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INTRODUCTION

Bile salts have long been known to facilitate digestion

and absorption of lipids in the small intestine. Recently it

has been demonstrated that bile acids, undergoing entero-

hepatic circulation from liver to intestine, also function as

hormones by activating ligand-inducible transcription fac-

tors that are members of the superfamily of nuclear hor-

mone receptors, such as farnesoid X receptor and liver X

alpha receptor.1 This activation provides a strong link

between bile acids production and cholesterol homeostasis.

Indeed in humans, inherited, genetic defects associated

with the impairment of bile acid homeostasis lead to severe

cholestatic disease and vitamin absorption deficiency.2

An important question is related to the mechanism by

which bile acids, poorly soluble in aqueous environment,

traverse the cytoplasm, enter the nucleus, and reach their

cognate receptors. It is known that in cell bile acids bind

to intracellular lipid binding proteins (iLBPs), a family of

small proteins (ca. 15 kDa) that, in spite of the remark-

ably similar b-barrel structures, diverge in their primary

structure and in the selectivity exhibited towards different

lipophilic ligands.3 It has been recently suggested that

the role of iLBPs may not only be limited to the trans-

port of bile acids in cytoplasm, but could be related to
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ABSTRACT

Chicken liver bile acid binding protein (cL-BABP) is involved

in bile acid transport in the liver cytosol. A detailed study of

the mechanism of binding and selectivity of bile acids bind-

ing proteins towards the physiological pool of bile salts is a

key issue for the complete understanding of the role of these

proteins and their involvement in cholesterol homeostasis. In

the present study, we modeled the ternary complex of cL-

BABP with two molecules of bile salts using the data driven

docking program HADDOCK on the basis of NMR and mass

spectrometry data. Docking resulted in good 3D models, sat-

isfying the majority of experimental restraints. The docking

procedure represents a necessary step to help in the structure

determination and in functional analysis of such systems, in

view of the high complexity of the 3D structure determina-

tion of a ternary complex with two identical ligands. HAD-

DOCK models show that residues involved in binding are

mainly located in the C-terminal end of the protein, with

two loops, CD and EF, playing a major role in ligand bind-

ing. A spine, comprising polar residues pointing toward the

protein interior and involved in motion communication, has

a prominent role in ligand interaction. The modeling

approach has been complemented with NMR interaction and

competition studies of cL-BABP with chenodeoxycholic and

cholic acids. A higher affinity for chenodeoxycholic acid was

observed and a Kd upper limit estimate was obtained. The

binding is highly cooperative and no site selectivity was

detected for the different bile salts, thus indicating that site

selectivity and cooperativity are not correlated. Differences

in physiological pathways and bile salt pools in different spe-

cies is discussed in light of the binding results thus enlarging

the body of knowledge of BABPs biological functions.
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subcellular targeting.4 Studies of cellular localization of a

few iLBPs, such as CRAB-II, K-FABP, and A-FABP,

revealed that these proteins are indeed cytosolic in the

absence of ligands; they however translocate to the nu-

cleus upon treatment of cells with appropriate ligands,

that have the capability of switching a rearrangement

that results in the presence of a nuclear localization sig-

nal (NLS) with a topology strikingly similar to the classic

NLS.4 It is however still under debate whether this trans-

location mechanism is common to all proteins of the

family or not. In this line we have recently reported that

the mechanism of ligand binding in chicken liver bile

acid binding protein (cL-BABP), and possibly in the

other proteins of the family, is consistent with a model

of allosteric activation, where the protonation state equi-

librium of a buried histidine modulates a functionally

important motion, that is, the opening/closure of loops

at the open end, and ligand binding stabilizes one of the

preexisting conformations.5

cL-BABP consists of 10 antiparallel b-strands (A-J)

organized in two nearly orthogonal b-sheets that form a

b-clam type structure. Helices I and II, inserted between

the A and B strands, together with the CD, EF, GH, and

IJ loops define the protein ‘‘open end’’, that is, the en-

trance to the binding cavity. The formation of a ternary

complex of cL-BABP with 2 molecules of bile salts has

been previously demonstrated.5,6

A detailed study of the mechanism of binding and selec-

tivity of bile acids binding proteins (BABP) towards the

pool of bile salts has become a key issue for the complete

understanding of the role of these proteins and their

involvement in cholesterol homeostasis, as this pathway is

a target for pharmaceutical intervention in patients with

elevated cholesterol levels or metabolic syndrome.7,8 Pio-

neering work in the field has been reported for human ileal

bile acid binding protein (hI-BABP), which was shown to

exhibit low intrinsic affinity but a very high degree of posi-

tive cooperativity and site selectivity in its interactions

with glycholate (GCA) and glycochenodeoxycholate

(GCDA), the two major bile salts in humans.9,10–12

In the present article we address structural aspects,

mechanism and site selectivity of bile acid binding to cL-

BABP, a member of the BABP family. This protein has

been suggested to perform bile acid transport in non-

mammals liver cytosol, thus playing the same role that

ileal BABP performs in enterocytes.5 The guiding princi-

ple of this research is that only the correlation between

binding data reported for different proteins of the same

family would add to the establishment of firm guidelines

for the determinants of binding.

In the first part of the article we present a model of

the ternary complex of cL-BABP with two molecules of

chenodeoxycholic acid (CDA), the most abundant bile

salt in chicken, obtained using the data-driven docking

program HADDOCK.13 For this, two CDA molecules

were docked simultaneously (three body docking) into

the binding pocket of cL-BABP based on multiple sets of

NMR and mass spectrometry data. Flexible proteins

exhibiting more than one binding site place severe

demands on the docking procedures, and we show here

the efficiency of the used multibody docking algorithm

in dealing with a multisite interaction problem. Our

results provide a basis for a thorough analysis of the

binding mode of other proteins of the family currently

under investigation in our laboratory. The models

obtained represent a valuable and necessary contribution

to the NMR 3D structural determination, which is not a

trivial problem due to the presence of two identical

ligand molecules and of resonance overlap in the ali-

phatic region. In the second part of the article an NMR

binding competition study is presented for cL-BABP at

different temperatures to investigate site selectivity and

cooperativity towards chenodeoxycholic and cholic (CA)

acids. The obtained results are discussed in the light of

the binding properties reported for hI-BABP. An analysis

of physiological pathways and bile salt pools in different

species has been performed to trace the biological impli-

cations of the present findings.

