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The ileal bile acid-binding proteins (I-BABPs), also called ileal lipid-binding
proteins or gastrotropins, belong to the family of the fatty acid-binding
proteins and play an important role in the solubilization and transport of bile
acids in the enterocyte. This article describes the expression, purification,
crystallization, and three-dimensional structure determination of zebrafish
(Danio rerio) I-BABP both in its apo form and bound to cholic acid. This is the
first X-ray structure of an I-BABP. The structure of the apoprotein was
determined to a resolution of 1.6 Å, and two different monoclinic crystal
forms of the holoprotein were solved and refined to 2.2 Å resolution. Three
protein molecules are present in the asymmetric unit of one of the co-crystal
forms and two in the other, and therefore, the results of this study refer to
observationsmade on five different proteinmolecules in the crystalline state.
In every case, two cholate ligands were found bound in approximately the
same position in the internal cavity of the protein molecules, but an unex-
pected result is the presence of clear and unambiguous electron density for
several cholate molecules bound on hydrophobic patches on the surface of
all the five independent protein molecules examined. Isothermal titration
calorimetry was used for the thermodynamic characterization of the binding
mechanism and has yielded results that are consistent with the X-ray data.
Ligand binding is described in detail, and the conformational changes
undergone by the protein molecule in the apo-to-holo transition are exa-
mined by superposition of the apo- and holoproteinmodels. The structure of
the holoprotein is also compared with that of the liver BABP from the same
species and those of other I-BABPs determined by NMR.
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Introduction

Bile acids are synthesized from cholesterol in the
liver, secreted into the bile, and then, to a large extent,
reabsorbed in the intestine to return via the portal
blood to the liver. Bile acid homeostasis and
transport have generated a great deal of interest,

among other reasons, because their synthesis
accounts for the catabolism of about 50% of the
body cholesterol.1,2 In the ileum, bile acids are actively
absorbed in the apical membrane of the enterocyte,
and once in the cell, they bind to the ileal bile acid-
binding protein (I-BABP), an abundant 14-kDa cyto-
solic protein. The reabsorbed bile acids are known to
activate the nuclear farnesoid X receptor in the
enterocyte, which, in turn, stimulates the expression
of I-BABP. Recent evidence indicates that there is an
interaction that appears to be regulated by bile acids
between the two proteins.3 The I-BABPs, also called
ileal lipid-binding proteins or gastrotropins, belong to
the conserved multigene family of the fatty acid-
binding proteins (FABPs).4–9 The members of this
family were originally named according to the tissue
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fromwhich theywere first isolated, but later on,when
it became clear that different FABP types can be
present in the same tissue, an alternative nomencla-
ture was proposed.10 All the members of the family
share the same fold, a 10-stranded β-barrel in which
two short helices are inserted between the first and the
second strand of antiparallel β-sheet.
The first I-BABP to be structurally characterized

was porcine I-BABP, at the time called gastrotro-
pin.11,12 Other structural studies followed, which
made use of NMR spectroscopy to examine the
interaction of bile acids with the carrier protein from
different species.13–15 In an article focusing on
human I-BABP, the stoichiometry of this interaction
was subsequently established in two bile acid
ligands per protein molecule.16 Cooperativity and
selectivity of ligand binding were also studied using
NMR spectroscopy,17–19 and the kinetic mechanism
was examined using stopped-flow fluorescence
analysis.20 Recombinant rabbit I-BABP was photo-
labeled with derivatives of cholyltaurine and the
amino acids located at the attachment sites iden-
tified.21 In addition to the modifications expected for
ligand binding in the internal cavity, this study
identified reacting amino acids located on the surface
of the protein molecule, suggesting the presence of
secondary binding sites for bile acids. More recently,
an engineered helixless variant of the same rabbit I-
BABP was examined using isothermal titration
calorimetry (ITC), and the data were interpreted
with a model in which the stoichiometry of ligand
binding was three cholates per protein molecule.22,23

Within the FABP family, the protein subgroup that
appears to be closest to the I-BABPs, structurally
and possibly functionally, is that of the liver BABPs
(L-BABPs). This group, originally called the liver
“basic” FABPs, is present in the liver of several
vertebrates: birds, reptiles, amphibians, and fish but
not in mammals. It is suspected, although not
proved, that the function that L-BABPs perform
may be carried out in mammals by the other paralo-
gous protein in the liver, L-FABP. The structures of
the L-BABPs from several species are known in
detail. The first L-BABP whose three-dimensional
structure was determined by X-ray diffraction was
that of chicken L-BABP24,25 followed by toad26 and
axolotl L-BABP.27 NMR and other biophysical tech-
niques have also been used to study chicken L-BABP,
which remains the best characterized member of the
L-BABP family.28,29 We have recently reported the
X-ray structure of zebrafish L-BABP complexed
with cholate.30 Whereas in all the other species
studied so far it was found that the internal ligand-
binding site accommodated two cholate molecules,
in the zebrafish wild-type protein, only one ligand
molecule was found. This unusual stoichiometry of
ligand binding could, however, be changed to the
usual one of two ligands per binding site by muta-
ting a single amino acid, Cys91, to Thr.
In this article, we report the expression, purifica-

tion, crystallization, and three-dimensional struc-
ture determination of zebrafish I-BABP both in its
apo form and complexed with cholic acid in two

different crystal forms. In addition to the two
ligands in the expected internal binding sites, in all
the five molecules present in the asymmetric units of
the two co-crystals, cholate molecules were found to
bind on the surface of the protein. ITC was used for
the thermodynamic characterization of the binding
mechanism and has yielded results that are consis-
tent with the X-ray data.

