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Summary

The human intestinal fatty acid binding protein (I-FABP) is a small (131 amino acids) protein which
binds dietary long-chain fatty acids in the cytosol of enterocytes. Recently, an alanine to threonine
substitution at position 54 in I-FABP has been identified which affects fatty acid binding and transport,
and is associated with the development of insulin resistance in several populations including Mexican-
Americans and Pima Indians. To investigate the molecular basis of the binding properties of I-FABP,
the 3D solution structure of the more common form of human I-FABP (Ala54) was studied by multidi-
mensional NMR spectroscopy. Recombinant I-FABP was expressed from E. coli in the presence and
absence of 15N-enriched media. The sequential assignments for non-delipidated I-FABP were completed
by using 2D homonuclear spectra (COSY, TOCSY and NOESY) and 3D heteronuclear spectra (NOESY-
HMQC and TOCSY-HMQC). The tertiary structure of human I-FABP was calculated by using the
distance geometry program DIANA based on 2519 distance constraints obtained from the NMR data.
Subsequent energy minimization was carried out by using the program SYBYL in the presence of
distance constraints. The conformation of human I-FABP consists of 10 antiparallel β-strands which
form two nearly orthogonal β-sheets of five strands each, and two short α-helices that connect the β-
strands A and B. The interior of the protein consists of a water-filled cavity between the two β-sheets.
The NMR solution structure of human I-FABP is similar to the crystal structure of rat I-FABP. The
NMR results show significant conformational variability of certain backbone segments around the
postulated portal region for the entry and exit of fatty acid ligand.

Introduction

Fatty acid binding proteins (FABPs) are members of
a family of intracellular lipid binding proteins, which have
been isolated from a variety of tissues including muscle,
liver, myelin, adipose tissue and the small intestine (Mata-
rese et al., 1989; Veerkamp et al., 1991; Veerkamp and
Maatman, 1995). These small, cytosolic proteins are

thought to facilitate the transport and trafficking of lipids
(Glatz and Van der Vusse, 1990; Kaikaus et al., 1990;
Veerkamp et al., 1991; Bass, 1993; Banaszak et al., 1994),
although their exact roles remain to be defined clearly.
The intestinal fatty acid binding protein (I-FABP) is a
highly abundant protein expressed solely in enterocytes of
the proximal small intestine, which absorb and secrete
dietary nutrients, such as fatty acids. The same tissue
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contains three other intracellular lipid binding proteins:
liver fatty acid binding protein (L-FABP), ileal lipid bind-
ing protein (ILBP) and cellular retinol binding protein II
(CRBP II). These proteins are less specific and bind other
lipids in addition to fatty acids (Veerkamp and Maatman,
1995). I-FABP consists of 131 amino acids and contains
a single ligand-binding site that displays a high affinity
for both saturated and unsaturated long-chain fatty acids
in vitro (Lowe et al., 1987). In addition, human I-FABP
has been shown to participate in the intracellular trans-
port of long-chain fatty acids in vivo (Baier et al., 1996).

Studies of human I-FABP may offer a unique oppor-
tunity to define the roles of FABP in lipid transport and
metabolism. A polymorphism has recently been identified
in the gene which encodes human I-FABP (Baier et al.,
1995). This A to G single base polymorphism results in
an alanine (Ala54) to threonine (Thr54) substitution at
residue 54 of I-FABP. Genetic studies with Pima Indians,
a population with a high prevalence of insulin resistance
and non-insulin dependent diabetes mellitus (NIDDM),
have shown that the Thr54-encoding I-FABP genotype
(frequency = 0.29) is associated with increased fasting lipid
oxidation rates and insulin resistance when compared to
the more common Ala54-encoding I-FABP genotype (fre-
quency = 0.71) (Baier et al., 1995). Recombinant Thr54

protein has a twofold higher affinity for long-chain fatty
acids in vitro as compared to recombinant Ala54 protein
(Baier et al., 1995). In addition, enterocyte-like cells ex-
pressing the Thr54 protein transport long-chain fatty acids
from their apical to basolateral surfaces at a faster rate
than cells expressing the Ala54 protein (Baier et al., 1996).

The structure of human I-FABP has not been deter-
mined yet. X-ray crystallography has been used to deter-
mine the structure of rat I-FABP (Sacchettini et al., 1989,
1992; Scapin et al., 1992), which shares 82% homology
with the human protein. The crystal structure has also
been determined for several other FABPs, including hu-
man heart FABP (Zanotti et al., 1992; Young et al.,
1994), bovine heart FABP (Müller-Fahrnow et al., 1991),
bovine myelin FABP (Jones et al., 1988) and murine
adipocyte FABP (Xu et al., 1992). In contrast, only two
FABP solution structures, namely bovine heart FABP
(Lücke et al., 1992; Lassen et al., 1993,1995) and ILBP
(Lücke et al., 1996), have been determined by NMR
spectroscopy. The X-ray crystal structures and the NMR
solution structures have shown the same structural motif:
10 antiparallel β-strands (A–J) which form two nearly
orthogonal β-sheets of five β-strands each, and two short
α-helices (αI and αII) that connect the β-strands A and
B. Elements of the secondary structure of rat I-FABP in
solution have also been recently elucidated by multidi-
mensional NMR (Hodsdon et al., 1995). Overall, the
secondary structure of rat I-FABP, derived from analysis
of chemical shift values, was similar to that determined
by X-ray crystallography (Sacchettini et al., 1989).

To help understand the molecular basis of fatty acid
binding to human I-FABP, and to compare its structure
to that of other FABPs, we have analyzed the more com-
mon form of I-FABP (Ala54) by 3D NMR spectroscopy.
In this paper, we present the sequential assignments and
the solution structure of non-delipidated human Ala54 I-
FABP. Uniformly 15N-enriched human I-FABP and het-
eronuclear 2D/3D NMR spectroscopy were used to estab-
lish the assignments and to obtain distance constraints.
The solution structure of human I-FABP was calculated
by using a distance geometry program, followed by dis-
tance-restrained simulated annealing and subsequent
energy minimization.

