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Introduction

We address here the description of selective binding interac-
tions between bile acids, the major metabolites of cholester-
ol, and their intracellular carriers, the bile acid binding pro-
teins (BABPs). BABPs are small molecular mass soluble
proteins, found in the ileum and in the liver, displaying a
large internal cavity able to host up to two bile salts.[1–6]

They belong to the fatty acid binding protein family, the
members of which behave as intracellular lipid chaperones
capable of binding a wide variety of exogenous ligands[7]

and play a role in the defence of the cell against different
oxidative stresses.[8,9] A detailed mechanistic investigation of
the binding mode of BABPs is of interest not only for clari-
fying their function but also for the design of ligands with

properties (for instance, fluorescence) that may arise from
selective occupancy of different protein sites.[10] BABPs may
indeed behave as host systems to be exploited for the recog-
nition of a variety of molecules in aqueous solution, with
multiple potential applications in environmental and indus-
trial chemistry.[11]

The two most extensively characterised BABPs, namely,
human ileal BABP and chicken liver BABP, share the
common property of having two available binding sites for
bile salts.[2,12–14] Human ileal BABP was shown to display a
nearly complete site selectivity for glycocholic (GCA) and
glycochenodeoxycholic (GCDA) acids,[15] the main compo-
nents of the natural bile acid pool, differing only in the pres-
ence of a hydroxyl group at position 12 of the sterol moiety
(Scheme 1). Chicken liver BABP instead exhibits a particu-
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Scheme 1. Glycochenodeoxycholic and glycocholic acid structures:
carbon-atom numbering is shown.
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larly intriguing binding behaviour.[16] Two forms of liver
BABP have been reported in the literature, in which residue
91 is a threonine (L-BABP) or a cysteine (L-BABP/S-S)
that can form a disulfide bridge with the conserved cysteine
80.[17] In the presence of either GCA or GCDA both protein
forms are able to give rise to homotypic complexes, in which
the two sites are fully occupied by the same ligand
(Figure 1). However, when both bile salts are present, L-

BABP/S-S displays a nearly complete site selectivity towards
GCA and GCDA,[16] at variance with L-BABP in which the
homotypic complex remains the most populated ligation
state. The biological significance of site selectivity is related
to the ability of the protein to sequester both dihydroxy and
trihydroxy bile salts from the cytosol, thus protecting the
cell against their cytotoxic effects.[15]

NMR spectroscopy diffusion and ligand competition ex-
periments, exploiting differential 15N labelling of the ligands,
have been employed to characterise the four possible liga-
tion states of L-BABP/S-S (Figure 1). The energetically fav-
oured L-BABP/S-S heterotypic complex, hosting GCA and
GCDA in the internal and superficial sites, respectively, was
structurally characterised by employing 1) an iterative ap-
proach combining chemical-shift perturbation analysis and
data-driven HADDOCK modelling for chemical shift and
intermolecular NOE assignment and 2) XPLOR-NIH for
structure determination. The structure of the heterotypic
holo L-BABP/S-S, the first reported for this protein family,
was used for a comparative analysis with the previously re-
ported structure of the L-BABP homotypic complex. The
obtained results demonstrate that the presence of a disulfide
bridge, connecting two cysteine molecules in adjacent beta
strands, affects the c1 rotameric state of a few key residues,
favouring the formation of an extended hydrogen-bond net-
work and allowing site discrimination between GCDA and
GCA.