Results and Discussion

Structure of zebrafish apo I-BABP

The final model of the apoprotein corresponds to
the full-length 130-amino-acid chain plus two amino
acids in the N terminus deriving from the cloning
procedure and two amino acids in the C terminus,
part of the thrombin cleavage site. The model con-
tains 1030 non-hydrogen protein atoms, one ethylene
glycol, and 133watermolecules. The conventionalR-
factor is 20.2% and Rfree is 24.0% (Table 1). The R-
factors and r.m.s.d. values of Table 1 were calculated
with the program REFMAC.31 The stereochemical
quality of the protein model was assessed with the
program PROCHECK;32 95.6% of the residues are in
the most favorable region of the Ramachandran plot
and the remaining 4.4% are in the additionally
allowed region. The overall fold consists of the cano-
nical β-barrel with 10 strands of antiparallel β-chain
and the two α-helices inserted in between the first
and the second strand. The secondary-structure
assignments for the β-strands are the following:
strand A, residues 4–12; B, residues 37–43; C, resi-
dues 46–53; D, residues 57–64; E, residues 69–72; F,
residues 78–86; G, residues 89–93; H, residues 98–
104; I, residues 107–115; and J, residues 120–129. The
two α-helices span residues 14–20 and 25–30.
The resolution of the trigonal crystal form of the

apoprotein is the highest of the three forms and is
quite adequate for the analysis of the structure of the
solvent molecules within the ligand-binding cavity
of the protein (see Table 1). Therefore, the solvent
structure was initially studied in this crystal form.
The single molecule present in the asymmetric unit
contains five very well defined solvent molecules in
the cavity that were later on found in four out of the
five protein molecules present in the two forms of
the co-crystals. In the fifth protein molecule, there
was more uncertainty because of the lower quality
of the map in that region (see below). In addition, an
ethylene glycol molecule, a compound present in the
cryoprotectant, binds to solvent molecules in the
center of the cavity, in the region which in the
holoforms is occupied by one of the cholate mole-
cules (number 150 in our notation). These as well as
the solvent molecules bound to the cholates of the
holoforms are discussed below.

Structure of zebrafish holo I-BABP

The two different crystal forms of the holoprotein
were grown under different conditions with a ratio
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of approximately 10 molecules of cholate per protein
molecule in the crystallization liquor. Both forms
belong to space group C2 and were identified with
the labels A and B (see Table 1). Form A grows in
sodium citrate at pH7.0 and contains three mole-
cules in the asymmetric unit, whereas form B grows
in ammonium sulfate buffered with Hepes at pH7.5
and contains two molecules in the asymmetric unit.
Although the crystals grow under rather different
conditions, they diffract to approximately the same
resolution, 2.2 Å.
The co-crystals of form A grow under very similar

conditions as the apoprotein but they belong to a
different space group. Data collection statistics are
summarized in Table 1. The structure was solved by
molecular replacement and refined as described in
the appropriate section. The refinement statistics are
also given in Table 1. The Ramachandran plot of this
model has 93.2% of the residues in the most
favorable region of the plot and the remaining 6.8%
are in the additionally allowed region. The conven-
tional R-factor of the model is 22.0% and Rfree is
26.4%.

The co-crystals of form B grow at pH7.5 in the
presence of ammonium sulfate as the precipitant
instead. The refinement statistics are also given in
Table 1. In this case, the Ramachandran plot has
94.6% of the residues in the most favorable region of
the plot and the remaining 5.4% are in the addi-
tionally allowed region. The conventional R-factor
of the model is 22.6% and Rfree is 25.4%.
In all the five protein molecules examined in the

two crystal forms, two cholate molecules are present
in the internal ligand-binding site. Furthermore, the
two cholate molecules overlap almost perfectly in
the binding site of four out of the five protein
molecules, and in the fifth (molecule B of form B),
one overlaps with the other four, whereas the other
is in the same position but rotated approximately
90° about the longest cholate axis.
An unexpected finding is the presence of cholate

molecules bound on the surface of all the five pro-
tein molecules examined in the two crystal forms.
Figure 1a is a stereodiagram of the superposition of
the three molecules present in the asymmetric unit
of form A. The coordinates were superimposed

Table 1. Data collection and refinement statistics

I-BABP apo I-BABP+cholate I-BABP+cholate

Space group P3121 C2 (form A) C2 (form B)
a (Å) 54.42 149.19 96.29
b (Å) 54.42 80.29 85.29
c (Å) 82.70 39.72 75.06
α (°) 90.0 90.0 90.0
β (°) 90.0 96.12 127.65
γ (°) 120.0 90.0 90.0
Protein molecules in asymmetric unit 1 3 2
Resolution range (Å) 41.0–1.6 40.0–2.2 30.0–2.2
Observed reflections 98,855 65,571 73,395
Independent reflections 18,986 22,845 24,125
Multiplicity 5.2 (5.3) 2.9 (2.5) 3.1 (3.1)
Rmerge (%)a 6.9 (28.1) 6.0 (34.7) 5.9 (31.2)
I/σ 16.9 (6.4) 16.3 (2.3) 9.1 (1.3)
Completeness (%) 99.1 (100.0) 96.4 (84.4) 98.6 (97.3)
Wilson B-factor (Å2) 15.8 37.7 43.6