MATERIALS AND METHODS

Protein expression and purification and
ligand synthesis

Recombinant cL-BABP was expressed from E.coli and

purified to homogeneity as previously described.5 Delipi-

dated cL-BABP was obtained in a yield of 90 mg/L of

rich medium. 13C and 15N isotope labeling was achieved

using M9 minimal media containing 1 g/L 15NH4Cl, and

4 g/L 13C enriched glucose following protocols reported

in the literature.14 The extent of 15N and 13C labeling

was verified by MALDI mass analysis and the isotope

incorporation was found to be more than 92%. 13C-15N

cL-BABP was obtained in a yield of 25 mg/L of minimal

media. Protein concentrations, for samples preparation,

were determined spectrophotometrically. Unenriched bile

acids and [24-13C]-glycocholate (GCA) were purchased

from Sigma. 15N glycine conjugates of bile acids were

prepared as follows: 15N Fmoc-Glycine was anchored to

2-chlorotrityl chloride resin in the presence of N,N-diiso-

propylethylamine according to the procedures of Barlos

et al.15 After removal of the Fmoc group by 20% piperi-

dine in dimethylformamide and further washings, a pre-

activated pentafluorophenyl ester of CDA or CA in dime-

thylformamide was added in the presence of 1-hydroxy-

benzotriazole to 15N-Glycine anchored to the resin and

vortexed until the ‘‘Kaiser test’’16 was negative. After

extensive washings to remove the reagents, GCDA and

GCA 15N enriched in the glycine moiety were removed

from the resin by repeated treatment with 25%

1,1,1,3,3,3-hexafluoro-2-propanol in dichloromethane.

Solvents were removed in vacuum, the adduct was dis-
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solved in aqueous acetonitrile and concentrated, with

concomitant precipitation of the products, recovered by

filtration. The homogeneity of the derivatives was

assessed by Thin Layer Chromatography.

For the preparation of the holo-protein samples, a

procedure previously described was followed.9 Bile salts

were dissolved in tetrahydrofuran, and the concentration

of the stock solutions was determined by measuring dry

weights. Appropriate amounts of the stock solution of

bile acid were aliquoted, and the solvent was evaporated

under a stream of nitrogen. The bile acid was solubilized

using 1:1 equivalents of 1M NaOH. Then 17.5 lL of

D2O were added to 332.5 lL of protein solution to bring

the total volume of the NMR sample to 350 lL. The final
0.5 mM protein samples were dissolved in 30 mM potas-

sium phosphate buffer, in 95%H2O/5%D2O. The pH of

the solutions was 7.2. To minimize errors each ligand:

protein mole ratio sample was prepared twice.

NMR experiments

All NMR spectra were recorded on Bruker DMX and

DRX spectrometers operating at 500 MHz equipped with

a triple resonance probehead, incorporating gradients in

the z-axis. Sensitivity-enhanced 1H-15N heteronuclear

correlation spectra were collected using standard pulse

sequences. All HSQC spectra were acquired with a 1H

spectral width of 6510 Hz and 1024 points, zero-filled to

a total of 2048 points. Relaxation delays of 1.7 s were

employed. In the 15N dimension, 256 increments were

collected, with a sweep width of 2032 Hz, zero-filled to a

total of 1024 points.

HMBC17 and 3D 1H-15N HSQC-NOESY18 spectra

were acquired using standard pulse sequences. The delay

in the HMBC sequence was optimized for a long range

coupling constant of 5.3 Hz. In the 3D 1H-15N HSQC-

NOESY spectra 1024 and 128 points were used for 1H

first and third dimension, respectively with a spectral

width of 6510 Hz; in the 15N dimension 20 increments

were collected with a sweep width of 1013 Hz. A mixing

time of 250 ms was employed.

For the acquisition of saturation transfer difference

(STD) NMR spectra19 a sample of cL-BABP (70 lM) in

the presence of CDA (1.6 mM) in 99.9% D2O 30 mM

buffer phosphate was prepared and a 1D pulse sequence

incorporating a T1q filter was used. Spectra were recorded

with a spectral width of 6510 Hz and 32 K data points.

On-resonance and off resonance irradiations were per-

formed at 3380 and �15000 Hz, respectively, using 60

Gaussian pulses with a 1% truncation and 50 ms dura-

tion to give a total saturation time of 3 s. The duration

of the T1q filter was 30 ms. STD NMR spectra were

acquired with a total of 128 transients in addition to 16

scans to allow the sample to reach equilibrium. The sub-

traction of the two FIDs was achieved by phase cycling.

Reference spectra on free ligand were acquired using the

same conditions.

An F2-[
15N,13C]-filtered NOESY experiment was run

using a standard Bruker pulse sequence that employs si-

multaneous 15N and 13C low-pass J-filters.20 The two,

two-step 13C purge filters were tuned to aromatic 1JCH
couplings (150 and 170 Hz). A mixing time of 70 ms

was used. The spectrum was registered with a 1H spectral

width of 6009 Hz, 512 scans, and 2048 3 256 data

points. For this experiment, a [15N,13C]-labeled protein:

unlabeled ligand (1:2.5) sample was dissolved in

90%D2O/10%H2O and the residual water signal was sup-

pressed using the Watergate scheme.

Data were processed with XWINNMR and

NMRPipe21 and peak volume integrations were carried

out with NMRView 5.0.3 software package.22 To decrease

the systematic errors measurements were repeated twice

under identical conditions. The derived standard devia-

tion is reported on the graph as an error-bar.

Spectra calibration was performed with TSP as internal

standard for 1H, whereas for 15N and 13C dimension an

indirect referencing was used as previously described.23

Mass spectrometry

Limited Proteolysis was performed for apo- and holo-

cL-BABP in complex with CDA. The samples were

digested with trypsin (enzyme/substrate 1:1000 w/w) in

0.1% ammonium bicarbonate buffer, pH 7.8. Aliquots of

the incubation mixtures, corresponding to 5 nmol of the

original protein, were withdrawn at times ranging from

15 s to 30 min and freeze-dried. The digests were then

dissolved in 0.1 mL of aqueous 0.1% trifluoroacetic acid

and analyzed by MALDI TOF MS or by Liquid Chroma-

tography Electrospray Mass Spectrometry (LC-ESI-MS).

MALDI TOF MS analysis was performed on a DE-Pro

(Applied Biosystems) instrument operating in reflector

mode. For LC-ESI-MS analysis, a 2.1 mm i.d. 3 250

mm, C18, 5 mm (Vydac) reverse-phase column with a

flow rate of 0.2 mL min�1 was used on a Agilent 1100

MSD system. For peptide analysis, the separation was

carried out with a linear gradient from 8 to 40% acetoni-

trile containing 0.1% (v/v) TFA over 60 min and mass

spectra were acquired in the range 1600–400 m/z at scan

cycle of 5 s/scan. The source temperature was 393 K.