Results

Determination of the population of the four ligation states
for L-BABP/S-S and L-BABP in the presence of GCDA
and GCA : Both NMR spectroscopy analysis and mass spec-
trometry data indicate the ability of both L-BABP/S-S and
L-BABP to form ternary homotypic complexes with two
molecules of GCDA or GCA. We have previously shown
that, in the presence of both bile salts, L-BABP/S-S binds
GCDA preferentially in the superficial site (site 1) and
GCA in the internal one (site 2).[16] Interestingly, site selec-
tivity is observable only in the L-BABP/S-S variant. Indeed,
competition experiments in which unlabelled GCDA (or
GCA) was added to a solution containing a L-BABP/15N-
GCA (or L-BABP/15N-GCDA) complex clearly indicated
that L-BABP does not display any site preference
(Figure 2). The power of these competition experiments re-
sides, among others, in the property of the chemical shift of
site 1 to be sensitive to the type of ligand (GCDA or GCA)
occupying site 2. Thus the resonance of the ligand bound to
the superficial site exhibits a different chemical shift (la-
belled as 1’ in Figure 2) when internal site 2 is occupied by
the competitor ligand and the corresponding peak volume is
an indicator of the population of the heterotypic complex.
The comparison of the relative intensities of peak 1 and 1’,
in competition experiments on L-BABP and L-BABP/S-S,
suggested that the presence of the disulfide bridge could
revert the relative populations of homotypic and heterotypic
complexes (Figure 2b, d). Analysis of peak integrals from

Figure 1. The four possible homotypic or heterotypic ligation states of
BABPs in the presence of mixtures of GCDA and GCA. A dotted ellipse
highlights the energetically favoured holo state observed for L-BABP/S-
S.

Figure 2. Bile salt competition experiments. The one-dimensional first in-
crement of the 2D 1H,15N-HSQC spectra collected on 15N GCA in a 1:2
protein/GCA molar ratio (L-BABP and L-BABP/S-S in (a) and (c), re-
spectively; black lines); 15N GCA in the presence of equimolar amounts
of unlabelled GCDA (protein/GCA/GCDA 1:2:2) (L-BABP and L-
BABP/S-S in (a) and (c), respectively; red lines); 15N GCDA in a 1:2 pro-
tein/GCDA molar ratio (L-BABP and L-BABP/S-S in (b) and (d), re-
spectively; black lines); 15N GCDA in the presence of equimolar amounts
of unlabelled GCA (protein/GCA/GCDA 1:2:2) (L-BABP and L-BABP/
S-S in (b) and (d); red lines). The resonances corresponding to the un-
bound ligand, the ligand bound to the superficial site and the ligand
bound to the internal site are indicated as U, 1 and 2, respectively. See
text for the definition of the 1’ resonance. The different intensities exhib-
ited by the unbound GCA and GCDA reflect both the lower affinity for
GCA and the onset of different equilibria between monomeric and mi-
cellar bile salts.[16]
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NMR spectra acquired in the presence of either GCA or
GCDA, or both, provided a rough estimate of the protein
population of each variant in each of the four possible liga-
tion states (Figure 1, Table 1). A higher population of the

GCDA homotypic complex compared to that of the GCA
homotypic complex is observed for both protein variants, in
agreement with the higher affinity observed for GCDA.[1,16]

In L-BABP the two heterotypic complexes are equally
populated, whereas in L-BABP/S-S the population of the li-
gation state with GCDA in site 1 and GCA in site 2 is pre-
dominant (higher than 55 %). This percentage further in-
creases upon lowering the temperature and especially on
changing the protein/ligand molar ratio. Different (L-BABP/
S-S)/GCDA/GCA ratios were further characterised to iden-
tify the experimental conditions in which the heterotypic
complex of interest is the only relevantly populated ligation
state. The fractions of homotypic/heterotypic complexes
were evaluated on the basis of the measured cross-peak vol-
umes of selected residues in 15N-HSQC, CBCA(CO)NH and
HNCO spectra. Indeed the amide resonances of three resi-
dues, namely, A20, T71 and I111, were easily recognisable
and assigned in the spectra of both the heterotypic and ho-
motypic complexes, thus acting as a probe of the population
of the different species in solution. The population of the
GCDA homotypic complex at a protein/GCDA/GCA 1:2:2
molar ratio was estimated around 35 %. The population of
the GCDA homotypic complex was significantly reduced
(ca. 5–10 %) in a sample of (L-BABP/S-S)/GCDA/GCA
1:1:1.5 at 298 K. The experimental conditions in which the
L-BABP/S-S heterotypic complex is the largely predominant
species in solution were employed for the collection of all
NMR spectroscopy data used for structure determination.
Self-diffusion coefficients (D) of bound ligands in homotypic
and heterotypic complexes of L-BABP/S-S were also mea-
sured, as previously described,[16] to monitor the presence of
exchange between bound and free ligands. The obtained D
values, summarised in Table 2, indicated a slower exchange
process for GCA in the internal site when GCDA, rather
than GCA, is bound at the superficial site. No significant
difference could be inferred from D values measured for li-
gands bound to site 1 owing to high errors affecting the
data. The diffusion measurements support the view, offered
by competition data, that the ligation state showing GCDA
in site 1 and GCA in site 2 is energetically favoured over
the others. They also provide a preliminary indication that

one of the factors stabilising the heterotypic complex is an
extended interaction network involving the inner ligand (see
below).