Reflections in refinement 18,001 21,673 22,788
Rcryst (%)b 20.2 (21.7) 22.2 (27.0) 22.6 (27.2)
Rfree (%) (test set 5%)c 24.0 (22.8) 26.4 (33.6) 25.4 (28.8)
Protein atoms 1030 3088 2054
Ligand atoms 4 (ethylene glycol) 377 261
Water molecules, total 133 69 70
Water molecules in the cavity 15 23 (10+12+1) 16 (6+10)
r.m.s.d. on bond lengths (Å)d 0.008 0.010 0.012
r.m.s.d. on bond angles (°) 1.155 1.462 1.536
Planar groups (Å) 0.004 0.003 0.004
Chiral volume deviation (Å3) 0.076 0.091 0.096
Average B-factor (Å2)
Protein atoms 15.6 A: 35.7, B: 35.6, C: 36.9 A: 39.1, B: 39.1
Ligand atoms 25.5 40.1 59.4
Solvent atoms 28.8 28.0 39.4

The values in parentheses refer to the highest-resolution shells. For the data collection of apo I-BABP, the highest resolution interval is
1.69–1.60 Å, whereas for the two co-crystals of I-BABP complexed with cholate, it is 2.32–2.20 Å.
The highest-resolution shells used in the refinements are 1.64–1.60 Å for the apoprotein and 2.26–2.20 Å for the complexes with cholate.
The ligand of the apo form is an ethylene glycol molecule.

a Rmerge=∑h∑i|Iih− 〈Ih〉|∑h∑i〈Ih〉, where 〈Ih〉 is the mean intensity of the i observations of reflection h.
b Rcryst=∑||Fobs|−|Fcalc||/∑|Fobs|, where |Fobs| and |Fcalc| are the observed and calculated structure factor amplitudes,

respectively. Summation includes all reflections used in the refinement.
c Rfree=∑||Fobs|−|Fcalc||/∑|Fobs|, evaluated for a randomly chosen subset of 5% of the diffraction data not included in the

refinement.
d r.m.s.d. from ideal values.
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using the program LSQKAB.33 Cholate models were
introduced in the asymmetric unit only if their
density was completely clear and unambiguous. In
two out of the three protein molecules present in the
asymmetric unit, there are three cholate molecules in
approximately identical position bound on the
surface of the protein. In the third protein molecule
(molecule C in our notation), only one cholate mole-

cule on the surface of the protein is sufficiently con-
vincing and overlaps with one of the cholates
present in the other two. Figure 1b is an analogous
diagram in which the two molecules superimposed
are those present in the asymmetric unit of form B.
In this case, only two cholates were found bound on
the surface of the protein and more variability in
their orientation was observed. Remarkably, an

Fig. 1. Crystal structure of zebrafish I-BABP complexed with cholate. (a) Stereo view of the superposition of the three
molecules in the asymmetric unit of crystal form A (see Table 1). The electron density of two cholate molecules on the
surface in one of the I-BABP molecules in the asymmetric unit (molecule C) was not convincing enough to be modeled.
(b) Superposition of the two molecules present in the asymmetric unit of crystal form B of the complex (see Table 1).
Note that in this case, the cholate molecules occupy approximately the same position but their overlap is less extensive
than in form A. (c) Superposition of one molecule from each of the two crystal forms. The model in green is molecule A
from crystal form A and the model in magenta is molecule A from crystal form B. (d) Ribbon representation of two
symmetry-related molecules of crystal form B. The crystallographic 2-fold axis is approximately perpendicular to the
plane of the figure. The additional cholate molecule, not represented in the other diagrams, is colored black. The
coordinates were superimposed using the program LSQKAB.33 The figures were prepared using the visualization
program CCP4 mg.34
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important difference was also found in one of the
ligand molecules bound in the internal cavity of one
of the protein molecules (molecule B in our nota-
tion), which is rotated about 90° with respect to the
position found in all the other protein molecules
examined in the crystals. Figure 1c shows the super-
position of one protein model from each of the two
crystal forms (in both cases, molecule A in our
notation). Note that in this case, there is more varia-
bility in the orientation of the molecular axes of the
cholates bound on the protein surface, although the
area where they bind is approximately the same.
Note also that the third cholate molecule absent in
form B and in one of the protein molecules of form A
makes important contacts with the other two
cholates on the protein surface.

An additional cholate molecule was found bound
only on the surface on molecule B of crystal form B.
Its electron density is very clear, but it is found at the
interface between two crystallographically related B
protein molecules and interacts with both. We have
interpreted its presence in the asymmetric unit as the
result of a crystal packing artifact. Figure 1d shows a
model of two molecules B of form B related by the
crystallographic dyad with these cholate molecules
at their interface.

Ligand binding

For the sake of clarity, our discussion will focus
on the binding to molecule A of crystal form A.
Figure 2a shows the electron density of the five

Fig. 1 (legend on previous page)
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ligands bound to the protein. As the figure shows,
the electron density is very clear for all five mole-
cules. A similar situation is observed in the case of
molecule B of this crystal form, but the third mole-
cule in the asymmetric unit (molecule C) does not
show an electron density that is convincing enough
to bemodeled for two out of the three cholates bound
on the protein surface. Figure 2b is a diagram repre-
senting the interactions of the two ligands within the
internal cavity of the protein. Table 2 lists the dis-
tances between side chains and cholate molecules,
and Table 3 lists the contacts between structured
solvent molecules and cholates and protein side
chains in the cavity. In addition to the hydrophobic
contacts, the main direct interactions of the cholates
with side chains are established with three tyrosines:
the OH of Tyr97 with O12 of cholate molecule
number 150 and the OH of Tyrosine 14 and 53 with
O12 and O7, respectively, of cholate 151. The other

contacts with side chains are bridged by hydrogen-
bondedwater molecules in the cavity, which interact
with Gln51, Gln99, Glu110, and Arg125 and with the
O7 atoms of the two ligands and the carboxylate of
cholate 150. Important hydrophobic contacts are
established with Ile23, Gly31, Trp49, Phe63, Met71,
Val83, Leu90, Ile92, and Thr101.
There is considerably more variability in the align-

ment of the cholate molecules bound on the surface
of the protein. Cholates 152 and 153 are present in
the two crystal forms, but their precise orientation
on the protein surface is somewhat different (see Fig.
1a–c). This may be due to the lack of strong hydro-
gen bond interactions that could fix the ligand with
its axis in a well-defined position. The cholate
molecule that we have labeled 200 is present only
in molecules A and B of crystal form A. It interacts
with both molecules 152 and 153, with the cholates
bound in the internal cavity, 150 and 151, and with