Mass scale calibration was carried out using myoglobin

as reference compound.

Docking calculations

Docking of bile salts to cL-BABP was performed using

the software HADDOCK (version 2.0_devel)13 in combi-

nation with CNS.24 An ensemble of 10 NMR apo pro-

tein structures5,25 was used as starting structures for

docking. CDA coordinates were derived with the

SMILE26 program by changing the hydroxylation pattern

of a CA molecule (http://xray.bmc.uu.se/hicup/).

Docking and Binding Studies on cL-BABP
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Protein residues directly affected by ligand interaction

are defined as ‘‘active residues’’, while neighbors of active

residues are defined as ‘‘passive residues’’. Active and pas-

sive residues form the protein/ligand interface. Since the

two CDA ligand molecules can not be distinguished, the

Ambiguous Interaction Restraints (AIRs) were defined

ambiguously to both ligands letting HADDOCK choose

the best conformation. In that way no bias is introduced

in the modeling. Additional restraints were introduced in

the flexible stages of HADDOCK to maintain the second-

ary structure of the protein by defining dihedral angle

restraints (measured value �208) for b-sheet and a-heli-
cal regions, derived from the secondary structural elements

of the apo structure (PDB id: 1MVG). Dihedral angle pre-

diction from secondary chemical shift analysis performed

by TALOS,27 supports the use of such restraints.

The HADDOCK docking protocol consisted of the fol-

lowing three consecutive stages13:

i. randomization of orientations followed by rigid body

energy minimization (EM);

ii. semiflexible simulated annealing in torsion angle space,

which consists of (a) a rigid body Molecular Dynamics

search and a first simulated annealing, (b) a semiflexi-

ble simulated annealing during which only side chains

at the interface are free to move, and (c) a semiflexible

simulated annealing during which only side chains and

backbone at the interface are free to move;

iii. final refinement in Cartesian space with explicit sol-

vent during which side chains and backbone at the

interface are free to move.

The rigid body docking stage is performed a number

of times (in our case: 5 times), and the best resulting

structure is saved. 4000 structures were generated at the

rigid body docking stage, the best 400 of which were

selected for further semiflexible refinement. The best 200

structures were then selected for the final refinement in

explicit water. Nonbonded energies (sum of van der

Waals and electrostatic terms) were calculated with an

8.5 Å distance cut-off using the OPLS nonbonded pa-

rameters28 from the parallhdg5.3.pro parameter file.29

Parameters for the ligands were obtained from the

PRODGR server.30 The dielectric constant e was set to

10.0 to damp the electrostatic contribution in vacuum

and to 1.0 during explicit solvent refinement. The overall

HADDOCK score used at the various stages to rank and

select solutions was calculated as a weighted sum of dif-

ferent terms (rigid body stage: 0.01*EvdW þ 1.0*Eelec þ
0.01*EAIR � 0.01*BSA � 1.0*Edesolv; semiflexible refine-

ment: 1.0*EvdW þ 1.0*Eelec þ 0.1*EAIR �0.01*BSA

þ1.0*Edesolv; water-refinement: 1.0*EvdW þ 0.2*Eelec þ
0.1*EAIR þ1.0*Edesolv). Here the subscripts are: vdW the

van der Waals energy, Elec the electrostatic energy, AIR

the AIR energy, BSA the buried surface area and Desolv

the desolvation energy calculated using the atomic desol-

vation parameters of Fernandez-Recio et al.31

The resulting solutions were clustered using the algo-

rithm of Daura et al.32 with a 3 Å cut off according to

RMSDs of the two ligands calculated after fitting on the

backbone of the flexible interface for the protein. Dock-

ing solution could be divided into 21 clusters, which

were ranked based on the average HADDOCK score (see

earlier) calculated on the top two solutions (see supple-

mentary Table). All the protein ligand interactions of the

models were analyzed using the LIGPLOT program.33

The RMSD at ligands coordinates (carbons) were calcu-

lated after global superposition of protein backbone

atoms using PROFIT program (Martin, A. C. R., ProFit.

http://www.bioinf.org.uk/software/profit).

RESULTS

The ternary complex of cL-BABP with 2 molecules of

CDA has been modeled using the HADDOCK program,

which can incorporate experimental information

obtained at various levels, such as NMR chemical shift

perturbation analysis, 15N relaxation measurements,

NOE, mutagenesis data, and any other known attribute

of the complex under study. In the following paragraphs

a description of all the experimental data used to drive

the docking simulation is reported. Protein residues

directly involved in binding were annotated as ‘‘active

residues’’, while all residues sequentially and structurally

close to an active residue were defined ‘‘passive residues’’.

Active and passive residues are summarized in Table I.

Mass spectrometry analysis of apo- and
holo-cL-BABP limited proteolysis

The accessibility of apo- and holo-cL-BABP was inves-

tigated with limited proteolysis experiments using tryp-

sin. This protease was selected since cL-BABP presents a

large number of potential hydrolysis sites (thirteen lysine

and five arginine residues). Fragments 1–52 and 1–55 are

present in the chromatogram of the apo protein after 5

min and both are quickly further digested at the level of

R32. The peptide fragment 53–76 is produced after only

5 min of incubation, and after 10 min fragment 56–76

becomes detectable, while it proves quite resistant to fur-

ther hydrolysis, possibly because of the presence of the

stable K66-E67 bond. In summary, limited proteolysis

experiments on apo cL-BABP showed that R32 (C-termi-

nal end of Helix II), K52, R55 (CD loop), and K76 (EF

loop) are the primary cleavage sites.

In proteolysis experiments on cL-BABP complexed

with CDA, fragments 53–76 and, subsequently, 56–76

were observed only after 20 min, suggesting a higher pro-

tection in the presence of the ligands. Fragment 1–29 is

observed after 30 min. Residues K52, K76, and K29

appear therefore to be the primary cleavage sites. No

cleavage was observed at sites R32 and R55, and both

residues were considered as ‘‘active’’.
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Protein chemical shift perturbation
experiments

The complete assignment of 1H and 15N apo- and

holo-cL-BABP, in complex with CDA, has been previ-

ously reported and deposited in the BioMagResBank

(entry code 6642). 1H and 15N shifts changes were

defined as34 Dd(HN,N) ¼ [(DdHN
2 þ DdN

2/25)/2]1/2

and residues showing protein chemical shift perturbation

(CSP) higher than the average value plus one standard

deviation (CSP > 0.4 ppm), namely R32, T53, T57, E67,

A68, T72, D74, G75, K76, K79, C80, T81, L89, T91, F96,

S97, H98, I111, were considered affected by ligand bind-

ing. To obtain information on the exchange regime bile

salt interactions were further investigated by titrating 15N

cL-BABP with GCDA: successive addition of bile salt,

from 0 to 3 molar equivalents, induced chemical shift

changes occurring mostly in the slow exchange regime,

with respect to the NMR timescale (Fig. 1): only peaks

corresponding to the apo- and holo-states were observed

during the titration. This result suggests that the dissocia-

tion constant Kd of cL-BABP with GCDA is relatively

low (vide infra). It is worth mentioning that holo-pro-

teins in complex with CDA or GCDA exhibit very similar

HSQC spectra, except for few residues in the loops CD

(R55), EF (M73), and GH (K95), due to their proximity

to the glycine moiety, as suggested by docking results

(vide infra). This observation indicates that the overall

holo-structure is conserved upon binding of the bile salt

or of its glycine conjugate.