Materials and Methods

Expression and purification of human I-FABP
The cDNA for human Ala54 I-FABP was isolated and

ligated into the pET-3d expression vector (Novagen,
Madison, WI, U.S.A.) as previously described (Baier et
al., 1995). Protein was expressed in transformed BL21
cells (Novagen), and grown in LB media (for unlabeled
protein) or M9 medium with 15NH4Cl [15N, 98%+] (Cam-
bridge Isotope Laboratories, Andover, MA, U.S.A.) as
the only nitrogen source (for 15N-labeled protein). Protein
expression was induced in the transformed cells during
cell growth at 37 °C by addition of 0.4 mM isopropyl β-
D-thiogalactopyranoside (IPTG) when cells reached an
OD600 of 0.5. About 3 h after induction, the bacteria were
harvested by centrifugation. To purify I-FABP, a French
press was used for cell lysis. Ammonium sulfate (final
concentration of 60%) was used for protein precipitation.
After dialysis to remove excess salt, the protein was ap-
plied to a Q-Sepharose column (Pharmacia, Piscataway,
NJ, U.S.A.) that was equilibrated with Tris buffer at 4 °C
using a flow rate of 200 ml/h. The fractions were analyzed
by SDS-polyacrylamide gel electrophoresis. All fractions
containing a band at ~15 kDa were combined and con-
centrated by using a Stir Cell with YM3 membrane (Ami-
con, Beverly, MA, U.S.A.). The protein was then applied
to a G-75 Superdex column by using an FPLC system
(Pharmacia) with a flow rate of 1 ml/min to remove small
amounts of larger molecular weight impurities. The E.
coli derived fatty acids which remained bound to the
purified protein were not removed. These bound lipids
presumably consisted of fatty acids of different chain
lengths (ranging from C12 to C20) and different degrees
of saturation but with 79% consisting of palmitic and
stearic acid (Lowe et al., 1987). Therefore, the non-delipi-
dated Ala54 I-FABP used in these studies represents the
‘holo’-protein.

NMR experiments
All NMR measurements were performed at 37 °C

using a 3–4 mM concentration of purified I-FABP in a
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TABLE 1
CHEMICAL SHIFT VALUES OF THE 1H AND 15N RESONANCES ASSIGNED FOR HUMAN I-FABP

Residue NH CαH CβH 15N Others Residue NH CαH CβH 15N Others

A1 n.a. n.a. n.a. n.a. L30 7.20 4.10 1.75, 1.66 122.6 CγH 1.45
F2 8.22 4.40 3.12, 1.47 n.a. CδH 7.22 CδH 0.79, 0.61

CεH 6.88 A31 8.48 4.14 1.55 124.0
CζH 6.56 A32 7.41 4.11 1.33 120.2

D3 8.35 4.77 2.61, 2.49 120.9 H33 7.52 4.90 3.31, 2.87 121.1 Cδ2H 7.18
S4 8.20 4.21 3.25, 2.57 123.3 Cε1H 8.10
T5 8.05 5.09 3.92 120.0 CγH 1.14 D34 7.27 3.99 2.94, 2.84 121.4
W6 9.41 5.22 3.10, 2.85 131.9 CδH 6.79 N35 8.92 4.23 2.98, 2.70 121.9 NδH 7.32, 6.71

Nε1H 9.82 Nδ 115.7
Cε3H 7.61 L36 6.85 4.32 1.78, 1.65 122.3 CγH 1.62
Cζ3H 7.00 CδH 1.09, 0.86
Cη2H 6.87 K37 9.37 5.58 1.85, 1.77 131.1 CγH 1.57, 1.35
Cζ2H 7.23 CδH 1.64, −
Nε1 130.3 CεH 2.89, −

K7 9.91 5.43 1.83, − 126.7 CγH 1.46, − L38 9.30 5.56 1.56, 1.12 126.4 CγH 1.48
CδH 1.74, 1.65 CδH 0.85, 0.36
CεH 2.95, − T39 9.12 5.21 4.01 124.6 CγH 1.13

V8 8.76 3.29 1.70 131.6 CγH 0.87, 0.22 I40 8.58 4.93 2.18 132.0 CγH2 1.70, 0.93
D9 9.65 4.91 2.52, 2.43 131.3 CγH3 0.75
R10 7.76 4.72 1.79, 1.58 116.3 CγH 1.28, − CδH 0.54

CδH 3.14, − T41 8.69 4.59 3.86 125.0 CγH 1.04
NεH 7.21 Q42 8.97 4.15 1.63, 1.55 130.7 CγH 1.73, 1.70
Nε 87.7 NεH 7.51, 6.30

S11 8.51 5.26 3.73, 3.68 117.0 Nε 110.8
E12 9.41 4.71 1.79, − 126.3 CγH 2.14, 2.03 E43 8.81 4.35 1.83, 1.67 132.6 CγH 1.96, −
N13 8.27 4.41 3.14, 2.94 123.2 NδH 7.00, 6.89 G44 8.88 3.90, 3.53 120.7

Nδ 114.0 N45 8.74 4.80 3.10, 2.90 128.9 NδH 7.76, 6.90
Y14 8.81 5.29 2.10, − 128.2 CδH 6.89 Nδ 115.8

CεH 6.54 K46 7.88 4.88 1.83, 1.66 124.1 CγH 1.26, 1.09
D15 8.53 4.08 2.60, − 122.5 CδH 1.52, −
K16 7.94 4.01 1.83, 1.70 123.0 CγH 1.56, 1.50 CεH 2.78, −

CδH 1.73, − F47 9.13 4.81 1.50, 1.07 130.0 CδH 6.89
CεH 3.01, 2.98 CεH 6.56

F17 7.69 3.95 3.17, 3.07 124.3 CδH 6.91 CζH 6.78
CεH 6.83 T48 8.35 4.77 3.82 118.5 CγH 0.98
CζH 6.79 V49 9.61 4.73 2.05 131.3 CγH 0.84, −

M18 8.16 3.23 2.10, − 121.4 CγH 1.59, 1.28 K50 9.14 4.94 1.94, 1.78 130.7 CγH 1.43, 1.30
E19 8.34 3.77 1.85, − 123.6 CγH 2.14, 2.01 CδH 1.63, −
K20 7.98 4.05 2.03, 1.88 126.3 CγH 1.43, 1.29 CεH 2.90, −

CδH 1.65, 1.56 E51 9.05 4.96 2.07, 1.93 133.3 CγH 2.29, 2.03
CεH 2.93, − S52 8.98 5.50 3.90, 3.82 125.3

