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ABSTRACT: Two paralogous groups of liver fatty acid-binding proteins (FABPs) have been described:
the mammalian type liver FABPs and the basic type (Lb-FABPs) characterized in several vertebrates but
not in mammals. The two groups have similar sequences and share a highly conserved three-dimensional
structure, but their specificity and stoichiometry of binding are different. The crystal structure of chicken
Lb-FABP complexed with cholic acid and that of the apoprotein refined to 2.0 Å resolution are presented
in this paper. The two forms of the protein crystallize in different space groups, and significant changes
are observed between the two conformations. The holoprotein binds two molecules of cholate in the
interior cavity, and the contacts observed between the two ligands can help to explain the reason for this
stoichiometry of binding. Most of the amino acids involved in ligand binding are conserved in other
members of the Lb-FABP family. Since the amino acid sequence of the Lb-FABPs is more similar to that
of the bile acid-binding proteins than to that of the L-FABPs, the possibility that the Lb-FABPs might be
more appropriately called liver bile acid-binding proteins (L-BABPs) is suggested.

The fatty acid-binding proteins (FABPs)1 are a superfamily
of low-molecular mass (∼15 kDa) molecules that can bind
and solubilize fatty acids and other lipophilic ligands (1-
6). Although the specific function of each member of the
group has not yet been established, it is generally assumed
that it is related to solubilization, storage, and transport of
one or more hydrophobic ligands. Characteristic of the family
is a common fold in which 10 strands of antiparallelâ-sheet
surround the hydrophobic ligand binding site. Two short
R-helices, found topologically between the first and second
strands, are believed to undergo a conformational change
that would create an opening in the otherwise closedâ-barrel
and that would allow the ligand to enter or exit the internal
cavity (7). The family has many members, and more than
15 sequences are known, with the proteins being named
according to the organ from which they were originally
extracted. There are, however, several cases in which more
than one FABP is found in a single type of tissue and others

in which the same protein is found in several organs.
Although the essential features of the fold are very strictly
conserved in all members, the FABPs isolated from different
cells can have a very low level of sequence homology, but
when the same tissue is considered in different species that
can be quite distant in evolution, a much higher degree of
sequence similarity, up to 70-80%, is observed.

In the liver, two paralogous groups of fatty acid-binding
proteins (FABPs) have been described: liver fatty acid-
binding protein (L-FABP) (8-10) type, extensively charac-
terized in mammals, and liver (basic) fatty acid-binding
proteins (Lb-FABP) that have not yet been found in
mammalian liver but have been described in several other
vertebrates (11-14). The word “basic” was added to the
acronym FABP to name the first member of this family
identified in chicken liver, because the protein turned out to
have an isoelectric point (pI) of 9.0, and it was known that
there was another chicken liver FABP with a different pI
and amino acid composition (11). The division of the liver
FABPs into two subgroups is based on sequence homology
but also on the differences observed in their binding
properties. The mammalian L-FABPs differ from most other
members of the FABP family in that they bind two fatty
acid molecules (9), whereas the Lb-FABPs have been shown
to bind a single fatty acid molecule (15, 16).

Several years ago, we determined the X-ray structure of
apo chicken Lb-FABP to 2.7 Å resolution (17), but did not
refine the model because of the modest amount of diffraction
data available at that resolution and also because, at the time,
the amino acid sequence of the protein was unknown (18).
Since then, significantly higher resolution data have been
collected and that model has been refined, but up to the time
we tested cholate, we had not been able to prepare cocrystals
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in which the electron density maps of the ligand were
sufficiently clear and convincing.

The X-ray structure of the cocrystals of chicken Lb-FABP
complexed with cholate, a reasonable endogenous ligand for
a liver protein, is presented in this paper, and the model of
the holoprotein is compared with that of the apoprotein
refined to 2.0 Å resolution. Examination of the sequence
similarities between this protein and other lipid-binding
proteins shows that its sequence is more similar to that of
other bile acid-binding proteins (or gastrotropins) (19-21).
The bile acid-binding proteins are molecules of considerable
medical and pharmacological interest since their ligands are
produced from cholesterol and they play an essential role in
lipid absorption. The best characterized member among them
is the ileal bile acid-binding protein (or lipid-binding protein
or gastrotropin), and there are several studies using NMR
and other structural techniques dealing with its structure and
ligand binding properties (22-27). However, to the best of
our knowledge, no X-ray diffraction analysis has been
published. We thus believe that the results presented here
can also be of interest as a model for binding of cholate to
these recognized bile acid transporters and examine the
hypothesis that the Lb-FABPs may be more accurately
described as bile acid-binding proteins rather than fatty acid-
binding proteins.