Fig. 2. Cholate binding to zebrafish I-BABP. (a) α-Carbon chain trace of the molecule showing the experimental
electron density of the five cholate molecules bound to molecule A of crystal form A. The 2Fo−Fc map was contoured at a
1.5 σ level. (b) Diagram representing the amino acid side chains and solvent molecules in contact with the two molecules
bound in the internal cavity of the protein molecule. Hydrogen bonds are indicated with green dotted lines, whereas the
amino acids that make hydrophobic contacts are only indicated but not represented as ball-and-stick models. (c) The same
type of diagram as (b) but with the three cholate molecules bound on the surface of the protein molecule. (d) The three
cholate molecules bound on the surface of molecule A of crystal form A. The protein molecular surface is represented
yellow in the hydrophobic patches while polar regions are red (acid) or blue (basic). (a) was prepared using the program
CCP4 mg, whereas (b) and (c) were prepared using the visualization program LIGPLOT.35
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Fig. 2 (legend on page 104)
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Fig. 2 (legend on page 104)
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the following protein side chains: Ile23, Pro24,
Thr73, and Gly75 (see Table 2). The presence of
both cholates 152 and 153 seems to be a necessary
although not sufficient condition for the binding of
molecule 200. The main hydrophobic contacts of the
protein molecule with the cholates on its surface are
represented in Fig. 2c. They involve the following
residues: Pro24, Val27, His57, Thr73, Lys77, and
Tyr97. Figure 2d shows the protein surface with
cholates 152, 153, and 200 bound to it. The polar
residues are represented red (acid) and blue (basic)
while the hydrophobic surface is yellow. Note that
the region with the bound cholates is virtually
completely hydrophobic.

ITC experiments

Figure 3 reports the experimental ITC data in a
ΔH–r plot (ΔH=cumulative enthalpy per mole of
protein; r=concentration ratio=total titrated ligand/
total protein) at two different temperatures: 25 and
35 °C.
Several binding models were tested to interpret

these data. The best-fit trials using the simplest
model (one binding site) and the model that implies
two independent (but not necessarily equivalent)
binding sites did not yield satisfactory results.
A good fit was instead obtained at both tempe-

ratures with the model that implies three indepen-
dent (but not necessarily equivalent) binding sites
(see Fig. 3). The relevant values (see Table 4) of the
thermodynamic parameters (binding constant, etc.)
suggest the presence of two binding sites, pre-
sumably located within the cavity (significant
enthalpy values) and an extra entropy-driven
binding site (very low enthalpic contribution),
which is compatible with an adhesion process on
the surface of the molecule. The external binding
might indeed have no precise location, mainly
being a physical adhesion of ligand molecules to

low polarity regions of the protein surface. This is
in line with the X-ray results (see above) that reveal
a poorly defined position of the surface-bound
ligands. It must, however, be stressed that the local
environment during the formation of protein crys-
tals is rather different from that met in the dilute
solution used in ITC experiments. The possibility of
external adhesion of ligands could nonetheless
affect their actual concentration in the solution
bulk in subsaturation conditions and the overall
partition of accessible states. This is indeed the
effect of adding such extra binding in the simple
model of two independent sites that improves the
fitting of the ITC data.
Increasing the temperature from 25 to 35 °C sub-

stantially increased the overall enthalpic contribu-
tion without changing significantly that of the third
site (see Table 4).
However, a satisfactory fit was also obtained at

both temperatures with a fourth model that implies
the consecutive binding to a couple of not necessa-
rily equivalent sites (see Fig. 3). In this case, the
protein states are three: free, first site occupied, and
both sites occupied. The relevant partition function
in this case is: Q=1+Kb1 · [L]+Kb1 ·Kb2 · [L]

2. The
values of the best-fit thermodynamic parameters
(Table 4) suggest that both ligands should be located
within the cavity. This model is simpler insofar as it
does not imply any external binding and corre-
sponds to a commonly met situation.
In conclusion, the available calorimetric data con-

firm the presence of twomolecules boundwithin the
cavity but do not allow a clear-cut choice between the
latter two models. The temperature change did not
allow discriminating between the two alternatives.
The presence of surface binding sites, with a con-
siderable effect on the overall binding mechanism in
diluted protein solutions, remains a thermodynamic
compatible possibility that needs further confirma-
tion. In any case, such surface binding should be

Fig. 2 (legend on page 104)
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entropy driven and therefore strongly dependent on
the environmental conditions, that is, solvent and
other solutes.