Intermolecular NMR NOE data

To identify protein–ligand intermolecular interactions

two kinds of experiments were performed: (i) a 3D 15N-

NOESY-HSQC on the unlabeled cL-BABP:15N GCDA

1:2.5 complex and (ii) a 2D isotope-filtered experiment

on the doubly enriched 15N, 13C cL-BABP:unlabeled

CDA 1:2.5 complex. The first 3D experiment allowed the

identification of NOEs between glycine amide group of

GCDA and L21 Hd and F17 He protons. Figure 2 shows

the spectral region of 2D isotope filtered experiment

Table I
Active and Passive Residues of cL-BABP

Active Passive

Y14 (NOEa) N13
F17 (NOE) E15
L21 (NOE) E16
R32 (CSP, Proteolysis) L18
T53 (CSP) A20
R55 (Proteolysis) A22
T57 (CSP) A31
E67 (CSP, Dynamics) D33
A68 (CSP, Dynamics) K52
T72 (CSP, Dynamics) P54
M73 (Dynamics) Q56
D74 (CSP) V58
G75 (CSP) K66
K76 (CSP) D69
K79 (CSP) T71
C80 (CSP) K77
T81 (CSP, Dynamics) L78
L89 (CSP, Dynamics) V82
V90 (Dynamics) K88
T91 (CSP) K92
S93 (Dynamics) E94
K95 (Dynamics) E101
F96 (CSP, NOE) T110
S97 (CSP, Dynamics) T112
H98 (CSP, NOE)
E99 (Dynamics)
Q100 (Dynamics)
I111 (CSP, Dynamics)

aThe experimental method used to define the residue as active is indicated in

parenthesis. CSP, chemical shift perturbation data; Dynamics, dynamics data from
15N relaxation measurements; NOE, NOESY data; Proteolysis, mass spectrometry

analysis of limited proteolysis data.

Figure 1
2D 1H-15N-HSQC spectra of 0.5 mM 15N cL-BABP recorded at different protein:GCDA ratios: 1:0 (left panel); 1:0.25 (central panel); and 1:2 (right panel). Assignments

are indicated on the spectra with the number of the corresponding amide. Subscripts F and B refer to free and bound species. Empty circles in the right panel indicate the

position of the apo resonance of the indicated peak.
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exhibiting intermolecular NOEs among protein aromatic

residues, namely Y14, F96, and H98, and ligand methyl

groups. NOEs could be observed for methyl resonances

corresponding to the two bound CDAs. The complete

assignment of the holo-protein and ligands will be

reported elsewhere (manuscript in preparation).

Differences in dynamics between
apo- and holo-cL-BABP

15N relaxation measurements were performed for cL-

BABP, in its apo and holo-form, at three different mag-

netic fields.5 In the apo protein, a few residues located in

the C-terminal end of the protein, namely residue E67,

A68, T72, T81, L89, S97, I111 exhibited motions on the

millisecond time scale, as defined by the evaluation of

Rex contributions. These Rex contributions were com-

pletely quenched upon ligand binding, therefore provid-

ing the information that such residues are actively

involved in binding.

In addition, six cross peaks, corresponding to residues

M73, V90, S93, K95, E99, Q100, missing in the 1H-15N

HSQC spectra of apo protein appeared in the spectra of

the complex with two CDA molecules, indicating that

the ligands stabilize one conformation, thus quenching

exchange broadening. These residues were additionally

annotated as ‘‘active’’.

STD experiments

To map the CDA protons in more intimate contact

with the protein, 1D STD experiments were performed.

The observed low dissociation constant is still suitable

for STD analysis,19 however the low molecular weight of

cL-BABP (14 kDa) makes the setup of this experiment

particularly demanding as a compromise should be

found between the high power saturation pulses needed

for full protein saturation by spin-diffusion and the low

power saturation pulses needed to avoid direct irradia-

tion of ligand resonances.

The STD spectrum showed the resonances of methyl

protons bound to C18, C19, and C21 (Fig. 3). The selec-

tive saturation of the protein was performed by irradiat-

ing an aromatic resonance 1500 Hz apart from any

ligand resonance. A STD control spectrum in the same

experimental conditions on the ligand alone did not

show any signal, thus excluding direct excitation of the

bile acid. The results obtained from this experiment are

in good agreement with the intermolecular NOEs

between the methyl groups of the ligands and aromatic

protons of Y14 and F96 observed in isotope filtered

NMR experiments (Fig. 2).

Docking studies

HADDOCK calculations were started with the coordi-

nates of apo cL-BABP (PDB id: 1MVG). An ensemble of

10 NMR structures was used to account for loops flexi-

bility and different orientations of solvent accessible side-

chains. To force the ligands to enter the cavity of the

protein, additional distance restraints with an upper

bound distance of 3 Å were defined between the centers

of mass of the protein (Ca atoms only) and of the

ligands (all atoms). These were only used during the

rigid body docking stage to allow the two ligands to

Figure 2
2D 1H-1H isotope-filtered NOESY performed on the doubly enriched 13C, 15N

cL-BABP in complex with unlabeled CDA (1:2.5 P:L ratio). The drawn spectral

region exhibits intermolecular NOEs among protein aromatic residues and

methyl groups belonging to the two CDA ligands. Only unambiguously assigned

peaks were labeled.

Figure 3
Reference 1D NMR spectrum of cL-BABP (70 lM) in the presence of 1.6 mM

CDA recorded at 500 MHz at 298 K (a). STD spectrum of the same sample

(b). The assignment of the signals is reported.
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freely explore the cavity and find their best arrangement

during the subsequent semiflexible refinement.