M21 7.50 3.62 1.73, 1.47 118.4 CγH 1.24, 1.07 S53 9.09 4.98 4.04, 3.84 124.7
G22 7.67 4.00, 3.61 111.2 A54 9.12 4.05 1.02 123.2
V23 7.37 3.66 1.37 124.5 CγH 0.81, 0.63 F55 8.09 4.46 3.24, 2.66 115.0 CδH 7.13
N24 8.81 4.35 3.08, 2.57 131.4 NδH 7.51, 6.88 CεH 7.28

Nδ 116.1 CζH 7.06
I25 8.51 3.69 1.80 126.1 CγH2 1.40, 1.18 R56 7.44 4.67 1.70, − 116.2 CγH 1.22, −

CγH3 0.86 CδH 2.95, −
CδH 0.67 NεH 6.66

V26 7.57 3.69 2.06 124.3 CγH 0.98, 0.91 Nε 86.7
K27 7.60 4.10 1.75, 1.47 122.0 CγH 1.56, 1.38 N57 8.34 5.91 2.75, − 121.7 NδH 7.50, 6.88

CδH 1.50, − Nδ 116.6
CεH 2.83, − I58 8.93 4.88 1.67 120.6 CγH2 1.24, 1.08

R28 8.46 3.84 1.82, 1.71 122.4 CγH 1.47, 1.26 CγH3 0.79
CδH 3.11, 3.05 CδH 0.48
NεH 7.21 E59 8.46 5.28 1.93, − 126.7 CγH 2.04, −
Nε 87.7 V60 9.42 4.44 2.21 130.9 CγH 1.19, −

K29 7.69 4.04 1.86, − 122.2 CγH 1.40, − V61 8.12 5.10 1.85 128.9 CγH 0.92, 0.79
CδH 1.60, −
CεH 2.91, −
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TABLE 1 (continued)

Residue NH CαH CβH 15N Others Residue NH CαH −CβH 15N Others

F62 8.44 4.85 2.77, 1.53 125.1 CδH 6.46 K94 8.84 5.02 −1.55, − 124.1 CγH 1.26, −
CεH 6.89 CδH 1.56, −
CζH 6.43 CεH 2.92, 2.83

E63 9.50 5.31 1.94, 1.82 123.8 CγH 2.18, − R95 8.70 4.75 −1.73, − 126.3 CγH 1.29, −
L64 9.12 4.81 1.07, 1.03 130.0 CγH 1.51 CδH 2.90, 2.82

CδH 0.90, − NεH 9.05
G65 9.23 4.25, 3.62 112.1 Nε 87.8
V66 7.95 4.34 2.34 125.8 CγH 1.10, 0.88 T96 8.48 4.05 −4.28 120.6 CγH 1.09
T67 8.67 4.31 3.87 132.8 CγH 1.07 D97 8.89 4.30 −2.85, 2.70 124.3
F68 9.51 5.11 3.50, 3.38 129.1 CδH 7.61 N98 8.53 4.72 −3.08, 2.54 119.9 NδH 7.50, 5.51

CεH 6.99 Nδ 110.0
CζH 6.87 G99 7.74 4.09, 3.86 111.8

N69 8.33 5.61 2.74, − 120.0 NδH 7.35, 6.71 N100 8.36 4.68 −3.00, 2.62 122.8 NδH 6.67, 6.50
Nδ 114.9 Nδ 110.9

Y70 8.89 4.65 3.00, 2.09 126.4 CδH 6.77 E101 8.63 4.78 −1.98, − 123.2 CγH 2.34, 2.16
CεH 6.55 L102 8.94 5.14 −1.81, 1.64 128.8 CγH 1.45

N71 7.72 5.28 2.23, − 127.7 NδH 7.70, 6.83 CδH 0.91, 0.76
Nδ 116.7 N103 8.53 5.60 −2.83, 2.53 127.5 NδH 7.43, 7.34

L72 9.00 3.95 2.03, − 125.2 CγH 1.83 Nδ 116.8
CδH 0.93, 0.66 T104 8.97 5.58 −4.03 120.7 CγH 0.74

A73 8.82 3.69 0.79 124.7 V105 8.11 5.40 −1.96 130.3 CγH 0.94, 0.80
D74 7.14 4.31 2.92, 1.99 117.1 R106 9.37 5.05 −1.33, 1.18 128.0 CγH 1.63, 1.56
G75 7.85 4.29, 3.41 112.1 CδH 2.93, −
T76 7.75 3.73 3.84 123.2 CγH 0.94 NεH 6.11
E77 8.63 4.63 2.08, 1.93 133.1 CγH 2.02, 1.83 Nε 86.4
L78 9.20 5.26 1.70, 1.23 128.5 CγH 1.53 E107 8.53 4.85 −1.99, 1.83 124.3 CγH 2.07, −

CδH 0.60, 0.48 I108 8.77 4.79 −1.64 128.3 CγH2 1.07, −
R79 8.50 5.36 1.51, − 122.6 CγH 1.23, − CγH3 0.73

CδH 3.09, 3.03 CδH 0.48
NεH 7.21 I109 8.88 4.21 −1.69 133.5 CγH2 1.32, 0.95
Nε 87.7 CγH3 0.82

G80 8.81 4.04, 3.81 118.3 CδH 0.73
T81 6.74 4.54 3.69 109.6 CγH 0.86 G110 9.00 3.99, 3.63 122.7
W82 9.07 5.29 2.52, 2.43 124.0 CδH 4.89 D111 8.66 4.73 −2.86, 2.76 127.8

Nε1H 10.37 E112 7.90 5.12 −1.98, − 122.1 CγH 2.45, 2.20
Cε3H 7.00 L113 7.87 4.33 −0.85, 0.66 127.4 CγH 0.74
Cζ3H 6.87 CδH −0.52, 0.02
Cη2H 6.51 V114 9.26 4.51 −2.00 132.0 CγH 0.93, 0.79
Cζ2H 6.71 Q115 9.34 5.70 −1.94, 1.91 133.6 CγH 2.18, 2.16
Nε1 134.5 NεH 7.49, 6.45