Chemical-shift perturbation (CSP) data : Data derived from
amide chemical-shift differences between L-BABP/S-S apo
and holo states or between different holo states are of cen-
tral importance in the iterative process of NOESY spectra
assignment based on a data-driven docking approach.

Residues showing significant Dd ACHTUNGTRENNUNG(HN,N) CSP on going
from apo L-BABP/S-S to the heterotypic complex were lo-
cated either at the level of the protein open end (R32, T57,
D74, K76) or in a patch including the FGH strands (E67,
T81, V82, V90, C91, K92, S93, F96, S97, H98, E99) (Fig-
ure 3a, b). It is, however, important to recall that amide
chemical-shift changes, upon complexation, can be due
either to direct interaction with the ligand or to indirect ef-
fects, such as allosteric changes or local structural rearrange-
ment following the binding event. Independent analysis of
1H and 15N chemical-shift changes has been shown to be of
great help in distinguishing the two effects.[18] 1H chemical-
shift changes (Dd(HN)) mainly reflect direct interactions
with the ligands, whereas 15N chemical-shift changes
(Dd(N)) are influenced both by direct and indirect effects.
Thus the identification of significant changes in the proton
frequency together with negligible Dd(N), on going from an
apo to a holo system (Figure 3c), allowed us to single out
the subset of residues (CSPapo–holo) whose chemical-shift
changes are likely due to direct interactions with the ligand
(D74, K76, V82, C91, K92, S93, F96, S97, H98). This infor-
mation was used to define the ambiguous interaction re-
straints (AIR) to guide the first HADDOCK runs (see
below). Residues showing significant changes in nitrogen
frequency together with negligible Dd(HN) (Q11, R32, K35,
T57, E67, T81, L84, V90, E99) were considered affected
mainly by structural changes.

To derive AIRs that could be selectively attributed to
GCDA or GCA, 1H,15N HSQC spectra acquired on the het-
erotypic complex (protein/GCDA/GCA 1:1:1.5) were com-
pared with those of the homotypic complexes (with GCA or
GCDA, protein/ligand ratio 1:3) (Figure 4a). Indeed, a
chemical-shift comparison of proteins complexed with close-
ly related ligands, such as GCDA and GCA (differing only

Table 1. Population of the four possible ligation states estimated from
NMR spectroscopy data recorded on protein/GCA/GCA 1:2:2 samples at
298 K.

Superficial site Internal site L-BABP/S-S L-BABPACHTUNGTRENNUNG(site1) ACHTUNGTRENNUNG(site 2) [% population] [% population]

GCDA GCDA �35 �45
GCA GCDA <5 �25
GCA GCA <5 <5
GCDA GCA >55 �25

Table 2. Diffusion coefficients of bile salt species in L-BABP/S-S homo-
typic and heterotypic complexes. D values measured for free chenodeox-
ycholate and holo protein are 3.97 � 10�10 and 1.04 � 10�10 m2 s�1, respec-
tively.[2]

Sample[a] Superficial
site

Internal
site

Dsite 1 Dsite 2ACHTUNGTRENNUNG(site1) ACHTUNGTRENNUNG(site 2) [�10�10 m2 s�1] [�10�10 m2 s�1]