Docking of a ternary complex requires definition of

AIR between the protein and both CDA molecules. The

used experimental techniques, with the only exception of

NOE data, did not allow to distinguish the effect of one

ligand molecule from the other. To avoid introducing any

structural bias we did not differentiate the two binding

sites and performed the docking with AIRs defined

simultaneously to both ligands, except for three AIR

involving Y14, F96, and H98, attributed unambiguously

to one single ligand (see Fig. 2). HADDOCK successfully

positioned the two ligands in the internal cavity of the

protein, showing one CDA molecule more buried in the

b-barrel with the carboxyl group pointing towards EF

loop (internal binding site), so forth called CDA II, and

the second positioned in a more solvent accessible region,

close to the portal area (superficial binding site), so forth

called CDA I.

The four best solutions of the best ranking cluster

(Cluster no. 2, see supplementary Table) are visualized as

a bundle in Figure 4 while the structural statistics of the

ternary models are reported in Table II. The superposi-

tion of the four HADDOCK models indicates that the

inner molecule is better defined with an average RMSD

of 1.9 Å, with respect to the lowest energy structure,

while the CDA located in the more superficial site

presents a higher variability with a RMSD of 3.0 Å. Pro-

tein/ligand hydrophobic and H-bond interactions were

analyzed and a list of cL-BABP residues involved in bind-

ing is reported in Table III. All residues making interac-

tions in HADDOCK models belong to active or passive

residues, with the exception of S51 (C strand), for which

we did not observe any significant CSP. A possible expla-

Figure 4
HADDOCK models of cL-BABP complexed with two CDAs. Superposition of the best four structures. Secondary structural elements are labeled (Panel a). Side-chains of

residues involved in CDA interaction are shown in yellow and blue for the internal35 and superficial (cyan) CDA molecules, respectively. Green dotted lines indicate H-

bonds. Residue labeling is reported (Panel b). The two views are different for clarity purposes.

Table II
Structural Statistics of the Four Best cL-BABP/CDA Model Structures

Backbone RMSD (�) with respect to mean
Flexible interface backbone 1.04 � 0.5
All backbone 1.00 � 0.5

Number of ambiguous interaction restraints (AIRs)
Total AIRs 42

Number of AIR violations
Total AIR violations 13

Intermolecular energies after water refinement
Evdw (kcal mol�1) �33 � 7
Eelec (kcal mol

�1) �316 � 63
Buried surface area (�2) 1525 � 29

RMSD from idealized covalent geometry
Bonds (�) 0.004 � 0.00
Angles (8) 0.70 � 0.02
Impropers (8) 0.59 � 0.04
Dihedrals (8) 22.6 � 1.4

Ramchandran analysis
Residues in the favoured region (%) 84
Residues in the additional allowed regions (%) 14
Residues in generously allowed regions (%) 2
Residues in disallowed regions (%) 0
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nation is that, as deduced from the models, S51 contacts

the ligand via its side-chain, while the measured CSP are

relative to backbone amide atoms.

Bile salts site selectivity

The binding properties of recombinant cL-BABP have

been further investigated upon titration of cL-BABP with

the two most abundant physiological glycine conjugates:

GCA and GCDA, which differ only for the presence of

an hydroxyl group at position 12 of the steroid ring C.

These glycine conjugates were synthesized using a 15N

enriched glycine, to follow the titration behaviour from

the ligand perspective, monitoring the occupancy of indi-

vidual binding sites in the protein. A titration experiment

of unlabeled cL-BABP with increasing amounts of 15N-

GCDA has been performed investigating nine pro-

tein:GCDA ratios (1:0.3, 1:0.6, 1:1, 1:1.5, 1:2, 1:2.5, 1:3,

1:5, 1:7.5). 1H-15N-HSQC spectra of 15N-GCDA acquired

at 298 K at protein:ligand (P:L) ratios in the range 1:0.3

up to 1:2.5 are shown in Figure 5.

The inspection of 2D 1H-15N HSQC spectra revealed

the presence of up to four different resonances, depend-

ing on the analyzed P:L molar ratio. The peak occurring

at 7.9 and 120.2 ppm in the 1H and 15N dimensions,

respectively, represents unbound 15N-GCDA, as assigned

by control spectra obtained in the absence of the protein.

Cross-peaks annotated as 1 (7.3 and 117.4 ppm) and 2

(6.3 and 118.3 ppm) (Fig. 5) represent GCDA bound to

two distinct environments of the protein, arbitrarily

denoted as ‘‘Site 1’’ and ‘‘Site 2’’. The cross-peak anno-

tated as 10 (7.2 and 117.4 ppm) only appears at P:L

molar ratios equal or higher than 1:2 and it is likely due

to the presence of two slightly different populations of

Table III
Hydrophobic Interactions, H-Bond and Salt Bridges Present in at least Three

of the Best Four Structures of the Complex cL-BABP/CDA Calculated by

HADDOCK

H-bond/salt bridges Hydrophobic interactions

Inner CDA T72 (EF loop) T72a (EF loop)
D74 (EF loop) C80 (F strand)
K76 (EF loop) V82 (F strand)

T91 (G strand)
F96 (H strand)
H98 (H strand)

Superficial CDA T53 (CD loop) S51 (C strand)
V58 (D strand)

R55 (CD loop) M73 (EF loop)
H98 (H strand)
I111 (I strand)

a‘‘Spine’’ residues are highlighted in bold.

Figure 5
2D 1H15N-HSQC spectra of 15N GCDA acquired at 298 K at six different protein:GCDA ratios: 1:0.3, 1:0.6, 1:1, 1:1.5, 1:2, 1:2.5. All the shown spectra were acquired

with eight scans except for ratio 1:0.3 where 32 scans were necessary to get a comparable signal to noise ratio. The resonances corresponding to the unbound GCDA and

to the bile acid bound to Sites 1, 10, and 2 are designated U, 1, 10, and 2, respectively. The small peak at 7.3 and 120.2 ppm in the spectrum at 1:2.5 protein:GCDA

molar ratio results from chemical exchange of ligand from Site 1 and unbound pool.
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GCDA at ‘‘Site 1’’, given the similarity of its chemical

shift with that of peak 1. This hypothesis is further con-

firmed by the analysis of peak volumes as a function of

P:L molar ratio. At P:L 1:2 the volume of peak 1

decreases and that of peak 10 increases of the same

amount. Figure 5 also shows that at P:L ratios higher

than 1:2 an exchange peak between Site 1 and the free

bile salt is present. This is a clear indication that Site 1 is

more solvent accessible, and therefore hereafter referred

to as ‘‘superficial site’’. The two binding sites can be fur-

ther distinguished on the basis of the chemical shift anal-

ysis of Ha glycine protons ligands in 2D 1H TOCSY and

3D 1H-15N HSQC-NOESY: 15N enriched glycine moiety

exhibits two separate resonances for the diastereotopic

alpha protons only for ligand bound to Site 2 (data not

shown), which should consequently be buried in the pro-

tein cavity.

