximal chemical shift differences

protein forms, displays significant differences in both the
IH (—0.13 ppm) and®N (—0.5 ppm) resonances, as can be
seen in Figure 3. This denotes a direct influence of the A54T
substitution on the Asfi side chain.

Consequently, a detailed comparison of the NOE patterns
between the two proteins focused on these particular residues
to elucidate possible differences in their local interactions.
In both human I-FABPS, residue 54 exhibits numerous NOE
connectivities with residues A%pand Asi®, indicating a
spatial proximity as suggested by the chemical shift changes
mentioned above. In addition, NOEs between the HN group
of residue 54 and Lé&f C*H, between the @H group of
residue 54 and AR§ HN, and between various protons of
residue 54 and its sequential neighbors>5amd Phéb, are
present in both proteins. Moreover, Phexhibits comparable
NOE connectivity patterns in both T54 and A54 I-FABP to
Lys?, Leu®, Ala3t, Asp*, Sepd, residue 54, Aref, and Ala®.

Of particular interest are the side-chain to side-chain NOEs
from Phé® to Lys?” (helix all), Leu® (helix all), and Ala’3

(EF turn), which suggest a similar position of the phenyl-
alanine ring in both solution structures. Nevertheless, the shift
of the Le® C*2H resonance by\o = +0.18 ppm between
T54 and A54 I-FABP might indicate a slightly different
spatial arrangement between this side chain and thé>Phe
phenyl ring, which is not apparent from the structure
ensembles because of the high conformational dispersion in
this section of the proteins.

The Phé® ring, which is conserved in many FABPSs, is
located directly at the entrance to the binding cavity. X-ray

observed for each residue when comparing the backbone anrystallographic structures of different FABP types have

side-chain proton resonances of T54 and A54 I-FABP. displayed a variable positioning of the phenylalanine side
Clearly, the most pronounced chemical shift changes occurchain at different lipidation stated&—50), which led to the

in residues located spatially close to the mutation site, i.e., hypothesis that the phenyl ring may act as an adjustable lid
in the CDS-turn (Sep*—Arg®9), helix all (lle 2>—His®3), and covering the portal48). Mutagenesis studies, however, have

the subsequentll—4B linker (Asp**—Asn®). The largest produced divergent results regarding the effect of thé®Phe

differences were actually found in the 13uAsn®® segment residue on fatty acid binding. While substitutions of the

as well as in P& In most of these cases, the maximal corresponding phenylalanine residues in adipocyte- and
changes in the backbonE resonance values pertain to the intestinal-type FABP were accompanied by weaker binding
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Ficure 4: Maximal!H chemical shift changes between T54 and A54 I-FABP are indicated separately for the backbone (bb) and side-chain
(sc) protons of each residue. (Note that only the largest shift difference within a residue is revealed; smaller changes, if they occur, are
masked by the largest one.) The more pronounced differences in the chemical shift values occur in two distinct segments of the amino acid
sequence; the largest differences are observed for residues that are spatially close to the mutation site, in particuléft;-AseEeu
segment as well as Pfe

of fatty acid 61, 52), a phenylalanine-to-serine mutation in
human heart-type FABP had no significant effect on either
binding affinity or structure compared to the wild-type
protein 63, 54). A recent study with a triple mutant of
adipocyte-type FABP (A-FABP) that contained glycine
substitutions of three portal region residues, including F57G,
also showed that the fatty acid binding affinity was not
markedly influenced by these steric alteratioB§)( More-
over, the closely related epidermal-type FABP lacks this
particular phenylalanine residue entirely6). Hence, the
exact functional relevance of Pien the various FABPs
remains elusive, even though its hydrophobic interactions
with neighboring portal residues as well as with the bound
ligand are well-established.

The alignment of the backbone and &oms of residue
54 is basically identical in both the T54 and A54 I-FABP
structures. Unfortunately, the NOE data do not sufficiently

Conflne the additionaj-methyl andy-hydroxyl groups of ;.. 5. Close-up view of the portal region in T54 I-FABP. For

Thr**to a single prevalent position. Instead, the orientation iarity, hydrogen atoms have been omitted and side chains are
of the ThP* side chain shows a rather random distribution displayed only for the residues that are relevant for the discussion.
in the 20 conformers, with the hydroxyl group pointing Shown are the intramolecular interactions that interconnect the CD

_ i in i pB-turn and the C-terminal part of helixll. Hydrogen bonds are
toward theall ~8 linker region in half of the structures, represented with dashed white lines, whereas the hydrophobic vdwW

while _at th_e same time_, the methyl group _extends in the interaction between Léland Phé®is indicated by the white double
opposite direction, adding to the hydrophobic character of arrow. The additional hydrogen bond betweenstfwt and Asr®
the portal area where the L€uand Phe® side chains are  N%2H is apparently the only notable structural difference compared

located (Figure 5). In this position, there are two possible t0 A54 I-FABP. At the same time, the THmethyl group extends

. ; ; ; ; toward the hydrophobic area defined by E&and Phe®, This figure
ts)?:nedrzﬁgos in which the Thfrside chain can affect ligand was produced with GRASFE9).