MATERIALS AND METHODS

Protein Purification, Complex Formation, and Crystal-
lization. The protein was purified by a modification of the
method of Scapin et al. (11) in which the last preparative
isoelectric focusing step was substituted with separation in
a multicompartment electrolyzer (28). The electrolyzer was
assembled with five chambers, delimited by the following
membranes: pI 5.0, 7.0, 8.8, and 11.0 (all made to contain
5% T, 4% C polyacrylamide). Endogenous lipids were
removed in a lipidex 1000 column. To prepare the complex
with the ligand, the apoprotein was diluted to a concentration
of 1 mg/mL in 50 mM Tris-HCl buffer (pH 7.5), and 10
times the molar protein concentration of sodium cholate was
added to the solution. The solution was stirred overnight at
20 °C before being concentrated under nitrogen pressure to
30 mg/mL.

Crystals of both the apoprotein and the complex were
grown under microgravity conditions on the International
Space Station during the STS-100/ISS 6A mission. The same
crystals could be grown on Earth, but they were smaller and
diffracted to a slightly worse resolution. The crystallization
experiments were carried out using the growth cell assembly
of the new High-Density Protein Crystal Growth System
(HDPCG) developed at the University of Alabama at
Birmingham (29). Forty microliter droplets were prepared
by mixing equal volumes of the protein solution and 0.1 M
imidazole (pH 7.5) and 20% PEG 6000. The crystallization
reservoir contained 550µL of the precipitating solution.

Data Collection, Structure Solution, and Refinement.The
cocrystals of chicken liver basic FABP and cholate are
orthorombic, space groupP212121, and unlike the crystals
of the apoprotein contain two molecules in the asymmetric
unit (see Table 1). Data for both the apoprotein and the
cocrystals were collected at the XRD1 beamline of the Elettra
synchrotron in Trieste, Italy (λ ) 1.00 Å), at 100 K after a

brief soaking in a mixture of 70% mother liquor and 30%
glycerol. Two data sets, at high and low resolution, were
collected with a Mar CCD detector using the same frozen
crystal. The data were indexed, integrated, and reduced using
MOSFLM (30) and Scala (31). The structure of the Lb-
FABP-cholate complex was determined using the CCP4
suite of programs for crystallographic computing (31). The
initial phases were calculated by the molecular replacement
method as implemented in AMoRe (32), with the coordinates
of axolotl Lb-FABP (unpublished) as the search probe. When
the rotation function was calculated with the data in the 8.0-
3.5 Å resolution range, the three highest peaks had correlation
coefficients of 25.4, 18.5, and 18.1. The fourth peak had a
correlation coefficient of 17.0. When the translation function
was calculated, the first peak gave an unambiguous and
convincing answer for the first molecule in the asymmetric
unit. The correct solution for the second molecule was not
the second but the third peak of the rotation function which
was confirmed by examination of the molecular packing in
this unit cell. The correlation coefficient of the solution with
the two molecules in the asymmetric unit was 39.1% and
its R factor 48.3%. The model was rigid body refined with
the data up to 3.5 Å resolution, moving initially the entire
molecule and, in a second stage, the elements of secondary
structure using CNS (33). After the proper side chains had
been introduced, the model was subjected to a series of
rounds of positional refinement alternated with manual model
revisions with O (34) and CNS. During the process of
refinement and model building, the quality of the model was
controlled with PROCHECK (35). Solvent molecules were
added to both the models of the apoprotein and the complex
with cholate in the final stages of refinement according to
hydrogen bond criteria and only if theirB factors refined to
reasonable values and if they improved theRfree.