S83 9.02 4.77 3.82, 3.69 118.9 Nε 110.9
L84 8.82 5.17 1.85, 1.35 129.5 CγH 1.50 T116 8.72 4.91 −3.88 124.2 CγH 1.13

CδH 0.95, 0.88 Y117 9.29 5.16 −2.49, 1.81 129.6 CδH 6.41
E85 8.93 4.58 1.81, 1.78 131.4 CγH 2.09, 1.93 CεH 6.50
G86 8.94 3.97, 3.64 122.4 V118 9.14 5.31 −2.03 124.1 CγH 0.92, 0.89
N87 7.73 4.22 2.19, − 128.5 NδH 8.05, 6.81 Y119 8.99 4.84 −3.02, 2.56 131.4 CδH 6.88

Nδ 114.8 CεH 6.78
K88 7.99 4.96 1.89, − 122.1 CγH 1.64, 1.29 E120 9.48 3.37 −1.29, 0.75 129.7 CγH 1.88, 1.42

CδH 1.62, 1.56 G121 8.28 4.05, 3.50 105.7
CεH 2.93, − V122 8.29 4.16 −2.34 126.9 CγH 0.94 0.88

L89 8.49 4.99 1.07, 0.76 127.1 CγH 0.94 E123 8.48 5.67 −1.99, 1.94 130.6 CγH 2.16, −
CδH −0.33, −0.48 A124 9.22 5.07 −1.33 129.8

I90 9.57 4.65 1.93 128.5 CγH2 1.46, 1.32 K125 8.58 5.47 −1.44, 1.41 119.3 CγH 1.25, 0.94
CγH3 0.86 CδH 1.52, 1.37
CδH 0.84 CεH 2.77, −

G91 9.78 4.72, 2.29 125.2 R126 9.14 4.73 −1.79, 1.58 123.2 CγH 1.96, 1.65
K92 7.70 4.70 1.38, − 131.0 CγH 1.18, − CδH 2.90, −

CδH 1.49, − NεH 6.05
CεH 2.82, − Nε 86.4

F93 8.39 5.03 2.86, 2.60 126.2 CδH 6.95 I127 8.69 4.95 −1.59 126.7 CγH2 1.32, −
CεH 6.78 CγH3 0.85
CζH 6.56 CδH 0.72
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buffer solution consisting of 20 mM KH2PO4, 0.05%

TABLE 1 (continued)

Residue NH CαH CβH 15N Others Residue NH CαH CβH 15N Others

F128 10.02 5.22 3.23, 3.09 130.2 CδH 7.11 K130 8.99 4.12 1.47, 1.33 127.1 CγH 1.82, −
CεH 6.97 CδH 1.29, −
CζH 7.07 CεH 2.81, 2.72

K129 08.89 5.29 2.05, 1.89 122.4 CγH 1.50, − D131 8.09 4.47 2.34, 2.16 133.9
CδH 1.73, −
CεH 2.99, −

All NMR measurements with I-FABP were performed at 37 °C in a buffer solution consisting of 20 mM KH2PO4, 0.05% NaN3 and 5% D2O at
pH 6.5. The 1H chemical shift values refer to external sodium 3-(trimethylsilyl)[2,2,3,3-2H4]propionate. The 15N chemical shift values refer to external
15NH4Cl. Resonances that have not been assigned are marked n.a.
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Fig. 1. Homonuclear 2D spectra of human I-FABP: COSY, TOCSY and NOESY, as shown in panels (A), (B) and (C), respectively. 1H frequency
500 MHz, 20 mM potassium phosphate in H2O with 5% D2O, T = 37 °C, pH = 6.5, 512 increments. (A) Contour plot of part of a COSY-type
spectrum obtained from a TOCSY experiment with very short (3 ms) spin-lock time. The assignments for the NH-CαH connectivities of the spin
systems F128, K7 and D9 are indicated as examples. (B) Contour plot of the same region as in panel (A) from a TOCSY spectrum with 80 ms
spin-lock time. The assignments for the NH connectivities to the side-chain are again indicated for the spin systems F128, K7 and D9. (C) Contour
plot of the same region as in panel (A) from a NOESY spectrum with a mixing time of 200 ms. Note that shorter mixing times were also used
(data not shown). The strong NOE cross peaks between the NH resonances of F128, K7 and D9 and the CαH resonances of the corresponding
preceding amino acids, which were used for the sequential assignments, are indicated. The weaker NOE cross peaks from intraresidue NH-CαH
connectivities, as well as the NOE cross peaks from long-range interstrand NH-CαH connectivities, are also indicated.

NaN3 and 5% D2O at pH 6.5. For experiments in D2O,
the above buffer was replaced by a perdeuterated buffer
(20 mM KD2PO4, 0.05% NaN3) at 4 °C. This perdeuter-
ated buffer was prepared from the protonated buffer
(95% H2O, 5% D2O) by lyophilizing and redissolving in
D2O twice without readjusting the pH. HSQC spectra
were collected within 15 min after changing the tempera-

ture of the sample from 4 to 37 °C. The 66 NH protons
that were observed were considered to be involved in
hydrogen bonds. The 1H chemical shift values refer to
external sodium 3-(trimethylsilyl)[2,2,3,3-2H4]propionate
(Cambridge Isotope Laboratories). The 15N chemical shift
values refer to external 2.9 M 15NH4Cl in 1 M HCl.

The NMR data were collected on a Bruker DMX 500
MHz spectrometer with an Aspect Station computer using
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a 5 mm inverse triple resonance probe. The spectra were
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Fig. 2. 2D slices from 3D TOCSY-HMQC and NOESY-HMQC spectra of 15N-labeled I-FABP. The experimental conditions were similar to those
of the homonuclear 2D studies. Data were collected with 1024(1H), 64(15N) and 256(1H) points for t1, t2 and t3, respectively. (A) A contour plot
of a 2D slice from the 3D TOCSY-HMQC with a spin-lock time of 80 ms. The assignments of the NH connectivities to CαH and to all side-chain
protons of the spin systems Q115, E51, I109 and D131 are indicated. (B) A contour plot of the same region as in panel (A) from the 3D NOESY-
HMQC with a mixing time of 150 ms. The strong sequential NH-CαH, intraresidue NH-CαH and long-range interstrand NH-CαH connectivities
are again indicated.

recorded in a phase-sensitive mode with time-proportional
phase incrementation (TPPI). Quadrature detection was
used with the carrier placed in the center of the spectrum
on the water resonance. Selective presaturation was used
for water suppression during the relaxation delay. In the
NOESY, 2D HMQC-NOESY and 3D NOESY-HMQC
experiments, water saturation was also applied during the
mixing time. Decoupling of the 15N nuclei during acquisi-
tion was achieved by a GARP sequence (Shaka et al.,
1985).