Structural differences between the apo- and
the holoprotein

The program LSQKAB33 was used to superimpose
the α-carbons of residues 1–127 of the model of the

apoprotein and chains A of the two crystal forms of
the complex with cholate, and the distances be-
tween equivalent α-carbons were calculated. The
mean r.m.s.d. values were 1.04 and 1.09 Å for
crystal forms A and B, respectively. In addition, and
to be used as a control, a similar computation was
done for molecules A and B of crystal forms A (mean
r.m.s.d.=0.35 Å) and B (mean r.m.s.d.=0.73 Å) and
molecules A of the two crystal forms of the co-
crystals (mean r.m.s.d.=0.58 Å). The results are
represented in Fig. 4a as a function of the amino
acid number. As the figure shows, there are areas of
larger variability in the conformation of the protein:
the two helices and the connections between
strands C–D, E–F, and I–J. In all these areas, varia-
tions are observed when two molecules are com-
pared, which, in every case, have bound cholates,
but are present in different positions in the crystal
asymmetric unit and/or crystal form. Somewhat
larger variations are observed in the comparison of
the apo and holo models, but in this case, an addi-
tional very large peak, almost identical in the two
crystal forms, is found in the region between amino
acids 90 and 100, that is, in the hairpin connecting
strands G–H.
Figure 4b shows a holo molecule (red) super-

imposed to an apo molecule (blue). Arrows are used
to indicate the areas where the two chains are more
distant and a green arrow points to the hairpin
connecting strands G–H, which, as the figure shows,
is clearly in a more open conformation.
It is also worth mentioning that the side chains of

several amino acids in these areas are involved in
ligand binding in the internal cavity of the protein,
especially to the cholate molecule that we have
labeled 150.
The solvent accessible volume of the ligand-

binding cavity of all the molecules present in the
three crystal forms was calculated with the
program CASTp.36 The results are the following:
for the apoprotein, it was 314.0 Å3, whereas for the
three molecules in the asymmetric unit of form A
of the co-crystals, the values were 1015.1, 905.3,
and 948.9 Å3, and for the two molecules in form B,
they were 1028.8 and 635.8 Å3. The increase in
volume in the apo-to-holo transition shows that the
conformational change takes place, as expected,
with an increase in the volume of the ligand-
binding cavity. In general, all the values of the
models with cholate bound give comparable
figures with the exception of molecule B of crystal
form B (635.8 Å3), which, interestingly, is the only
one that has one of the cholate molecules bound in
the cavity in a different orientation (see Fig. 1b).
These values, when compared with the equivalent
for similar proteins, are somewhat larger; for
example, the solvent accessible volume of the
C91T mutant of zebrafish L-BABP is 675.4 Å3 and
that for chicken L-BABP is 627.0 Å3. This difference
may be due to the presence of four extra amino
acids inserted in the sequence of zebrafish I-BABP
in the loop connecting the last two strands of the β-
structure (see below).

Table 2. Distances between the closest z-I-BABP residues
of molecule A of crystal form A and the cholate molecules
separated in two groups: those bound in the internal
cavity are labeled 150 and 151, whereas those on the
surface are labeled 152, 153, and 200

Main contacts between the cholic acid molecules
and z-I-BABP residues

Cholate
molecule Atom

BABP
residue Atom

Distance
(Å)

Molecules bound in the internal cavity
150 O26 Val74 N 3.20
150 O3 Leu90 O 2.80
150 O12 Tyr97 OH 2.76
150 O7 Gln99 NE2 3.39
150 O12 Gln99 NE2 2.65
150 O3 Thr101 OG1 3.41
150 O3 Thr101 N 3.47
151 O12 Tyr14 OH 2.98
151 C12 Tyr14 OH 3.81
151 C11 Ile23 CD1 3.75
151 O26 Lys30 O 3.97
151 O7 Tyr53 OH 3.45
151 C15 Tyr53 CE1 3.59
151 C7 Val74 CG2 3.70
151 O7 Arg125 NH2 3.31
151 O3 Arg125 NH2 4.04

Molecules bound on the surface of the protein
152 C18 Val27 CG1 3.84
152 C20 Val27 CG2 4.00
152 C21 Lys30 CD 3.91
152 O25 Lys30 NZ 4.15
152 C3 His57 CG 3.65
152 C19 Val74 CB 4.07
152 C5 Val74 O 3.93
153 C4 Ile21 CG2 4.00
153 C16 Lys77 CG 3.79
153 C22 Lys77 CB 3.82
153 O25 Lys78 N 3.31
153 C21 Phe79 CD1 3.95
153 C1 Tyr97 CB 3.82
200 C21 Ile23 CD1 4.08
200 C19 Pro24 CD 3.83
200 C24 Thr73 CG2 2.98
200 O25 Thr73 CG2 2.60
200 O26 Thr73 CG2 2.85
200 C24 Gly75 N 3.32

Other contacts of the central cholic acid molecule on the surface

Cholate
molecule Atom

Cholate
molecule Atom

Distance
(Å)

200 C23 150 O25 3.04
200 C24 150 O25 3.26
200 O26 150 O26 3.59
200 C21 151 C19 3.73
200 C7 152 C15 3.80
200 O25 153 C15 3.63

Cholate number 200 is not visible in the other crystal form and in
molecule C of form A.
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Comparison with other BABPs

The liver of fish, amphibians, reptiles, and birds
expresses a BABP that belongs to the same structural
family as the I-BABPs. These proteins were origin-
ally called the liver “basic” FABPs, and there are
currently several X-ray structures available,25–27 in-
cluding that of the wild type and two mutants of
zebrafish L-BABP.30 Unlike all the other members of
the family, wild-type zebrafish L-BABP can accom-
modate a single cholate molecule in its internal
binding site, but the mutation of a single amino acid,
Cys91, changes this stoichiometry of ligand binding
to the one found in all the other members of the
family: two cholates per site. Figure 5a is a stereo-
diagram that superimposes the model of this mutant
of zebrafish L-BABP and the model of zebrafish I-
BABP. Note that even though the two cholates bind
in approximately the same region, their exact
position and orientation are not identical.
NMR spectroscopy was used to examine the

binding of glycocholate14 and taurocholate15 to
porcine and human I-BABPs, respectively. The two
lowest-energy models that contain a single bile acid
molecule in the ligand-binding site were super-

imposed to the model of zebrafish I-BABP. The
result of this superposition is represented in Fig. 5b.
Note that in both cases, the single molecule included
in the NMR structures occupies approximately the
position of one of the molecules in the X-ray model,
but the precise position and orientation of the ligand
are different.
The sequences of five I-BABPs from different spe-

cies were aligned using the program CLUSTALW37

and are represented in Fig. 6. Note that after amino
acid 118, there is an insertion of four amino acids:
GTAV present only in zebrafish I-BABP. The last
column on the right hand indicates the percentage
identity of the amino acid sequences with zebrafish
I-BABP, which is in every case lower than about
60%. A black dot identifies the residues involved in
ligand binding of the cholates present in the internal
cavity of zebrafish I-BABP, and a gray dot identifies
those on the protein surface. In general, the residues
involved in ligand binding are either conserved or
substituted by acceptable alternatives.
The bottom part of the figure aligns zebrafish I-