Table 1: Data Collection and Refinement Statisticsa

apoprotein
complex

with cholic acid

Data Collection
space group P212121 P212121
unit cell parameters (Å) a ) 39.49,

b ) 60.34,
c ) 65.89

a ) 60.31,
b ) 63.41,
c ) 77.23

no. of observed reflections 60486 111640
no. of independent reflections 11069 19076
redundancy 5.5 5.9
Rsym (%) 4.7 (4.7) 6.3 (10.0)
〈I/σ(I)〉 8.8 (12.7) 5.9 (5.9)
overall completeness (%) 99.3 (100.0) 97.1 (80.0)

Refinement
resolution range (Å) 30.0-2.00

(2.07-2.00)
30.0-2.00

(2.07-2.00)
no. of reflections in the working set 9939 (997) 17063 (402)
no. of reflections in the test set 1096 (102) 1864 (39)
Rcryst (%) 23.3 (23.0) 21.6 (22.9)
Rfree (%) 27.0 (29.0) 25.7 (27.1)
no. of protein atoms 989 1978
no. of ligand atoms 0 116
no. of water molecules 127 249
rmsd for bond lengths (Å) 0.008 0.008
rmsd for bond angles (deg) 1.426 1.396
rmsd for dihedrals (deg) 27.509 26.357
rmsd for impropers (deg) 0.727 1.333
averageB factor (Å2) 24.81 24.27
protein atoms 23.80 23.30
ligand atoms - 19.91
solvent atoms 32.71 33.70

a The values in parentheses refer to the highest-resolution shell:
2.00-2.11 Å for the apoprotein and 2.03-2.14 Å for the holoprotein.
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RESULTS AND DISCUSSION

Refined Structure of the Apoprotein.The crystal structure
of apo chicken Lb-FABP was refined to a resolution of 2.0
Å starting with the model built to fit the electron density
map calculated with MIR phases at 2.7 Å resolution (17).
The final model corresponds to the full-length 125-amino
acid chain, 989 protein atoms, and 127 water molecules. The
conventionalR factor is 23.3% andRfree, calculated with 10%
of the reflections, 27.0% (Table 1). TheR factors and rms
deviations listed in Table 1 were calculated with CNS (33).
The stereochemical quality of the protein model was assessed
with PROCHECK (35). In this model, 92.9% of the residues
are in the most favorable region of the Ramachandran plot
and the remaining 7.1% in the additionally allowed region.
The overall fold consists of the canonicalâ-barrel with 10

strands of antiparallelâ-chain and the twoR-helices inserted
between the first and second strand.

Structure of Chicken Lb-FABP in Complex with Cholate.
The cocrystals of chicken Lb-FABP and cholic acid belong
to a crystal form that is different from that of the apoprotein
and contain two molecules in the asymmetric unit. The
structure, which was determined by molecular replacement,
was refined to a resolution of 2.0 Å without imposing
noncrystallographic symmetry. The final model contains
1978 protein atoms, 116 ligand atoms (four cholate mol-
ecules), and 249 water molecules. The conventionalR factor
is 21.6% andRfree, calculated with 10% of the reflections,
25.7% (Table 1). In this model, 92.4% of the residues are in
the most favorable region of the Ramachandran plot and the
remaining 7.6% in the additionally allowed region. Figure
1a is a cartoon representation of the two molecules present

FIGURE 1: Crystal structure of chicken Lb-FABP complexed with cholic acid. (a) Ribbon representation of the two molecules present in
the crystallographic asymmetric unit. The elements of secondary structure are labeled in the yellow molecule. (b) Stereoview of the CR
chain trace of one protein chain with the two cholate molecules bound in its interior. This figure was prepared using Dino
(http://www.dino3d.org).
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in an asymmetric unit of this crystal form. Figure 1b is a
stereodiagram of one of the molecules showing the two
cholic acids bound in the interior cavity, while Figure 3a
shows the electron density of the two ligands found in the
active site of one of the two Lb-FABP molecules.

Using LSQKAB (36), the two molecules in the asymmetric
unit were superimposed and the distances between equivalent
R-carbons were calculated. They are represented in Figure
2a as a function of the amino acid number. The same
program was used for an analogous comparison of each

molecule in the asymmetric unit of the cocrystals and the
model of the apoprotein. These results are also represented
in Figure 2a. While no interpretable differences are evident
between the two molecules in the asymmetric unit, the
differences between each of the two holo molecules and the
model of the apoprotein are quite significant and almost
identical to each other. In particular, the peak showing the
largest deviations in the main chain is in the loop connecting
strands E and F and, to a lesser extent, in the region of the
two R-helices and other areas evidenced in the figure. Figure
2b shows a holo molecule (green) superimposed with an apo
molecule (red). Note that while the regions of the molecule
opposite from the cap containing the two helices superimpose
quite well, the helices and strands E and F are in a more
open conformation in the holoprotein. It is also worth
mentioning that the side chains of several amino acids in
these areas are involved in ligand binding (see below).