1H,1H total correlation spectroscopy (TOCSY) (Grie-
singer et al., 1988), nuclear Overhauser enhancement and
exchange spectroscopy (NOESY) (Jeener et al., 1979),
1H,15N 2D HMQC-TOCSY (Lerner and Bax, 1986) and
2D HMQC-NOESY spectra (Shon and Opella, 1989)
were obtained with 512 t1 increments and 2048 t2 data
points. 1H,1H double-quantum filtered COSY (DQF-
COSY) spectra (Piantini et al., 1980) were obtained with
1024 t1 increments and 2048 t2 data points. 1H,15N hetero-
nuclear single-quantum coherence (HSQC) spectra (Boden-
hausen and Ruben, 1980) were obtained with 512 t1 incre-
ments and 1024 t2 data points; the 1H carrier frequency

was set to the center of the amide region. 1H,15N 3D
TOCSY-HMQC spectra (Marion et al., 1989b; Zuiderweg
and Fesik, 1989) and 3D NOESY-HMQC spectra (Ma-
rion et al., 1989a) were obtained with 256, 64 and 1024
data points for t1(

1H), t2(
15N) and t3(

1H), respectively. Spin-
lock times for TOCSY experiments were 80 ms for both
2D and 3D TOCSY-type experiments. COSY-type infor-
mation was obtained by running a TOCSY experiment
with a short (3 ms) spin-lock time. The mixing time for
3D NOESY-HMQC and 2D HMQC-NOESY experiments
was set to 150 ms; several mixing times, ranging from 50
to 200 ms, were used for 1H,1H NOESY experiments.

The data sizes after Fourier transformation were
2048(1H) × 2048(1H) for 2D 1H,1H homonuclear experi-
ments (TOCSY, NOESY, etc.) and 1024(15N) × 2048(1H)
for 2D 1H,15N heteronuclear experiments (2D HMQC-
TOCSY and 2D HMQC-NOESY). For 1H,15N 3D
TOCSY-HMQC and 3D NOESY-HMQC, the data were
Fourier transformed to 512(1H) × 64(15N) × 2048(1H), and
then the upper half of t3 was discarded (all peaks are
present on the lower half of t3 only) to a final size of
512(1H) × 64(15N) × 1024(1H).

The NMR data were processed with the Bruker
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UXNMR program. Peak picking and assignments were

Fig. 3. Contour plot of the entire 1H,1H NOESY spectrum. 1H frequency 500 MHz, 20 mM potassium phosphate in H2O with 5% D2O, T = 37 °C,
pH = 6.5, mixing time 200 ms, 512 increments. The amide region of human I-FABP is well dispersed due to the high percentage of β-sheet structure,
as seen in the NOESY spectrum for example. The strong NH-CαH cross peaks in the fingerprint region are an indication of β-sheet structure. The
strong cross peaks in the CαH-CαH region are characteristic for antiparallel β-sheet structure.

carried out by using NMRI and TRIAD (Tripos, St.
Louis, MO, U.S.A.). The distance geometry calculations
were performed using the DIANA 2.1 program from
Peter Günthert (ETH, Zürich, Switzerland). Simulated
annealing and subsequent energy minimization were car-
ried out using SYBYL 6.2 (Tripos) as described previ-
ously for ILBP (Lücke et al., 1996).

Results

General strategy
The sequence-specific resonance assignments (Wüth-

rich, 1986) of human I-FABP were carried out by using
homonuclear 2D DQF-COSY, TOCSY and NOESY, and
heteronuclear 2D HMQC-TOCSY, 2D HMQC-NOESY,
3D TOCSY-HMQC and 3D NOESY-HMQC spectra. We
have recently made complete 1H sequential assignments
for a closely related protein, porcine ILBP, based entirely
on homonuclear 2D NMR spectra. This was possible
because of extraordinary resolution of the 1H homonu-
clear 2D NMR spectra obtained for ILBP. In the case of
human I-FABP, we found significant overlaps in some
regions of the 1H homonuclear 2D NMR spectra. One

important difference, in addition to the fact that I-FABP
has four more residues than ILBP, was that the present
studies were carried out at pH 6.5 because I-FABP turned
out to be unstable at lower pH (strong precipitation),
whereas ILBP remained fairly stable in acidic buffer and
was studied at pH 5.0. The heteronuclear 3D TOCSY-
HMQC and 3D NOESY-HMQC spectra displayed excel-
lent separation in the amide proton region. Although the
homonuclear 2D experiments had some overlapping peaks,
they provided essential information about CαH and side-
chain protons. Moreover, the resolution in t1(

1H) for
homonuclear 2D experiments was slightly better than that
for heteronuclear 3D experiments because of the time
limitations on 3D data collection.

The combination of heteronuclear 3D and homonu-
clear 2D experiments made it possible to obtain complete
1H and 15N assignments for the structure calculation of
human I-FABP. First, correlation-type experiments were
used to group the proton (and nitrogen) resonances and
to assign them to different amino acid residue types (spin
systems). Heteronuclear 3D TOCSY-HMQC and homo-
nuclear TOCSY experiments provided scalar couplings
between all protons of the same spin system. The homo-
nuclear 2D DQF-COSY and the TOCSY with very short
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spin-lock time provided through-bond connectivities for
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Fig. 4. Amino acid sequence and survey of strong and weak NOEs, used to establish the sequence-specific resonance assignments and to identify
elements of regular secondary structure in I-FABP. Differences in the NOE intensities of the sequential dαN (indicating β-strand structures), dNN

(indicating helical and turn structures) and dβN connectivities are represented by block height, with medium and weak NOEs both represented by
shorter blocks. The dαN(i,i+3), dαβ(i,i+3) and dNN(i,i+2) NOE connectivities, which are characteristic for segments of α-helical structure, are displayed
by lines that start and end at the positions of the interacting residues. The slow-exchanging amide protons (hydrogen bond) and the secondary
structure elements predicted by the NOE patterns are also indicated in the figure.

protons three bonds (or less) apart. Next, dipolar coup-
ling interactions in heteronuclear 3D NOESY-HMQC
and homonuclear 2D NOESY experiments were used to
connect the spin systems sequentially. For structural
calculations, the heteronuclear 3D NOESY-HMQC and
homonuclear 2D NOESY data were converted into pro-
ton distance constraints. These data were used as input
for distance geometry calculations to determine the terti-
ary structure of the protein. Finally, the structures were
refined by simulated annealing and energy minimization
in the presence of NOE distance constraints.