P/GCA/
GCDA

GCDA GCA – 1.24�0.10

P/GCA GCA GCA – 1.55�0.11
P/GCDA/
GCA

GCDA GCA 2.58�0.42 –

P/GCDA GCDA GCDA 2.18�0.15 –

[a] [15N]-enriched bile salts are indicated in bold.
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in the presence of an OH group bound to C12), allowed the
identification of the binding-site region proximal to the al-
tered portion of the ligand, as elegantly shown for the
FK506 binding protein upon addition of a series of FK506
analogues.[19] Significant chemical-shift differences observed
between heterotypic and homotypic GCDA complexes
(CSPhetero�homo) (Figure 4b) were attributed to the effect of
the internal ligand and in particular of its OH-12. Large
chemical-shift differences were observed for T91, H98, E99;
however, only T91 and H98 were considered in direct con-
tact with GCA, since E99 is expected to be affected by con-
formational changes rather than by a direct ligand effect, as
discussed above. Similar arguments were employed to iden-
tify residue M73 as close to the superficial ligand (Fig-
ure 4a,b). The behaviour of glutamine and asparagine side
chains could be analysed as well, as their NH2 resonances
were clearly detectable in the same 1H,15N HSQC spectra.
With similar arguments described for backbone amides, the
side chain of Q100 was considered in contact with GCA and
Q56 with GCDA.

Solution-structure determination of the heterotypic com-
plex : The structure determination of the ternary complex
represents a challenging task due to the extensive spectral
overlap of GCDA and GCA resonances and to the related
difficulties in the unambiguous assignments of intermolecu-
lar NOEs. The protocol employed to overcome these diffi-
culties, summarised in Figure 5, consisted of 1) structure cal-
culation of the holo scaffold (CYANA 2.1); 2) iterative
docking procedure (HADDOCK 2.0) for the assignment of
ligand resonances and of intermolecular NOEs; and 3) final
structure calculation (XPLOR-NIH 2.26) and water refine-
ment of the complex.

The backbone assignment of L-BABP/S-S in complex
with GCDA and GCA was achieved by the analysis of stan-
dard triple-resonance spectra and was completed at 99.2 %.
Side-chain assignment was performed by analysing a set of
3D H(C)CH TOCSY and (H)CCH TOCSY experiments. In-
tramolecular NOEs were collected by analysing 3D
NOESY-[1H,15N]-HSQC and 3D NOESY-[1H,13C]-HSQC
spectra optimised for aliphatic and aromatic resonances. As
previously shown,[2] the protonation state of the buried histi-
dine molecules plays an important role in the complex and
its knowledge is of primary importance to set up structural
calculations. Analysis of 1H,15N long-range HSQC spectra,
based on reported histidine cross-peak patterns,[20] indicated
that H83 is predominantly in the protonated form, while the
Nd1 tautomer seems to be the most abundant form for H98.
This information was imposed in all the structural calcula-
tions. The solution structure of holo L-BABP/S-S was calcu-
lated by CYANA 2.1 from 2170 distance constraints and 228
angle constraints, collected by the analysis of NOESY spec-
tra and of backbone chemical shifts employing TALOS + ,
respectively. The 20 lowest-energy conformers, over the 100
calculated, were then selected to represent the NMR spec-
troscopy solution structure. The obtained protein bundle is
of high quality (root-mean-square deviation (RMSD)=

Figure 3. Chemical-shift changes upon heterotypic complex formation for
(L-BABP/S-S)/GCDA/GCA 1:1:1.5 sample at pH 7 and 298 K. a) Super-
position of apo (black) and holo 1H,15N HSQC of the heterotypic com-
plex (grey). b) Combined chemical-shift differences between apo and
holo resonances (calculated as Dd ACHTUNGTRENNUNG(HN,N)= [{Dd(HN) ACHTUNGTRENNUNG(apo�holo)2 +

Dd(N)ACHTUNGTRENNUNG(apo�holo)2/25}/2]
1=2) are plotted versus residue number. Missing

data correspond to residues that could not be assigned in the apo state.
The continuous line corresponds to the mean value plus one standard de-
viation. c) Plots for Dd(HN) (white) and Dd(N) (black), calculated as j
dholo�dapo j /<dapo> , versus residue number, in which <dapo> is the
average chemical shift calculated over all residues. The continuous and
dashed lines correspond to the mean plus one standard deviation for N
and HN resonances, respectively.
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(0.62�0.11) � for backbone and (1.27�0.13) � for all
heavy atoms; 81.7 % residues in the most favoured regions
of the Ramachandran plot and 18.3 % in the allowed re-
gions). The statistics for the final bundle are reported in
Table S1 in the Supporting Information.