The solvent accessible volumes of the ligand-binding
cavity of the two molecules of the holoprotein in the
asymmetric unit, calculated with CASTp (37), are 627.0 and
627.4 Å3, i.e., virtually identical, but an analogous calculation
with another program gives somewhat different results. The
same calculation yields a value of 143.7 Å3 for the apoprotein
which clearly shows that the conformational change takes
place, as expected, with an increase in the volume of the
ligand-binding cavity.

We have also used the GRID-docking program (38, 39)
to examine the binding of cholate to the two models of
chicken Lb-FABP. The result of this analysis is that, while
the energetically most favored sites are found on the surface
of the apoprotein, the two experimentally determined sites
of the holoprotein are correctly predicted as well as two other
alternative sites, which are also in the interior of the cavity.
This result confirms that the different conformation of the
holoprotein is energetically more favored for the binding of
the ligand molecules inside the molecular internal cavity.

Ligand Binding. The electron density for two cholate
ligands is very clear in the two Lb-FABP molecules present
in the asymmetric unit so that, in these crystals, this
stoichiometry of binding is beyond discussion. As seen in
Figure 1a, the two molecules are found in the interior cavity
of the protein with no evidence of binding to the surface of
Lb-FABP as proposed for rabbit ileal BABP (24). This
situation is quite different from what we have observed for
other ligands such as palmitic or oleic acid, since in those
cases the electron densities in the ligand regions of the map
were not well ordered (data not shown). A stoichiometry of
binding of two bile acid molecules per binding site has also
been proposed for the structurally related human ileal BABP
(25, 27), but there is currently no X-ray structure of the
complex available. Clearly, the dimensions of the central
cavity in the holo conformation are sufficient to accom-
modate the two cholate molecules, and the fact that this
protein binds only one fatty acid, while the structurally
related mammalian L-FABP binds two (9), is more related
to side chain position than to cavity size.

Table 2 lists the distances shorter than 3.7 Å between
atoms of the two ligand molecules (labeled 130 and 131)
present in the central cavity and the side chains of each of
the two protein molecules in the asymmetric unit (A and
B). Note that the same interactions are found in the two
protein molecules and that the values of the distances are

FIGURE 2: Comparison of the apo- and holoprotein models. (a)
Values of the rmsd betweenR-carbon atoms of the apoprotein model
and the A chain (blue) and B chain (red) of the cholate complex
model and values of the rmsd betweenR-carbon atoms of the A
and B chains of the cholate cocrystal model (green). The strip at
the bottom of the figure represents the elements of secondary
structure. (b) Models of the apoprotein (red) and holoprotein (green)
superimposed using LSQKAB (36). Note that the cavity covered
by the two helices is more open in the holoprotein. The region
where the two polypeptide chains are more distant is the loop
connecting strands E and F.
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quite similar. Figure 3a is a stereodiagram representing the
amino acid side chains in contact with the two cholate
molecules, and Figure 3b is a schematic representation of

the interactions. Table 2 also lists the distances shorter than
4 Å between the two cholate molecules bound to each of
the two protein molecules in the asymmetric unit. Note, in

FIGURE 3: Binding of cholate to chicken Lb-FABP. (a) Stereodiagram showing the amino acids that are in closest contact with the two
bound ligands listed in Table 2. The 2Fobs - Fc map was contoured at a 1.5σ level. (b) Schematic representation of the interactions shown
in panel a.