Sequential resonance assignments
The 1H and 15N sequential resonance assignments were

completed for 130 of the 131 amino acid residues in hu-
man I-FABP, except the assignment for 15N of residue
Phe2. The N-terminal residue (Ala1) appeared to display

a high degree of heterogeneity, because no NMR signal
was observed for Ala1. The 1H and 15N assignments of
human I-FABP are listed in Table 1.

Figure 1 shows contour plots of part of the fingerprint
region of the homonuclear 2D spectra. The assignments
for spin systems F128, K7 and D9 were labeled as ex-
amples. In the TOCSY spectrum with very short spin-
lock time (panel A), where only COSY-type connectivities
are detected, the vicinal NH-CαH cross peaks have been
marked. In the TOCSY spectrum with long spin-lock time
(panel B), cross peaks between NH and side-chain pro-
tons of the same spin system are observable in addition
to the vicinal NH-CαH cross peaks. As illustrated, the
cross peaks F128 NH-CβH, K7 NH-CεH and D9 NH-
CβH are visible in this spectral region. In the NOESY
spectrum (panel C), the vicinal NH(i)-CαH(i) connectivi-
ties for F128, K7 and D9 show relatively weak cross
peaks, while the NH(i)-CαH(i−1) connectivities for these
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residues display very strong cross peaks – a feature typi-

TABLE 2
STRUCTURAL STATISTICS FOR HUMAN I-FABP

Number of atoms
Total 2121
Hydrogen 1079
Non-hydrogen 1042

Effective distance constraints
Total 2519
Intraresidue 0241
Interresidue sequential (|i − j| = 1) 0751
Interresidue medium-range (2 ≤ |i − j| ≤ 4) 0358
Interresidue long-range (|i − j| ≥ 5) 1169

Number of residual constraint violations
Above 0.5 Å 0.0 ± 0.0
Between 0.5 and 0.4 Å 0.4 ± 0.7
Between 0.4 and 0.3 Å 0.3 ± 0.7
Between 0.3 and 0.2 Å 3.7 ± 2.5

Cartesian coordinate rmsd between the backbone heavy atoms (Å)
Overall 1.09
β-Sheets 0.79
α-Helix I 1.15
α-Helix II 1.64
Portala 1.67
Non-portala 0.97

Energies (kcal/mol)b

Etotal 0−10.6
Ebond 0−48.9
Eangle −355.6
Etorsion −428.9
EvdW −844.0

a The rmsd calculation for the portal region includes residues 24–33,
43–46 and 72–76. The rest of the residues (3–23, 34–42, 47–71 and
77–130) are included in the rmsd calculation for the non-portal
region.

b All data are obtained from the 10 best DIANA conformations, ex-
cept that the energies are calculated for the best DIANA conforma-
tion after simulated annealing with subsequent energy minimization
in the presence of distance constraints.

cal for β-strand structures. The cross peaks F128NH-
V114CαH, K7NH-K130CαH and D9NH-F128CαH reflect
the connectivities between neighboring β-strands in the
antiparallel β-sheet structure. Figure 2 shows the same
15N slice from both the 3D TOCSY-HMQC and the 3D
NOESY-HMQC spectra. The connectivities for residues
Q115, E51, I109 and D131 are indicated. The resonances
at 8.65 ppm belong to an adjacent 15N slice.

Secondary structure
The complete secondary structure of human I-FABP

was determined from NOE distance constraints obtained
from heteronuclear 3D NOESY-HMQC (Fig. 2B) and
homonuclear NOESY (Fig. 3) spectra. The NOESY spec-
trum shows relatively good chemical shift dispersion.
Overlaps in the NH region of the homonuclear spectra
could be resolved in the 3D NOESY-HMQC spectra.

The large number of strong NH-CαH cross peaks as

illustrated in Figs. 1C, 2B and 3 indicates that human I-
FABP has a high content of β-strand structure. Further-
more, the abundance of strong CαH-CαH cross peaks
shown in Fig. 3 demonstrates that these β-strands com-
prise an antiparallel β-sheet structure. A survey of se-
quential NOE connectivities within the human I-FABP
sequence (Fig. 4) further indicates the presence and the
location of regular secondary structure elements. Strong
dαN(i,i+1) connectivities and weak (or absent) dNN(i,i+1)
connectivities, which are predominant throughout the
human I-FABP amino acid sequence, are indications for
β-strands. Strong dNN(i,i+1) and dαβ(i,i+3) as well as wea-
ker dαN(i,i+3) and dNN(i,i+2) connectivities were used to
identify two short helices.

Figure 4 summarizes the NOE connectivities for the
sequence-specific resonance assignments and identifies
elements of regular secondary structure in I-FABP.

Figure 5 shows diagonal plots presenting the backbone
NOE (panel A) and all NOE (panel B) connectivities
throughout the I-FABP sequence. Helical structure ele-
ments are indicated by connectivity patterns parallel and
adjacent to the diagonal, while antiparallel β-sheet struc-
tures are represented by connectivity patterns orthogonal
to the diagonal. The two short α-helical segments already
detected in Fig. 4 can also be observed in these diagonal
plots. In addition, nine connectivity patterns representing
antiparallel β-sheet structures formed by 10 β-strands
become apparent in this type of representation. The dis-
tribution of backbone NOEs (Fig. 5A) indicates that
there is a ‘gap’ between β-strands D and E. However,
when all the NOE connectivities are plotted, as shown in
Fig. 5B, the gap is not so evident, which suggests that the
gap lacks long-range NOE connectivities between back-
bone protons, but displays multiple long-range NOEs
involving side-chain protons.