Ligand resonances were assigned based on a F1/F2-
[13C,15N]-filtered NOESY spectra recorded at 900 MHz,
showing the resonances of both the bound ligands and un-
bound GCA ligand. From the analysis of 3D F1-[

13C]-fil-
tered, F2-[

13C]-separated, F3-[
13C]-edited NOESY-HSQC

spectra, displaying only intermolecular NOEs, it was possi-

ble to unambiguously assign
only the resonance of GCA
H12, showing two NOEs with
H98 Hb atoms. Structural
models were thus generated by
HADDOCK to interpret the
whole set of protein–ligand
NOEs and to complete the as-
signment of ligand resonances.
These first HADDOCK runs
employed AIRs derived from
1) CSP and 2) 15N relaxation
data analysis.[16] CSPapo–holo were
ambiguously attributed to both
GCA and GCDA, while
CSPhetero–homo were unambigu-
ously assigned to one of the
two bile acids. The described
iterative procedure required ten
HADDOCK calculation steps
and led to the assignment of
the resonances of the two
bound ligands (Table 3) and of
48 intermolecular NOEs
(Table 4).

The structure determination
of the heterotypic complex was
then obtained through
XPLOR-NIH, by employing all
the constraints derived from the
described iterative procedure.
The final structural bundle is
shown in Figure 6 and the rela-
tive statistics are reported in
Table 5. GCA bound to the
inner site is well defined with a
RMSD of (0.85�0.15) � after
protein backbone superposition
(calculated with ProFit over the
steroid moiety). The presence
of a multiconformational state
for GCDA in the superficial
site is evident (Figure 6) and is
reflected by a RMSD of (1.50�
0.66) � after protein backbone
superposition. The divergence

between the models is significantly higher when the glycine
tail is included in the analysis (RMSD values up to 4 �).

Structural determinants of site selectivity : The analysis of
the structure of the L-BABP/S-S heterotypic complex sets
the foundation for understanding the roles that specific in-
teractions play in ligand binding and selectivity. Structural
data shows that the superficial binding site is characterised
by a highly hydrophobic surface defined by Y14, F17, L18,
L21, L23, L27, A31, I34, P54, M73 and I111 side chains and
is therefore suitable to host GCDA, which lacks the polar

Figure 4. Comparison of chemical-shift changes of L-BABP/S-S in heterotypic and homotypic complexes.
a) Superposition of 1H,15N HSQC of heterotypic (red), GCA-homotypic (black) and GCDA-homotypic
(green) complexes. Regions corresponding to residue M73 and E99 are magnified in the insets. b) Combined
Dd ACHTUNGTRENNUNG(HN,N) chemical-shift differences between resonances of heterotypic (L-BABP/S-S)/GCDA/GCA 1:1:1.5
sample and homotypic (L-BABP/S-S)/GCDA 1:3 samples (red histogram) or homotypic (L-BABP/S-S)/GCA
1:3 (grey histogram) are plotted versus residue number. Chemical-shift changes were calculated as Dd ACHTUNGTRENNUNG(HN,N)=

[{Dd(HN)(hetero�homo)2 + Dd(N)(hetero�homo)2/25}/2]
1=2). The dashed line indicates the lower limit selected

to define significant chemical-shift variations. In the graphical scheme a square and a circle represent superfi-
cial and inner binding sites, respectively. Graphical elements are colour coded according to the histogram.
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OH group bound to C12 (OH-12). The internal site, where
GCA is preferentially bound, is more polar and is character-
ised by a hydrogen-bond cage anchoring the ligand to the
protein. Indeed, LIGPLOT analysis revealed that GCA OH-
3 is bound to Q100 NHe2 in most of the structures and, in a
few structures, a further intermolecular hydrogen bond is
observed between GCA OH-12 and H98 Nd1. It should be
noted that GCA OH-3 and OH-12 labile protons are observ-
able in the doubly filtered 2D-NOESY spectrum of the L-
BABP/S-S heterotypic complex; their assignment is con-
firmed by NOEs with the proton bound to the same carbon
(observed NOEs: OH-3/H3 and OH-12/H12).