A quantitative volume analysis was essayed and the

binding curve, obtained by plotting the sum of peak vol-

umes for Site 1, Site 10, and Site 2 versus ligand:protein

molar ratio [Fig. 6(a)] indicated a 2:1 stoichiometry. The

plot of the fraction of ligand bound to each site deter-

mined as V(Site i)/[V(Site 1) þ V(Site 2) þ V(Site 10)],
versus L:P molar ratios is reported in Figure 6(b). This

plot shows that the two sites are equally populated at all

L:P ratios, indicating a comparable affinity for GCDA

and/or a highly cooperative binding mechanism. A com-

monly used index of cooperativity is the Hill coefficient

which ranges, for a two-site system, from 1 (noncoopera-

tive systems) to 2 (highly positive cooperative systems).

A rough estimate of the Hill coefficient (1.8 � 0.5) was

obtained by fitting the binding curve. We are aware that

for systems with very high degree of positive cooperativ-

ity an analysis based on NMR data alone is not well ame-

nable to derive reliable Hill coefficients9; the calculated

coefficient, however, clearly exceeds 1 thus suggesting a

high positive cooperativity.

Titration experiments of unlabeled cL-BABP were also

performed with 15N-GCA investigating six protein:GCA

ratios (1:0.3, 1:0.6, 1:1, 1:1.5, 1:2, 1:3.) at 298 K (Fig. 7).

The resonance at 7.3 and 117.5 ppm, annotated as Site 1,

is not present at low ligand concentrations and the severe

line broadening makes this resonance unobservable also

at 1:2 and 1:3 P:L ratios. The free resonance (7.9 and

120.3 ppm) is very broad as well (30 Hz) suggesting the

presence of chemical exchange between ligand bound in

Site 1 and free ligand. The resonance at 6.3 and 119.3

ppm, annotated as Site 2, exhibits a shift change during

titration up to 1:2 P:L molar ratio [Fig. 8(a,b)] indicating

a 1:2 stoichiometry also for this ligand. Its chemical shift,

at every titration point, corresponds to the weighted aver-

age of the two cL-BABP species, complexed with one or

two GCA molecules. Altogether these data suggest that

cL-BABP binds GCA in the two sites with different Kds.

The temperature dependence of GCDA and GCA reso-

nances was further investigated in the range 280–305 K

on 1:3 P:L samples [Fig. 9(a,b)]. In both cases a slow

exchange regime is observed, allowing an estimate of the

upper limit for koff of about 2000 and 5000 s�1 for ligand at

Sites 1 and 2, respectively, based on chemical shift difference

between bound and unbound resonances. Site 2 is sharp-

ened upon temperature increase, reflecting the shorter pro-

tein correlation time. On the contrary, upon temperature

increase, Site 1 and free resonances became selectively

broadened and, in the case of GCA, Site 1 disappeared at

temperatures higher than 298 K. This behaviour is indicative

of a variation from slow to intermediate exchange regime.

Figure 6
Sum of peak volumes of Site 1, Site 10, Site 2 and exchange peaks from 2D
1H15N-HSQC spectra of 15N GCDA acquired at 298 K (~) and the free peak

volume (*) are plotted versus ligand:protein molar ratio. The error bar is

reported (a). The fraction of ligand bound to each site, determined as V(Site i)/

[V(Site 1) þ V(Site 2) þ V(Site 10)], is plotted versus ligand:protein molar

ratio: Site 1 (~) and Site 2 (*) (b).
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Investigation of site selectivity requires competition

experiments and two moles of 13C-GCA were added to a

solution containing 1:2 molar ratio cL-BABP: 15N-

GCDA. The recorded 1H15N-HSQC spectrum showed

that the volume of peaks corresponding to Sites 1 and 2

decreased of about 30% indicating that GCA binds to

both sites of the protein with a lower affinity with respect

to GCDA. This result is confirmed by the acquisition of

2D 1H-13C-HMBC spectra, where the long range correla-

tions between carbonyl carbons and alpha protons (2JC-H)

were used for the observation of 13C-GCA. The obtained

spectrum (Fig. 10) showed the presence of peaks at two

carbonyl resonances (176.4, and 182.5 ppm), confirming

that GCA binds to both sites. The assignment of ‘‘Site 1’’

and ‘‘Site 2’’ to superficial and internal binding site,

respectively, could be obtained (i) on the basis of glycine

alpha protons chemical shifts, which are diasterotopic

only for Site 2; (ii) from the observed line broadening of

the glycine amide resonances corresponding to ‘‘Site 1’’

and to the free ligand upon temperature increase (Fig.

9), indicating the presence of exchange between the

ligand free and bound in Site 1.

To further investigate site selective interactions, com-

plementary competition experiments were acquired and

two moles of GCDA were added to a solution containing

1:2 molar ratio cL-BABP: 15N-GCA. The recorded 1H
15N-HSQC spectrum showed a 70% decrease of peak vol-

ume, indicating that GCDA (i) binds to the protein with

higher affinity with respect to GCA and (ii) does not

show site selectivity. The percentages of volume decrease

obtained from the two competition experiments are in

very good agreement.

Bile salts affinity

NMR binding studies allowed a rough estimate of Kd

for GCDA binding to cL-BABP. We are aware that a

quantitative measure of Kd values is possible only within

an order of magnitude of the concentration of the stud-

ied species36 and the high affinity of this system pre-

cludes a precise estimate by NMR. However an upper

limit for Kd could be deduced from different experi-

ments: the temperature dependence of GCDA and GCA

resonances in the holo-protein allowed to estimate koff
and consequently a value of KD � 200 lM for Site 1

exhibiting the lowest affinity. Interestingly, 1H-15N HSQC

experiments, performed on progressively diluted samples

(with a P:L 1:2 ratio), indicated that up to a 170 lM
protein concentration, the free ligand resonance was not

observable, thus suggesting an upper limit of 170 lM for

Kd. Finally, titration experiments, performed on 15N la-

beled samples of cL-BABP allowed to decrease the upper

limit values of Kd to 20 lM. Indeed, assuming a diffu-

sion controlled association constant kon of the order of

107 s�1 M�1, Kd could be derived by measuring the low-

est chemical shift differences observed between apo and

holo-peaks (<30 Hz).