In the case of rat I-FABP, it has been postulated that an backbone carbonyl of Hi% or the side-chain NEHgroup of
H-bond between the respective Asside chain and the Hi Asn®, Because of the high conformational variability in this
C=0 group stabilizes, as part of a network of capping particular region, and because of a lack of NOEs that would
interactions, the C-terminal part of helxil upon ligand sufficiently restrain the side-chain orientation of Thboth
binding 67). In human I-FABP, several comparable H-bond hydrogen bonding scenarios are found in the structure
and vdW interactions between hetitl, the CD g-turn, and ensemble of T54 I|-FABP. Our chemical shift results,
the fatty acid ligand are encountered. A hydrogen bond however, clearly show that the A54T substitution affects most
formation is possible between PhrO"! and either the pronouncedly the residues located at the C-terminal part of
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helix all, in particular Asg*and Asi¥°. Hence, on the basis  rate (). We are hopeful that future experiments measuring
of the chemical shift changes, the NOE patterns, the chemicalthe kinetics of fatty acid dissociation will provide further
polarities, and the conformer distributions, a hydrogen bond insights into the molecular mechanism that determines the
interaction between Tkt and Asi® rather than Hi¥, difference in fatty acid binding between A54 and T54
appears to be more likely and would serve the same general-FABP.
purpose-to add stability to the portal region. Together with Biological Implications Even though there are only minor
another hydrogen bridge from the HN group of residue 54 local structural changes between human A54 and T54
to the G=O group of Asp* and the close vdW contact |-FABP forms, the mutation of this single surface residue
between the hydrophobic side chains of ¥%and Phé® (see could nevertheless alter the physiological behavior of the
Figure 5), these are the only three intramolecular interactionsprotein. There are other examples of single-site mutations
that interconnect the Cp-turn with the C-terminal part of  in this protein family that have a pronounced influence on
helix all. Since in the case of A54 I-FABP formation of an the ligand binding affinity without any evident conforma-
H-bond between the side chains of Asrand Al&* is tional changes. A glycine-to-serine mutation in the hinge
impossible, an altered conformational stability of the portal region of cellular retinol binding protein rescinded ligand
structure is likely. As previously suggested by analogy to binding completely§0). In the case of heart- and adipocyte-
the rat I-FABP structure(7), the weaker interconnection in  type FABPs, the substitutions of lysines 22 and 57 also
the portal region of human A54 |-FABP could therefore be changed the binding behavior without significant structural
one reason why the fatty acid binding affinity is slightly modifications 61, 62). Hence, the binding of a fatty acid
lower than that of T54 I-FABP. can be altered by localized structural changes in a critical
An alternative and even simpler explanation for the region.
distinctions in ligand binding between A54 and T54 I-FABP, |t is furthermore possible that the A54T substitution
however, could be the difference in size between the alanineinfluences other biomolecular processes that cannot be easily
and threonine side chain. Previously, the portal region in rat reproducedin uitro, such as interactions with cellular
I-FABP was studied by using a helix-less mutant protein, components (e.g., membranes or receptor molecules). Ex-
where the two helices were replaced with a two-residue linker amples of such interactions have been previously reported
(58, 59). This helix-less variant had an overall structure for other intracellular lipid binding proteins. (i) Protein
similar to that of the wild-type protein, but it bound fatty ~membrane interactions have been proposed for several FABP
acids with a considerably (28100-fold) reduced affinity.  types on the basis of site-directed mutagenesis studies of
Since the association rate for oleic acid was comparable topositively charged lysine residues located at the protein
that of the wild-type protein, the lower affinity of the helix-  surface near the fatty acid entry port&BJ. Modification of
less I-FABP appeared to be due to the dissociation rate,a single residue apparently altered the binding to model
which was 16-fold faster for the mutant protein. More membranes and subsequently the release of ligand. (ii) The
recently, a study on A-FABP focused on a triple mutant interaction of FABP with the protein-binding domain of
where the crucial portal region residues $aPhé’, and nuclear receptors from the PPAR family, as reported for
Lys®® (Leu®, PhéS, and ArgS, respectively, in I-FABP) were  L-FABP and PPAR (64), which might target the fatty acid
replaced with glycinesss). As a result of this less crowded  to the binding pocket of PPAR, could easily be affected by
entry portal, the access rate of 8-anilino-1-naphthalene- specific amino acid mutations. (iii) Finally, cellular retinoic
sulfonic acid (ANS) to the binding site increased more than acid binding protein type Il (CRABP II) exhibits an
500-fold. Yet the binding affinities of fatty acids and ANS analogous interaction with the nuclear retinoic acid receptor
changed only slightly{4-fold decrease for ANS), whichis  (RAR) to transfer retinoic acids). Even though its closest
approximately on the same scale as the change observed forelative (74% sequence identity), cellular retinoic acid
the AS54T substitution in human I-FABP. The authors binding protein type | (CRABP 1), has the same tertiary
concluded that the size of the portal residues regulates thestructure and only a 2-fold higher ligand binding affini66),
access to the binding site, without greatly affecting binding it does not deliver retinoic acid to the receptor. The
affinity or selectivity. Nevertheless, the absence of the vdW substitution of three surface residues near the entry portal,
interaction between V& and Phé’ in the A-FABP mutant  however, enables CRABP | to mimic the biological activity
could play an additional role, similar to the absence of one of CRABP II.
H-bond in A54 I-FABP, by affecting the conformational In T54 I-FABP, the larger side chain of residue 54 may
stability of the portal. Hence, a combination of both the steric in part block the entry portal and/or alter its conformational
influence and the additional hydrogen bridge across the entrystability by a single additional hydrogen bond across the
portal may be the origin of the functional differences portal, subsequently causing the bound ligand to remain
observed between A54 and T54 I-FABP. Certainly, the |ocked inside the protein cavity for a longer period of time.
access to the binding site is the key factor in both scenarios.with all other factors remaining constant, this could account
Kinetic binding studies with a large number of rat I-FABP  for the higher affinity of long-chain fatty acids for the T54
mutants $2) have previously indicated that tke rates never  protein than for the wild type, but does not yet explain the
significantly exceeded the wild-type value, wherggsrates  physiological differences observed in individuals who carry
varied considerably. The results for the helix-less proted) ( the Thr54 allele.
were similar, suggesting that the fatty acid binding is
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