Key intramolecular hydrogen bonds may play an impor-
tant role in favouring the appropriate side-chain orientation
for anchoring the ligand. This is the case of hydrogen bonds
connecting the carboxyl group of E109 with both H98 NHe2

and Q100 NHe2 (Figure 6). The observation of these hydro-
gen bonds in most of the structures of the protein bundle is
confirmed by the observation of the H98 NHe2 resonance,
generally not visible due to its labile nature, at d= 11.5 ppm
in the 2D NOESY spectra of L-BABP/S-S heterotypic com-
plex. NOEs of H98 He2 with the side chain of E109 confirm
the presence of close contacts between these two residues
(Table 6). Another hydrogen bond present in the majority
of structures connects E99 carboxyl group with T110 OHg

Figure 5. Summary of the structure calculation procedure and representa-
tion of the obtained bundles. Root-mean-square deviations of backbone
atomic coordinates for the twenty structures of each CYANA and
XPLOR-NIH bundles, calculated over residues 1–125 using CING, are
reported in the boxes.

Table 3. Chemical shifts of bound GCA and GCDA ((L-BABP/S-S)/
GCDA/GCA 1:1:1.5) measured at pH 7 and 298 K.

Atoms GCA [ppm] GCDA [ppm]

NH 6.20 7.30
Gly Has 3.66, 3.30 3.71
H3 3.16 3.52
OH-3 3.53 –
H7 3.51 3.72
OH-7 3.74 –
H12 3.62 –
OH-12 4.19 –
CH3-18 0.15 0.71
CH3-19 0.12 0.99
CH3-21 0.5 0.98

Table 4. Ambiguous intermolecular restraints used to calculate the
HADDOCK structure of the heterotypic complex L-BABP/S-S with
GCDA and GCA.

Active AIR Ligand

Y14 (NOE)[a] GCDA
F17 (NOE) GCDA
L18 (NOE) GCDA
L21 (NOE) GCA
L23 (NOE) GCDA
L27 (NOE) GCDA
M30 (NOE) GCDA
A31 (NOE) GCDA
D33 (NOE) GCDA
I34 (NOE) GCDA
V49 ACHTUNGTRENNUNG(NOE) GCA
R55 (NOE) GCDA
Q56 side chain (CSPhetero–homo) GCDA
N60 (NOE) GCA
F62 (NOE) GCA
I70 (NOE) GCA
T71 (NOE, dynamics) GCA
M73 (NOE, CSPhetero–homo) GCDA
D74 (NOE, CSP, dynamics) GCDA/GCA
K76 (CSP, NOE) GCA
L78 (NOE) GCA
V82 (CSP) GCA
K89 (NOE) GCA
C91 (CSP, CSPhetero–homo) GCA
K92 (CSP, dynamics) GCA
S93 (CSP) GCA
F96 (CSP, NOE) GCA
S97 (CSP, dynamics) GCA
H98 (CSPhetero–homo, NOE) GCA
Q100 side chain (CSPhetero–homo) GCA
I111 ACHTUNGTRENNUNG(NOE) GCA
F113 (NOE) GCA
L118 (NOE) GCDA

[a] The experimental method used to define the residue as active is re-
ported in parentheses. CSP: chemical shift perturbation upon binding;
CSPhetero–homo: chemical shift differences between heterotypic and homo-
typic complexes; dynamics: comparison between apo and holo 15N T1, T2

values;[16] NOE: filtered-edited NOESY data.

Figure 6. Superposition of the twenty structures of the XPLOR-NIH
bundle. GCDA and GCA are represented as sticks and are labelled. The
hydrogen atoms of the ligands are not shown for visual clarity purposes.
Inset: polar interactions stabilising the inner ligand are shown. Hydrogen
bonds are represented as dashed lines.
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(vide infra). Its presence is supported by the observation of
inter-side-chain NOEs. NMR spectroscopy experimental evi-
dence supporting the hydrogen-bond network shown by
structural results are summarised in Table 6. Additional hy-
drogen bonds were formed between the GCA carboxyl gly-
cine moiety and T72 and/or K76 side chains.