Tertiary structure
A total of 3170 upper distance limit constraints were

used as input for distance geometry calculations with the
program DIANA. Of these, 3038 were NOE distance
constraints obtained from the heteronuclear 3D NOESY-
HMQC and homonuclear 2D NOESY data, and 132 were
derived from 66 hydrogen bonds observed with D2O
exchange experiments. Among these 66 slowly exchanging
NH protons, 60 are located in the β-sheets and six are in
the helices. The hydrogen bonds in the β-sheets are as-
signed based on multiple NOE connectivities for anti-
parallel β-sheets. The hydrogen bonds in the helices are
assigned to the α-type based on the observation of NOE
connectivities for dαN(i,i+4) that are unique for α-type
helices. The NOE constraints were classified into three
different upper distance limit categories, 2.5, 4.5 and 6.0
Å, corresponding to strong, medium and weak cross
peaks. The DIANA program regarded 651 of these upper
distance limit constraints as irrelevant, because they did
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not restrict the distance between the two respective atoms.

0 20 40 60 80 100 120
0

20

40

60

80

100

120

B

A

G
lobal N

O
E

s betw
een all residues

Backbone-only NOEs between all residues

R
es

id
ue

 n
um

be
r

Residue number

Fig. 5. Diagonal plots presenting the backbone NOE (A) and all NOE (B) connectivities throughout the I-FABP sequence.

The remaining 2519 nontrivial upper distance limit con-
straints consisted of 241 intraresidue, 751 sequential, 358
medium-range (two to four residues apart) and 1169 long-
range (five or more residues apart) distance constraints,
as shown in Table 2.

Using the DIANA program, first a total of 50 initial
conformations were calculated. Subsequently, the redun-
dant dihedral-angle constraint (REDAC) strategy was
applied. There was no significant improvement of the
target function value after four cycles of repeated applica-
tion of the REDAC procedure. The backbone structures
of the 10 best conformations calculated with the DIANA
program are shown superimposed in Fig. 6. In general, all
structures exhibit good covalent geometry. A Ramachan-
dran plot comprising all residues of the 10 structures is
shown in Fig. 7A. The number within each data point
corresponds to the model number from which that point
is derived. The majority of the dihedral torsion angles lie
within energetically favorable regions. Among the dihe-
dral torsion angle values determined from the 10 best
conformations, 75.6% are in most favored regions, 22.7%
are in additional allowed regions and 1.7% are in gen-
erally allowed regions; no residue is in disallowed regions
(Laskowski et al., 1993). Figure 7B shows the average
rmsd values for the backbone heavy atoms (N, C, Cα and

O) of the 10 best conformations as a function of residue
number. The N-terminal residue (Ala1) was not plotted
because no resonance assignments were obtained for Ala1.

The average rmsd between all backbone heavy atoms
(N, C, Cα and O) of the 10 best conformations is 1.09 Å.
In addition, Fig. 7B shows that the protein structure is
overall well defined. The 10 β-strands are very well de-
fined, with some segments displaying rmsd values smaller
than 0.50 Å. The average rmsd between the backbone
heavy atoms (N, C, Cα and O) of the 10 β-strands is 0.79
Å. As expected, the C- and N-terminal regions, the two
α-helices, and the turns that connect the β-strands are less
well defined compared to the 10 β-strands. Among these
less defined regions, the helix αII and the turn connecting
β-strands E and F show larger average rmsd values. The
structure statistics, including the number of constraint
violations, energies and rmsd values, are listed in Table 2.

Discussion

Structural features of human I-FABP
The DIANA conformation with the smallest target

function, after simulated annealing and energy minimiza-
tion in the presence of distance constraints, yielded a
solution structure of I-FABP very similar to that of other
fatty acid binding proteins, as shown in Fig. 8. The 10
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antiparallel β-strands (A–J), which are arranged in two

A

B

Fig. 6. Tertiary structure of human I-FABP obtained from distance geometry calculations with 2519 distance constraints that were derived from
heteronuclear 3D NOESY-HMQC and homonuclear 2D NOESY data. The backbone structures of the 10 best DIANA conformations are shown
superimposed as viewed from the side (A) and from the top (B). The putative binding cavity is evident in the top view. The average rmsd between
the backbone heavy atoms (N, C, Cα and O) of these 10 best conformations, excluding the N-terminal residue, is 1.09 Å. (Produced with
MOLSCRIPT; Kraulis, 1991.)

nearly orthogonal β-sheets, form a β-clam structure closed
on one side by two short α-helices (αI and αII). The
opposite side of the β-clam is closed by side chains of
mostly hydrophobic amino acids. There is a kink in the
middle of β-strand A (at Asp9) caused by a β-bulge con-
formation. The first half of β-strand A is part of the first
β-sheet, while the second half of β-strand A is part of the
second β-sheet. The same is true for β-strand F, which
also serves as a vital link between the two β-sheets that
form the β-clam structure. The hydrogen-bonding net-
work within the β-sheet structure is continuous, except for
a so-called gap between β-strands D and E. Despite the
lack of main-chain hydrogen bonding (as shown in Fig.
5A), the gap is filled with the side chains of amino acids
from β-strands D and E. There are 28 NOE connectivities
between β-strands D and E, most of which involve at least
one side-chain proton. It is believed that the ordered water
molecules also present in the gap region help stabilize the
protein structure. Xu et al. (1992) suggested that the gap
is the result of a favored folding pathway, in which the
intermediate folding steps lead to an open β-sheet, and

the β-sheet then closes to a β-barrel but cannot form
main-chain hydrogen bonds between β-strands D and E.