Figure 7
2D 1H-15N-HSQC spectra of 15N GCA acquired at 298 K at six different protein:GCA ratios: 1:0.3, 1:0.6, 1:1, 1:1.5, 1:2, 1:3. At molar ratios 1:0.3 and 1:0.6 the spectra

were acquired with 32 scans whereas for all the other molar ratios eight scans were enough to obtain a good signal to noise ratio. The resonances corresponding to the

unbound GCA and to the bile acid bound to Sites 1 and 2 are designated U, 1, and 2, respectively. Empty circles indicate the position of the missing resonance of Site 1.

S. Tomaselli et al.

186 PROTEINS DOI 10.1002/prot



DISCUSSION

In the present article we address the modeling of a ter-

nary complex between cL-BABP and two CDA molecules.

This modeling procedure is highly demanding, given the

complexity and the flexibility of the system under study.

At the same time it should be noted that the full 3D

structure determination based on the assignment of

intermolecular NOEs is not trivial, due to the presence

of two identical ligand molecules and of resonance over-

lap in the aliphatic region. We used for this docking a

new version of HADDOCK (2.0_devel), which supports

simultaneous multibody (N > 2) docking. The following

experimental data, derived from different biochemical

and biophysical techniques, were used to drive the dock-

ing: (i) NMR chemical shift perturbation in the presence

of ligand; (ii) 15N-relaxation data on apo and holo-pro-

tein; (iii) ligand/protein NOEs; (iv) NMR STD data; (v)

limited proteolysis results.

Docking with HADDOCK resulted in good models

that satisfy all the experimental restraints, with the excep-

tion of the AIR involving R32, located in the helix II. It

should be noted that no other active residue is close to

the side-chain of R32, which protrudes into the solvent.

The superposition of the four selected HADDOCK mod-

els indicates that CDA located in the more superficial site

presents a higher variability (< RMSD > of 3.0 Å) than

the inner molecule (< RMSD > of 1.9 Å), nicely paral-

leling the NMR data showing the presence of different

populations at superficial site (Sites 1 and 10) in the
1H15N HSQC spectra of 15N-GCDA/cL-BABP complex

(Fig. 5).

The structural analysis of HADDOCK models indi-

cated a few residues involved in hydrophobic and/or H-

bond interactions with CDAs (Table III). Residues inter-

acting with ligands are all located in the C-terminal face

of the b-barrel (E, F, G, H, I strands) and in the CD and

EF loops, at the open end of the protein cavity (Table

III, and Fig. 4). In all the selected models charged side-

chains of K76, located in the EF loop, and R55, located

in the CD loop, are making salt-bridges with the carbox-

ylate group of the inner and superficial CDA, respec-

tively. The more superficial CDA is also involved,

through its carboxyl tail, in an H-bond with the side-

chains of T53, located in the loop CD. Similar interac-

tions are also observed in the X-ray structure, highlight-

ing the importance of loops CD and EF for ligand bind-

ing. Indeed, as previously discussed,5 the conformational

flexibility, on the microsecond to millisecond time scales,

mainly localized at the C-terminal face of the b-barrel
and involving the loop EF, is functional to ligand bind-

ing. The observed dynamics is primarily caused by the

protonation/deprotonation of a buried histidine residue,

H98, located on this flexible face and is mediated by a

network of polar buried side-chains (T72, C80, S93, H98,

E109, R120) defining a spine going from E to J strand.

Interestingly most ‘‘spine’’ residues seem to be involved

in crucial ligand/protein interactions on the basis of the

analysis of HADDOCK models. In particular T72, C80,

and H98 make interactions with the ligands in all the

structures, while E109 and R120 are picked out in some

of them. These results suggest the importance of the

spine region for ligand interaction as well as for commu-

nication of the motion in the apo protein.

Our models are in agreement with the X-ray structure

of cL-BABP in complex with two CA molecules (PDB id:

1tw4). Average RMSD values of 5.8 and 5.2 Å, measured

for the ligands in the superficial and in the internal bind-

ing site, respectively, are considered as reasonable values

since they refer to the differences in ligand coordinates

after superposition of protein backbones. In docking

studies challenging systems start with backbone RMSDs

between free and bound forms of around 2 Å, thus small

protein conformational changes can have a large effect

on the results. This is the case of cl-BABP showing con-

formational changes mainly localized at the entrance of

the protein cavity. It is important to stress that, even in

Figure 8
Superposition of 2D 1H-15N-HSQC spectra of 15N GCA recorded for

cL-BABP-15N GCA complexes with different P:L ratios in the range 1:0.3–1:3.

Only the selected region displaying Site 2 is reported and an arrow shows the

shift of resonance 2 upon titration (a). Chemical shift variation Dd ¼ [(DdHN
2

þ DdN
2/25)/2]1/2 of peak 2 versus the GCA concentration is plotted (b).
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the presence of an RMSD value around 5 Å, similar pro-

tein–ligand contacts are made, making the obtained ter-

nary complex a good model for further structural work

and for the design of mutants. Finally, it should be also

pointed out that the X-ray structure is relative to cL-

BABP in complex with two CA molecules, instead of

CDAs. CDA and CA differ for the hydroxylation of posi-

tion 12 on ring C, and the inspection of the X-ray struc-

ture reveals the presence of a hydrogen bond between

hydroxyl groups in position 12 of the internal ligand with

hydroxyl group in position 3 of the other ligand. The lack

of this hydrogen bond in the CDA complex could be re-

sponsible for a slightly different orientation of the ligands.

NMR binding studies were also performed to address

the issue of site selectivity for the binding of GCDA and

GCA and its correlation with cooperativity. The evidence

of cooperativity upon GCDA binding was indicated by

the simultaneous binding of the two GCDA molecules

and by the derived Hill coefficient, clearly exceeding one.

GCDA/GCA competition experiments revealed a higher

affinity of cL-BABP for GCDA, differently from the simi-

lar binding affinities measured in human I-BABP10 for

the two bile salts. These results nicely correlate with the

natural abundance of bile salts in human and chicken

species (vide infra). cL-BABP did not show any site-selec-

tivity for the two bile salts at variance to what observed

for hI-BABP, where GCDA binds nearly exclusively to

one site, while GCA binds to the other site.12 The ab-

sence of site selectivity, in spite of the highly cooperative

system, suggests that site selectivity and cooperativity are

not strongly correlated. The rationale of the different

site-selectivity behaviour in cl_BABP and hI-BABP can

be discussed on the basis of sequence alignment analysis

and of the data reported for hI-BABP mutants. Six sin-

gle-residue mutations were introduced in the binding

pocket of hI-BABP aiming at disrupting the hydrogen-

bonding network possibly involved in the energetic com-

munication between the two sites. Only the mutation at

residue Q51 resulted in the loss of site preference for

Figure 9
Stacked plot reporting the temperature dependence of the bile acid amide 1H resonances. One-dimensional first increment of the 2D 1H-15N-HSQC spectra collected on

cL-BABP in complex with 15N GCDA (Panel a) and 15N GCA (Panel b) using a 1:2.5 P:L molar ratio.