BABP and L-BABP. Note that the four amino acids
absent in the other I-BABPs are also absent in L-
BABP and that the percentage identity between the

Table 3. Distances between solvent molecules present in the crystals, the cholates bound in the internal cavity, and
protein side chains

Main contacts between solvent molecules, cholic acid molecules, and side chains in molecule A of crystal form A

Cholate molecule
or side chain Atom

Solvent molecule
holoprotein Atom Distance (Å)

CHD 150 O7 HOH 1 O 2.70
Gln99 OE1 HOH 1 O 2.84
Glu110 OE1 HOH 1 O 3.08
HOH 3 O HOH 1 O 2.65
CHD 150 O26 HOH 2 O 2.80
Tyr53 OH HOH 2 O 2.68
Gln51 OE1 HOH 2 O 2.75
CHD 150 O7 HOH 3 O 2.78
Glu110 OE1 HOH 3 O 2.66
CHD 151 O7 HOH 4 O 2.74
Arg125 NH2 HOH 4 O 2.70
Tyr53 OH HOH 4 O 2.83
HOH 3 O HOH 4 O 2.58
HOH 2 O HOH 5 O 2.65
HOH 4 O HOH 5 O 2.58

Amino acid
side chain Atom

Solvent molecules that are in the same
position in the cavity of the apoprotein Atom Distance (Å)

Leu108 O HOH 6 O 3.04
Glu110 OE2 HOH 6 O 2.45
Ser127 OG HOH 6 O 2.71
Glu110 O HOH 7 O 2.89
Ser112 OG HOH 7 O 2.63
Trp49 O HOH 8 O 2.83
Gln51 OE1 HOH 8 O 2.89
Asn61 OD1 HOH 8 O 2.92
Thr38 OG HOH 9 O 2.90
Gln51 NE2 HOH 9 O 2.77
Glu110 OE1 HOH 9 O 2.72
Leu36 O HOH 10 O 2.94
Thr38 OG HOH 10 O 2.55
Ser127 OG HOH 10 O 2.90

The notation is the same as in Table 2.

109Zebrafish Ileal BABP



Author's personal copy

two sequences is only about 44%. The black arrows
identify the residues involved in cholate binding in
the cavity of I-BABP, whereas the gray arrows
identify those that participate in cholate binding in

the cavity of the C91T mutant of zebrafish L-BABP.
About half the residues that participate in ligand
binding align in the two sequences and the other
half do not.

Fig. 3. ITC experiments. Sodium
cholate binding to zebrafish I-BABP
at 25 °C (a) and 35 °C (b). The raw
data for the first 20 injections are
shown in the inset. Experimental
data (circles) in theΔH–r plot where
ΔH is the cumulative enthalpy (sum
of the peak areas in the inset) ex-
pressed per mole of protein versus
the concentration ratio and r is the
concentration ratio r=total titrated
ligand/total protein. The lines re-
present the best fit of the data using
four thermodynamic binding mod-
els: single site (dotted thin line a),
two independent sites (dotted thin
line b), three independent sites
(continuous bold line), and two con-
secutive sites (continuous thin line
almost superimposed to the bold
line).

Table 4. Best-fit parameters obtained using the three independent sites binding model and the two consecutive sites
binding model on the ITC data

T (°C) Kb1 Kb2 Kb3 ΔH°b1 ΔH°b2 ΔH°b3 TΔS°b1 TΔS°b2 TΔS°b3 ΔG°b1 ΔG°b2 ΔG°b3

Three independent sites binding model
25 3.45 1.45 3.50 −4.7 −1.8 −0.2 21.20 21.95 25.74 −25.90 −23.75 −25.94
35 0.93 0.65 3.00 −9.4 −8.2 −0.3 14.01 14.29 26.11 −23.41 −22.49 −26.41

Two consecutive binding sites model
25 0.63 1.02 — −5.1 −1.6 — 16.59 21.28 — −21.69 −22.88 —
35 0.21 0.84 — −10.6 −6.4 — 9.00 16.75 — −19.60 −23.15 —

Kb is expressed in 104 M−1. All the other parameters are expressed in kilojoules per mole.
In both the models, n=1 fixed stoichiometry was assumed for each binding site.
Errors are within 10% of the reported values, lower than 15% if an eventual error of 10% is taken into account in the protein concentration.
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It is worth mentioning that the existence of a su-
perficial binding site for cholate in zebrafish L-BABP
was revealed by ITC although electron density for
it was not present in the maps.30 The observation
that rabbit I-BABP is also photolabeled on its sur-
face by derivatives of taurocholate further strength-

ens this result.21 Experimental data to support the
presence of specific binding sites on hydrophobic
surfaces of a protein molecule are not easy to
acquire, and in the case of X-ray crystallography,
the presence of the ligand may interfere in the crys-
tallization process. This may explain the fact that, up