Table 2: Distances between the Closest FABP Residues and the Cholate Molecules and between the Two Ligands Bound in Each of the Two
Binding Sites of the Crystallographic Asymmetric Unit

Main Contacts between the Cholic Acid Molecules and FABP Residues

cholate molecule atom FABP residue atom distance (Å) cholate molecule atom FABP residue atom distance (Å)

A130 C18 Tyr A14 OH 3.41 B130 C18 Tyr B14 OH 3.55
A130 C6 Leu A21 CD2 3.44 B130 C6 Leu B21 CD2 3.63
A130 O25 Ile A34 CD1 3.64 B130 O25 Ile B34 CD1 3.29
A130 O25 Thr A53 OG1 3.36 B130 O25 Thr B53 OG1 3.68
A130 O25 Arg A55 NH1 3.63 B130 O25 Arg B55 NH1 3.39
A130 O26 Arg A55 NH1 2.33 B130 O26 Arg B55 NH1 3.48
A130 O26 Gln A56 NE2 2.82 B130 O26 Gln B56 NE2 2.78
A130 O12 Met A73 SD 3.53 B130 O12 Met B73 SD 3.23
A131 C16 Thr A72 CG2 3.40 B131 C16 Thr B72 CG2 3.35
A131 O26 Lys A76 NZ 2.94 B131 O26 Lys B76 NZ 2.70
A131 C19 Thr A91 OG1 3.02 B131 C19 Thr B91 OG1 3.18
A131 C21 Phe A96 CG 3.52 B131 C21 Phe B96 CG 3.49
A131 O12 His A98 ND1 2.70 B131 O12 His B98 ND1 2.71
A131 O3 Gln A100 NE2 2.77 B131 O3 Gln B100 NE2 2.81

Contacts between the Two Pairs of Cholic Acid Molecules

cholate molecule atom cholate molecule atom distance (Å) cholate molecule atom cholate molecule atom distance (Å)

A130 C3 A131 O12 3.48 B130 C3 B131 O12 3.49
A130 O3 A131 O7 3.83 B130 O3 B131 O7 3.88
A130 O3 A131 O12 2.74 B130 O3 B131 O12 2.73
A130 O3 A131 C14 3.68 B130 O3 B131 C14 3.72
A130 C4 A131 O12 3.98 B130 C4 B131 O12 3.77
A130 C4 A131 C17 3.79 B130 C4 B131 C17 3.93
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particular, the distances between O3 of one cholate molecule
(molecule 130 in our notation) and O12 of the other, 2.73
and 2.74 Å, and O3 of the same molecule and O7 of the
other cholate molecule (molecule 131 in our notation), 3.83
and 3.88 Å. O3 of molecule 131 is in contact with NE2 of
Gln 100.

The main hydrophobic contacts observed between the
protein and the ligands are with Phe 17, Leu 18, Leu 21,
Leu 27, Ile 34, Phe 62, Ile 70, Met 73, Val 82, Phe 96, Ile
111, and Leu 118. Of the two ligand molecules, the one that
has more hydrophobic contacts with these amino acids is
the molecule we have labeled 130, the reason being that it
is buried more deeply in the cavity.

CooperatiVity of Ligand Binding.The cooperativity of
binding of glycocholic acid to human ileal BABP has
received considerable attention (25, 27). For this system, it
was proposed that it is the hydroxylation pattern of the ligand
that governs cooperativity, and two possible mechanisms
were suggested to explain it: a conformational change
induced in the protein by the binding of the first bile acid
molecule and/or the creation of a more favorable surface of
interaction for the second ligand because of the presence of
the first in the binding cavity (27). In the case of chicken
Lb-FABP, we have identified important contacts between
the two bound cholate molecules in the fully ligated protein
(Table 2), but we have also observed a significant confor-
mational change in the transition between the apo and holo
forms of the macromolecule, accompanied by an increase
in the volume of the ligand binding site. Therefore, although
we have no information about the protein conformation with
a single cholic acid bound, it would appear that in the case
of chicken Lb-FABP, both mechanisms are present.

Comparison with Other Lipid-Binding Proteins.Figure 4
compares the amino acid sequence of chicken Lb-FABP with
those of four mammalian type L-FABPs, with the four ileal
BABPs of the same species, and with chicken L-FABP. The
four species (human, rat, mouse, and pig) are those for which
the sequences of both the L-FABP and the ileal BABP are
currently available. The 10 sequences were aligned using
CLUSTAL W (40). The identity percentage of each sequence
and that of chicken Lb-FABP are given in the column on
the right-hand side of the figure. A comparison of the values
for each of the four species indicates that chicken Lb-FABP
appears to be more similar to the BABPs than to the
mammalian type L-FABPs. The last row of each of the two
groups of sequences identifies the amino acids that are
identical in chicken Lb-FABP and all four sequences in each
of the two groups. There are 39 in the case of the L-FABPs
and 42 in the case of the BABPs. These observations, added
to the results presented here, support the proposal that the
main function of the Lb-FABPs is more likely to be binding
bile acids and not fatty acids. The fact that this protein also
binds fatty acids is not unexpected since a similar lack of
specificity has also been observed in other members of the
FABP family.