Figure 10
2D 1H-13C-HMBC spectrum of cL-BABP in the presence of equimolar amount

of 13C-GCA and unlabeled GCDA in a P:GCDA:GCA molar ratio equal to

1:2:2. The resonances corresponding to 13C-GCA bound to Sites 1, and 2 are

designated as 1 and 2, respectively.
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both bile salts.12 Interestingly, as apparent from the

alignment of bile acid binding proteins from different

organisms (Fig. 11), only rabbit and chicken lack a gluta-

mine residue at this position. These data nicely correlate

with the lack of site selectivity we have reported for cL-

BABP on the basis of NMR data. It is worth mentioning

that all of the HADDOCK solutions show that residue 51

is directly involved in ligand binding.

An analysis of the conservation of residues relevant for

bile salt interaction, as highlighted by HADDOCK (in

bold in Fig. 11), indicated that T53, R55, D74, T91, H98,

I111 are not conserved within ileal-BABPs. The most sig-

nificant changes, involving a net charge depletion, occur

for R55 and D74, located in loops CD and EF, respec-

tively, which are replaced by two glycines in ileal-BABPs.

The side-chain of R55 is involved in a salt-bridge with

the carboxylate tail of the superficial ligand, in all HAD-

DOCK models. These observations point to a possible

different role of the CD loop region in the binding

mechanism of liver and ileal BABPs, which are likely to

bind bile salts through different interaction networks.

The analysis of the HADDOCK solutions suggests that

loop EF residues are important for the binding of both

CDA molecules and therefore could be good candidates

for the regulation of the system cooperativity.

The data here discussed indicate that docking simula-

tions can be successfully used to obtain meaningful mod-

els of a ternary complex and represent a necessary step

to help in the structure determination and in functional

analysis of complex multisite systems. The obtained

model, in conjunction with binding data and competi-

tion studies, provides a more complete picture of the

binding mechanism in this protein family and to set up

the basis for the rational design of mutants with selected

binding properties, both in terms of site selectivity and

binding cooperativity.

Biological implications

It has been reported that human I-BABP displays site-

selectivity for GCDA and GCA and similar binding affin-

ities for the two bile salts,10 while we have shown here

Figure 11
Sequence alignment of cL-BABP with ileal BABP sequences. For the ileal proteins only the name of the species is reported. cL-BABP residues involved in ligand binding

are highlighted in bold.
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that cL-BABP displays a high affinity for GCDA in both

sites. There are ample evidences that the liver of lower

vertebrates, such as chicken, frog, turtle, little skate, rain-

bow trout, has evolved specific transport proteins for

mediating bile salt uptake and excretion,37 although the

molecular basis of this transport remains to be deter-

mined. Both for mammals and birds the primary site of

de novo bile acid synthesis is the liver and approximately

90–95% of bile acids are absorbed from the intestines

into portal blood and delivered to the liver, creating

enterohepatic circulation. In avian species the principal

organ for chemical digestion and absorption is the small

intestine; in mammals, the vast majority of bile acids are

absorbed in the ileum, whereas 5–15% of bile acids

derive from absorption of unconjugated bile acids from

the large intestine. Bile acid production is stimulated pri-

marily by bile acids returning to the liver and is also

influenced by the size of the bile acid pool and number

of enterohepatic circulation cycles. It is important to

stress that in humans primary acids include both CA

(�55%) and CDA conjugates (�25%),10, while in avians

glycine and taurine CDA conjugates represent 70–95% of

bile salt pool. The biliary bile acid profiles of domestic

chickens, turkey and ducks have been determined by

high performance liquid chromatography and fast atom

bombardment mass spectrometry38 and it has been

found that chenodeoxycholyltaurine is the major bile

acid component. In agreement with these data taurine

conjugated CDA was found to be the chief bile acid in

both conventional and germ-free domestic fowls: in the

latter, hydrolysis and esterification of bile salts produced

82% chenodeoxycholate.39 The complete biliary bile acid

composition of 25 species of fruit pigeons and doves was

analyzed: in 23 of 25 species analyzed, CDA and its

derivatives were the predominant bile acids present (in

the range 69–94%).40 Moreover, in avian families

belonging to some ciconiiformes and herons, the domi-

nant biliary bile acid is the 16a-hydroxy derivative of

CDA.41

Difference in the predominant bile acids in mammals

and in different bird species deserves particular attention

as far as the bile salt homeostasis is concerned.

In the terminal ileum the bile acid transport, which

controls the active reabsorption of conjugated bile acids,

plays an important role in modulating the bile acid pool

size and exerting negative feedback regulation of choles-

terol 7a-hydroxylase, the enzyme that synthesize bile

acids starting from cholesterol. As a consequence, site-se-

lectivity for GCDA and GCA and similar binding affinity

for the two bile acids found in the human I-BABP are of

considerable importance for the maintenance of the bile

acid pool size, since in the mammalian intestine, the two

bile acids are present in almost equal amounts. In the

light of this discussion it is clear that the asymmetry and

site selectivity of human I-BABP ensure that the majority

of the protein complexes, in vivo, will contain both the

trihydroxy and dihydroxy bile salts.11 In avians CDA is

the predominant primary bile acid, hence there is prob-

ably no need for site-selectivity for other bile salts. More-

over, the binding affinity exhibited by cl-BABP for

GCDA, higher than for GCA (70/30 as observed by

NMR), seems to be sufficient to ensure that the majority

of the protein complexes, in vivo, will contain mostly

GCDA.

In vitro42,43 studies have clearly established that con-

jugates of cholic acid, containing three hydroxyl groups

on the steroid nucleus, are intrinsically less cytotoxic

than conjugates of CDA, a dihydroxyl bile acid. It has

been suggested that in vertebrates the addition of a third

hydroxyl group has evolved, through six types of nuclear

hydroxylation pathways, as a means of detoxifying

CDA.40 The toxicity of high concentration of CDA sug-

gests a further role of cL-BABP in the regulation of bile

salts concentration in the cell. These results enlarge the

body of knowledge of biological function if related to the

differences in physiological pathways and bile salt pools

in human and avian species.
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