Fig. 4. Comparison of the apo- and holoprotein models. (a) Upper panel: r.m.s.d. between α-carbon atoms of the
apoprotein model and the models of the holoprotein: (i) A chain of form A (red), (ii) A chain of form B (green). The black
trace compares chains A and B of crystal form A, the violet trace compares chains A and B of crystal form B, and the cyan
trace compares chains A of the two crystal forms. Lower panel: main-chain B-factors of the apo form (blue) and molecule
A of crystal form A (red) as a function of the amino acid number. The strip at the bottom of the figure represents the
elements of secondary structure. (b) The models of the apoprotein (blue) and the holoprotein (red) superimposed using
the program LSQKAB.33 The model of the holoprotein used is molecule A of crystal form A. Note that the cavity covered
by the two helices is more open in the holoprotein. The regions where the two polypeptide chains are more distant are
indicated with arrows.
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to now, no I-BABP crystals from other species could
be grown. With the information gathered so far, the
physiological role of these extra sites on the protein
surface can only be a matter of speculation: they
could help guide the molecules to the internal sites
or perhaps could improve the ligand-binding capa-
city of a small protein molecule in the presence of a
large excess of the ligand.

Materials and Methods

Protein expression, purification, complex formation,
and crystallization

The cDNA coding for zebrafish I-BABP (IMAGE ID
7039169), obtained from RZPD (Deutsches Ressourcen-
zentrum fuer Genomforschung GmbH), was amplified by

Fig. 5. Comparison of the model of zebrafish holo I-BABP (molecule A of crystal form A) and the models of other
BABPs. (a) Stereo diagram superimposing zebrafish I-BABP (red) and the C91T mutant of zebrafish L-BABP (blue, Ref.
[30], PDB code: 2QO5). (b) Stereo diagram of the model of zebrafish holo I-BABP (red) superimposed to the NMRmodels
of porcine I-BABP complexed with glycocholate (blue, Ref. [14], PDB code: 1EIO) and human I-BABP complexed with
taurocholate (green, Ref. [15], PDB code: 1O1V). The coordinates used for both NMR structures were the first sets listed in
the PDB files. The models were superimposed by using the program LSQKAB33 and only the two cholate molecules
bound in the internal cavity of zebrafish I-BABP are represented in the diagrams.
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PCR using primers designed to introduce restriction sites
for BamHI and PstI endonucleases and a sequence coding
for a digestion site for thrombin in the C-terminal end in
the amplified fragment. After purification, the fragment
and the expression vector pQE50 (Qiagen) were digested
with the restriction enzymes mentioned above and
incubated with ligase to insert the cDNA in the vector
respecting the reading frame. SG13009 Escherichia coli cells
were transformed with the resulting vector, grown at
37 °C, and protein synthesis was induced overnight at
20 °C with 0.5 mM IPTG (isopropyl β-D-1 thiogalactopyr-
anoside). Under these conditions of subcloning in pQE50,
the expressed intracellular domain is fused to a histidine
tag through its C terminus. The presence of the tag
allowed the affinity purification of the fused protein by
passing the bacterial extracts through a nickel-Sepharose
column. The column was equilibrated with 20 mM Tris–
HCl, pH7.5, 0.5 M NaCl, 10 mM imidazole, and 0.02%
NaN3, and the bound protein was eluted with a linear
gradient of imidazole from 10 to 500 mM. After the affinity
column, the tag was removed by thrombin digestion and
the protein was further purified by gel filtration in a
Superdex G-75 column equilibrated with 20mMTris–HCl,
pH7.5, 0.15 M NaCl, and 0.02% NaN3. Complete removal
of the tag was assessed by Western blot analysis using an
anti-His-horseradish peroxidase-conjugated antibody
(Sigma-Aldrich). The purified protein showed one band
in SDS-PAGE. Ten times the molar protein concentration
of sodium cholate was added to the apoprotein at a
concentration of about 20 mg/mL in 20 mM Tris–HCl
buffer, pH7.5, in order to prepare the complex with the
ligand. The cholate concentration in the protein solution

was thus about 14 mM. The solution was stirred over-
night at 20 °C and used at this concentration for the initial
screen of crystallization conditions. Molecular Dimen-
sions Structure Screens were used at 20 °C with the
hanging-drop method, mixing 1 μL of the protein solu-
tion with the same volume of the precipitating solution
and equilibrating versus a volume of 0.3 mL of the latter
in the reservoir. The conditions yielding small crystals
were later refined, and the sitting-drop method with
larger volumes was also tested until crystals that were
large enough for data collection were obtained. The best
crystals of apo I-BABP grow by mixing equal volumes of
the protein solution and 0.1 M sodium Hepes, pH7.5,
1.4 M trisodium citrate dihydrate, and 1% ethylene
glycol. The co-crystals of I-BABP with cholate were
grown using a protocol identical with that of the apo-
protein. In this case, two different crystal forms were
obtained. Both are monoclinic, belong to space group C2,
and are identified with the labels forms A and B. The first
form (A) grows under conditions that are very similar to
those of the apoprotein: 1.1 M trisodium citrate dihydrate,
pH7.0, while the second form (B) grows in 0.1 M sodium
Hepes, pH7.5, 2.0 M ammonium sulfate.