The possibility that the mode of binding of cholic acid to
chicken Lb-FABP may be extended to other Lb-FABPs, as
well as to the BABPs that have not yet been crystallized in
the presence of bile acids, deserves attention.

Di Pietro et al. (41) have aligned the 10 available
sequences of the Lb-FABPs and identified the residues
present in all the members of this family and absent in the FI
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mammalian L-FABPs. When the residues in contact with
the ligands, identified in Table 2, are examined in that
alignment, it is found that they are highly conserved with
two exceptions: Arg 55, which is a Lys in some cases and
a Gln in others but is also a Gly in three species, and Thr 91
which, interestingly enough, is a Cys in the majority of the
Lb-FABPs.

The residues of chicken Lb-FABP involved in cholate
binding are marked with arrows in Figure 4. Note that Lys
76, which is highly conserved in the ileal BABPs (and also
in the Lb-FABPs; see ref41), becomes a Glu in all the
L-FABPs that are listed. Among the residues identified by
Di Pietro et al. as strictly conserved in all the Lb-FABPs
and absent in the L-FABPs (41), Phe 96, His 98, and Gln
100 are involved in cholate binding.

Using NMR data, two alternative modes of binding for a
single molecule of glycocholate and taurocholate to porcine
and human ileal BABP, respectively, have been proposed
(23, 26). Both are different from either of the two positions
that we observe in the crystals for the binding of cholate to
chicken Lb-FABP. Using LSQKAB (36), we have super-
imposed these two sets of coordinates [PDB entries 1EIO
(23) and 1O1V (26)] with the coordinates of chicken Lb-
FABP and examined the position of the ligands in the three
models. Figure 5 is a stereodiagram that shows the three
protein structures superimposed and the models of glyco-
cholate (red) and taurocholate (green) and the two molecules
of cholate in the chicken Lb-FABP (yellow). Notice in the
figure that the positions of the rings of the molecules in the
two alternative NMR structures overlap, to some extent, with
one of the cholic acids bound to chicken Lb-FABP, while
the more polar ends point in quite different directions. In
this context, it should be mentioned that, for human ileal
BABP, a stoichiometry of binding of two molecules of
glycocholate has been proposed (25). Note in Figure 4 that
the residues of chicken Lb-FABP involved in ligand binding
are rather well conserved or substituted with acceptable
alternatives in the four BABPs in the figure with five
exceptions: Thr 53 is a Tyr and Arg 55 a Gly in all the
BABPs that are listed, Thr 91 is a Val in two and an Ala in
the other two sequences, Phe 96 is a Tyr in the four BABPs

that are listed, and Gln 100 is a Ser in three of the four
BABPs in the figure. Interestingly, one of the five residues
that are not conserved, Arg 55, is also one of the most
variable among the Lb-FABPs.

Arg 120, strictly conserved in all the Lb-FABPs, the
L-FABPs, and the BABPs and identified as the candidate
most likely to counterbalance the negative charge of tauro-
cholate in rabbit ileal BABP (24), deserves a special
comment. In the model of chicken Lb-FABP, the only
possible atoms of the ligand that could make a contact with
Arg 120 are O3 and O12 of one of the cholate molecules
(molecule 130 in our notation) which are, however,∼5 Å
from the NH groups of the Arg.

Clearly, the final answer to the question of variability in
the mode of bile acid binding to these proteins can only come
from experimental data for the two families, but in the
meantime, calling the Lb-FABP liver BABPs will probably
help to eliminate at least some of the confusion that has
surrounded this particular protein family since its discovery.
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22. Lücke, C., Zhang, F., Ru¨terjans, H., Hamilton, J. A., and
Sacchettini, J. C. (1996) Flexibility is a likely determinant of
binding specificity in the case of ileal lipid binding protein,
Structure 4, 785-800.
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