Discussion

NMR spectroscopy competition experiments and self-diffu-
sion coefficients of bound bile acids suggest that the asym-
metric complex containing GCDA in the superficial site and
GCA in the internal site is energetically favoured over the
other ligand states for L-BABP/S-S. Asymmetry displayed
by L-BABP/S-S in its interactions with GCA and GCDA
has been reported for human ileal BABP,[15] however, no
structure of a heterotypic complex has been ever reported
for this protein family. Here a combination of data-driven
docking approaches for assignment purposes and restrained
molecular dynamics led to the structural determination of
the heterotypic complex of L-BABP/S-S with GCA and
GCDA. Analysis of the obtained bundle reveals a well-de-
fined orientation for GCA in the more internal site, whereas
a higher variability is observed for the superficial site host-
ing GCDA. The conformational heterogeneity of the ligand
at the superficial site and protein flexibility at the open end
have been previously identified for both protein forms, with
and without a disulfide bridge.[2,16]

The superficial binding site displays a more hydrophobic
character appropriate to host the dihydroxy bile salt
(GCDA) rather than a trihydroxy bile salt (GCA). The
inner ligand is part of a hydrogen-bond cage involving resi-
dues H98–Q100–E109, which bind GCA OH-3 and OH-12,
thus determining site selectivity. The hydrogen-bond net-
work identified in the presence of the disulfide bridge, con-
necting the carboxyl group of E109 with both H98 NHe2

and Q100 NHe2, is not present in the homotypic complex of
L-BABP (Protein Data Bank (PDB) id: 2JN3) (Figure 7),
which does not discriminate between the two ligands. In L-
BABP/S-S, H98 Nd1 points towards the ligand, offering an
anchoring point for the more hydrophilic GCA, and H98
NHe2 forms an intraprotein hydrogen bond with the carbox-
yl group of the E109 side chain. In L-BABP, the H98 side
chain shows a reversed c2 orientation (Figure 8).

Table 5. Structural statistics of the twenty best structures calculated by
XPLOR-NIH for L-BABP/S-S in complex with GCDA and GCA.

Average RMSD [�][a]

RMSD backbone 0.43�0.09
RMSD heavy atoms 0.96�0.06
RMSD GCA[b] 0.85�0.15
RMSD GCDA[b] 1.50�0.66

Number of interaction restraints

TALOS+dihedral-angle restraints 228
intermolecular restraints[c] 48[c]

intramolecular restraints 2168
intermolecular distance restraints violations 0
intramolecular distance restraints violations[d] 4
>0.5 � 2
>0.3 � 2

Intermolecular energies after water refinement

Evdw [kcal mol�1] �54.9�4.8
Eelec [kcal mol�1] �42.8�10.9

RMSD from idealised covalent geometry

bonds [�] 0.004�0.0002
angles [8] 0.55�0.01
improper dihedrals [8] 0.51�0.02
dihedrals [8] 20.0�0.70

Ramachandran plot [%]

residues in most favoured regions 84
residues in allowed regions 15.5
residues in generously allowed regions 0.5
residues in disallowed regions 0

[a] Root mean square deviations of atomic coordinates were calculated
over residues 1–125 using CING. [b] Calculated by the ProFit program
by superimposing each structure to the lowest-energy structure and not
considering the glycine moiety in the fit. [c] 24 restraints for GCDA and
24 for GCA. [d] Distance violated in more than 15% of the structures of
the final bundle.

Table 6. NMR spectroscopy experimental evidence supporting the hydro-
gen-bond network.