Data collection, structure solution, and refinement

The crystals of apo I-BABP are trigonal, belong to space
group P3221, with a=b=54.4 Å and c=82.7 Å, and contain
one molecule in the asymmetric unit (see Table 1). The
crystals of form A of the complex of I-BABP with cholate
are monoclinic, belong to space group C2, with a=149.2 Å,

Fig. 6. Sequence alignment of five I-BABPs and zebrafish I-BABP and L-BABP. The abbreviations used are as follows:
Z, zebrafish; H, human; P, porcine; R, rat; M, mouse; L-BABP, liver BABP (formerly called liver “Basic” FABP). The last
column on the right-hand side gives the percentage identity of each sequence and that of zebrafish I-BABP. A black dot
identifies the residues involved in the binding of cholate to zebrafish I-BABP in the internal cavity, whereas a gray dot
identifies those involved in the binding on the surface of the molecule. The black arrows identify the residues involved in
cholate binding in the cavity of zebrafish I-BABP, and the gray arrows identify those involved in cholate binding in the
cavity of the C91T mutant of zebrafish L-BABP.
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b=80.3 Å, c=39.7 Å, and β=96.2°, and contain three
molecules in the asymmetric unit. The crystals of form B
belong to the same space group (C2), with a=96.3 Å,
b=85.3 Å, c=75.1 Å, and β=127.6°, and contain two
molecules in the asymmetric unit (Table 1).
The data for the crystals of the apoprotein and of formA

of the complex with cholate were collected at the ID29
beamline of the European Synchrotron Radiation Facility
in Grenoble (λ=0.97 and 0.93 Å) at 100 K after a brief
soaking in a mixture of 80% of the mother liquor and 20%
glycerol. The data were indexed, integrated, and reduced
using the programs MOSFLM and Scala.38,39 The data for
form B of the complex were collected at the XRD1
beamline of the Elettra Synchrotron in Trieste at 100 K
with 80%mother solution–20% glycerol as cryoprotectant.
The detector was a MarResearch CCD. The data were
indexed, integrated, and reduced using the program
AUTOMAR. The diffraction data statistics are summa-
rized in Table 1.
The structure of form B of the complex I-BABP–cholate

was solved first using the CCP4 suite of programs for
crystallographic computing. The initial phases were calcu-
lated by the molecular replacement method as implemen-
ted in the program MOLREP,40 with the coordinates of
zebrafish L-BABP {Ref. [30], Protein Data Bank (PDB)
accession code: 2QO4} as the search probe. The automatic
search with data up to a resolution of 3.0 Å gave an
unambiguous result with a correlation coefficient of 37.5
and an R-factor of 37.5%. The model was rigid body
refined, moving initially the entire molecule and, in a
second stage, the elements of secondary structure using
the program REFMAC.31 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 the program XtalView41 and the
refinement program REFMAC. During the process of
refinement and model building, the quality of the model
was controlled with the program PROCHECK.32 Ligand
and solvent molecules were added to the model in the
final stages of refinement, the latter according to hydrogen
bond criteria and only if their B-factors refined to rea-
sonable values and if they improved the Rfree. The model
was finally subjected to a final round of TLS refinement as
implemented in the program REFMAC.
A similar procedure was followed to solve and refine

the structure of the apoprotein and of form A of the com-
plex. In both cases, one molecule of the I-BABP–cholate
model in the asymmetric unit of form B without solvent
molecules and the ligand was used as the search probe.
Refinement of these structures was also carried out with
the program REFMAC following essentially the same
procedure described above. The final refinement statistics
for the models of the three crystal forms are summarized
in Table 1.

Isothermal titration calorimetry

The proteins and sodium cholate were dissolved in the
following buffer: 20 mM Tris–HCl, pH7.5, 0.15 M NaCl,
0.02% sodium azide. The sodium cholate concentration in
the titrating solution was 9.3 mM, and the initial protein
concentration in the measurement cell (determined spec-
trophotometrically) was 0.11 and 0.15 mM for the
measurements performed at 25 and 35 °C, respectively.
The titrations were performed using a CSC Nano
Isothermal Titration Calorimeter III (model 5300). A total
of 20 (25 °C) and 40 (35 °C) injections of 5-μL aliquots of
titrating solution were added to the 973-μL protein
solution cell. The heat of the injections was corrected for

the heat of dilution of the ligand into the buffer. Three
replicas were performed. One replica was also performed
using the MicroCal VP-ITC instrument.
Several binding models were tested to interpret the

calorimetric data, and the fitting functions are described in
the literature.42–44

Briefly, the observable enthalpy is given by

DH T; p; lLð Þ = � R
AlnQ
A 1=Tð Þ

� �
p;lL

and the degree of association, that is, the concentration
ratio x=[bound ligand]/[total protein], is given by

x =RT
AlnQ
AlL

� �
T;P

=
AlnQ
Aln L½ �

� �
T;P

where R is the universal gas constant, μL is the chemical
potential of the free ligand, [L] is the concentration of the
free ligand, and Q is the partition function of the system
referred to the free protein state.43 Since we can appro-
ximate these systems as diluted solutions, the thermo-
dynamic activities of the solutes may be replaced with
their molar concentrations. Under this assumption, the
partition function is the sum

Q =
Xn
j = 0

Pj
� �

= P0½ �

of the concentrations of all protein species, Pj, referred to
the free protein, P0. Q depends on the assumptions made
on the association (binding) mechanism and is the key
function used to simulate the enthalpy so as to check the
model with the experimental data and to obtain the asso-
ciation (or binding) constant, Kb, and the binding enthalpy
ΔHb. The binding constant is a dimensionless quantity by
definition. However, in order to stress the approximation
of the thermodynamic activities with the molar concentra-
tions, the use of M−1 units for this parameter is widely
used and was adopted in this article.
The fit attempts based on the binding models were

accomplished using the nonlinear Levenberg–Marquardt
method.45 The errors of each fitting parameter were calcu-
lated with a 95.4% confidence limit by the Monte Carlo
simulation method. An eventual error of 10% in the
protein concentration was also taken into account.

Accession numbers

Coordinates and structure factors have been deposited
in the PDB with accession numbers 3ELX, 3ELZ, and
3EM0.
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