Figure 9 shows the backbone of human I-FABP with
the side chains from different residue types highlighted.
Most hydrophobic side chains (Fig. 9A) are located in the
interior of the protein. The side chains for charged resi-
dues (Fig. 9B) are located primarily on the surface of the
protein. The polar side chains (Fig. 9C) are more evenly
distributed over the entire protein. A cavity is formed in
the interior of I-FABP because of the loose packing of
the protein. Even though in the NMR structure the inter-
nal cavity of human I-FABP is less well defined compared
to the rat I-FABP X-ray structure, the overall features of
the cavity are very similar. In the DIANA structure with
the least violations of NOE distance constraints after
simulated annealing and energy minimization (Fig. 8), the
cavity for human I-FABP is lined by 25 amino acids (15
hydrophobic, 4 charged and 6 polar residues); all except
for Ile58 and Asn71 are in the same position as in rat I-
FABP. Especially notable is the fact that Phe55, which
was suggested to be important for fatty acid entry, as well
as residues Arg106 and Arg126, key amino acids for fatty
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acid binding, are almost unchanged in their alignment
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Fig. 7. Structural features of the 10 best DIANA conformations. (A) The Ramachandran plot shows the phi–psi torsion angles for all residues
(except N- and C-terminal residues) in the 10 structures. The number within each data point corresponds to the model number from which that
point is derived. The most favored regions (A, B, L), additional allowed regions (a, b, l, p) and generally allowed regions (~a, ~b, ~l, ~p) are based
on an analysis of 118 protein X-ray structures with a resolution of at least 2.0 Å and an R-factor no greater than 20% (Laskowski et al., 1993).
For a total of 10 × 131 residues in the 10 NMR conformations, 900 torsion angle values are in most favored regions, 270 are in additional allowed
regions, 20 are in generally allowed regions and none are found in disallowed regions, while 20 residues are terminal residues and 100 are glycine
residues shown as triangles. (Note that there is no proline in human I-FABP.) (B) Plot of the average rmsd per residue between the backbone heavy
atoms (N, C, Cα and O) of the 10 best NMR conformations. The β-sheet structures are better defined with an average rmsd of 0.79 Å, compared
to the overall rmsd for the entire protein structure of 1.09 Å (excluding the N-terminal residue).

compared to rat I-FABP. However, in rat I-FABP the
cavity is lined by a total of 31 amino acids. This differ-
ence is probably due to slight variations in the orientation
of side chains close to the cavity in the NMR conforma-

tions, which can cause large differences in the actual
arrangement of side chains lining the cavity. For this
same reason, the cavity of the human I-FABP is defined
slightly different in all 10 conformations obtained from
the NMR constraints.
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glutamic acid, histidine and lysine residues; (C) the polar side chains of all asparagine, cysteine, glutamine, serine, threonine and tyrosine residues.
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1993,1995) and ILBP (Lücke et al., 1996). The NMR

Fig. 10. Superposition of human I-FABP (filled circles) and rat I-FABP (open circles).

results therefore suggest that these parts of the molecule
may have some degree of dynamic mobility and/or consist
of several different stable conformations, which could be
important for the binding and release of fatty acids.

Comparison of human I-FABP solution structure with rat
I-FABP X-ray structure

Determination of the NMR solution structure of hu-
man I-FABP allows comparison with structures of other
members of the same lipid-binding protein family. The
crystal structure of human I-FABP has not been reported
to date. Rat I-FABP, which has an 82% amino acid se-
quence identity compared to human I-FABP, has been
studied by NMR with 13C- and 15N-labeled protein (Hods-
don et al., 1995). The chemical-shift-derived secondary
structure of rat I-FABP is very similar to our results for
human I-FABP, but a 3D solution structure for rat I-
FABP was not reported. However, the crystal structure of
rat I-FABP as both a holo-protein and an apo-protein
(with and without palmitic acid, respectively) has been
determined to high resolution (Sacchettini et al., 1989,
1992; Scapin et al., 1992). Figure 10 shows the superim-
position of human I-FABP (with endogenous E. coli fatty
acids bound) and rat I-FABP (with palmitic acid bound).
The rmsd values between the backbone heavy atoms (N,
C, Cα and O) of the best human I-FABP conformation
and the holo- and apo-forms of the rat I-FABP crystal
structure are 1.82 Å and 1.86 Å, respectively. When com-
pared to the ensemble of the 10 best NMR conformations
of human I-FABP, the backbone heavy atoms of rat I-
FABP (with palmitic acid bound) show an average rmsd
of 1.69 Å. Hence, there is a very close correlation between
the human and rat I-FABP structures. In contrast, a
comparison of the human I-FABP and porcine ILBP
(Lücke et al., 1996) NMR structure shows weak correla-
tion. The structures of the best defined regions (most β-
strands and some of the turns) of human I-FABP are

very similar to rat I-FABP. Those regions that differ from
rat I-FABP are the regions that also show larger rmsd
values between the 10 best NMR conformations, i.e. they
already differ among the 10 best solution structures.
Again, the larger rmsd values for certain segments of the
protein structure as observed among the 10 best NMR
conformations may reflect the dynamics of the solution
structure, while the X-ray study only detects one single
conformational state. A higher conformational variability
in the portal regions, as discussed earlier, could therefore
also explain why the differences between the NMR and
the crystal structure are greatest for this portal region.

The amino acid residue at position 54 is an alanine in
human I-FABP compared to an asparagine in rat I-FABP.
They are both located in the turn between β-strands C
and D, which is part of the portal region. The alignments
of Ala54 (human) and Asn54 (rat) within the protein struc-
ture are very similar. Asn54 has a longer side chain, which
points towards the end of helix αII. There are six NOE
connectivities between Ala54 and Asp34 in human I-FABP.
The Thr54 to Ala54 substitution in populations such as the
Pima Indians will probably affect the interaction pattern
between residue 54 and the residue(s) at the end of helix
αII. This change could affect the orientation and/or dy-
namics of helix αII, which in turn might affect the bind-
ing and transport of fatty acid ligands.

Biological implications
Knowledge of the solution structure of I-FABP will

yield new insights into the mechanism of fatty acid bind-
ing, transport and release in enterocytes. The rates at
which these events occur appear to have significant physi-
ological consequences. Free fatty acids normally provide
an alternative fuel source to glucose for energy during
periods of fasting. Biochemical studies have indicated a
direct relationship between concentrations of circulating
free fatty acids and insulin resistance (Boden et al., 1994).
Interestingly, the Ala54 to Thr54 substitution in human I-
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FABP, which affects fatty acid binding as well as fatty
acid transport across enterocyte-mimicking cells, has been
shown to be associated with insulin resistance in Pima
Indians (Baier et al., 1995). A structural comparison
between the Ala54 and Thr54 forms of human I-FABP will
provide the molecular basis for the observed physiological
differences between individuals with an Ala54 or Thr54

genotype.
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