Hydrogen bonds NOEs Labile proton chemical shifts
d [ppm]

H98···C91 91HN···98HN –
91HN···98Hb –
91HN···98Hd2 –

H98···E109 98He2···109Hb –
98He2···109Hg NHe2 =11.50

H98···GCA 98Hb···GCA H12 OH-12 = 4.19
E99···T110 99HN···110HN –

99HN···110Hb –
99HN···110Hg –
99Hb···110Hb –
99Hg···110HN –
99Hg···110HN –

Q100···GCA – OH-3= 3.53

Figure 7. Hydrogen-bond interactions detected in the NMR spectroscopy
structures of L-BABP/S-S in complex with GCDA and GCA (left) and
L-BABP in complex with CDA (right). Black dashed lines represent
side-chain/side-chain hydrogen bonds, continuous lines backbone hydro-
gen bonds. Grey dashed lines correspond to protein–ligand hydrogen
bonds and the disulfide bridge between C80 and C91 is represented as a
grey bar.
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The comparative analysis of the backbone (f and y) and
side-chain dihedral angles (c1) of the residues (H98, E99,
Q100, E109 and T110) involved in the mentioned hydrogen-
bond interactions in the two proteins offers an explanation
for the modified hydrogen-bond network, in response to the
presence of a disulfide bridge. Indeed, significant differences
in backbone f and y angles are observed for residues in the
region 93–101 (close to the disulfide bridge) of the two pro-
teins (Figure S1 in the Supporting Information). The pre-
ferred side-chain c1 rotameric state of a residue is strongly
correlated to its f and y dihedral-angle values.[21] Analysis
of c1 rotameric states for residues H98, E99, Q100, E109
and T110 in the twenty conformers of the L-BABP and L-
BABP/S-S bundles highlighted differences only for E99,

Q100 and E109 (Figure 9). This has profound effects on the
hydrogen-bond pattern permitted, as only the spatial ar-
rangement of E99 t, Q100 g+ , E109 g� and T110 g+ rotamers
favours the formation of the hydrogen bonds connecting the
carboxyl group of E109 with Q100 NHe2 and the carboxyl
group of E99 with T110 OHg.

Conclusion

In summary, in the disulfide-bridged protein form, a highly
hydrophobic surface characterises the superficial site that
preferentially hosts the less hydrophobic ligand, while c1 ro-
tameric states of key amino acids are determinant for the
onset of a hydrogen-bond cage favouring GCA recognition.
It should be mentioned that the disulfide bridge of L-
BABP/S-S links two cysteine molecules located in adjacent
antiparallel strands. These types of disulfides, which disobey
rules expounded in classic structural studies by Richardson
and Thornton[22,23] and originally postulated to be forbidden,
clearly exist in many proteins and appear to be associated
with a functional role, rather than as structural stabilisers.[24]

The present results strongly support a functional role for the
disulfide bridge, which confers site selectivity to the protein.
Thus, thiol–disulfide interchange reactions, which could take
place in response to modified cellular redox states, are capa-
ble of modulating ligand-binding properties. Preliminary
data on intracellular L-BABP/S-S redox potentials, in prog-
ress in our laboratory, compare well with the liver cytoplas-
mic potential, mainly determined by the reduced-to-oxidised
glutathione ratio (GSH/GSSG), thus confirming the func-
tional relevance of the oxidised form of liver bile acid bind-
ing protein. The identification of a few key residues modu-
lating L-BABP molecular recognition of physiological li-
gands opens the way to the engineering of the protein-bind-
ing pocket and/or to the rational design of functional mole-
cules suitable for selective recognition processes.

Figure 8. Rotameric state of H98 and the hydrogen-bond network with
Q100 and E109. Superposition of H98, Q100 and E109 side chains in L-
BABP/S-S (marine blue) and L-BABP (magenta) is shown. The L-
BABP/S-S backbone cartoon is shown with transparency effects to allow
visual inspection on the internal cavity. GCA and GCDA are coloured
blue. The disulfide bridge C80–C91 is shown in yellow. In the magnified
region hydrogen bonds between L-BABP/S-S and GCA are shown as
black dotted lines and atoms involved are labelled and colour coded as
protein or ligand. The hydrogen atoms of the ligands are not shown for
visual clarity purposes.

Figure 9. c1 rotameric states of E99, Q100, E109 and T110 in L-BABP/S-S (left panel) and L-BABP (right panel). Dotted lines represent hydrogen
bonds. The structural details of side-chain orientation of E99, Q100, E109 and T110 in L-BABP/S-S are represented on the left.
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Experimental Section

NMR spectroscopy sample preparation : 15N/13C-labeled L-BABP and L-
BABP/S-S were expressed and purified as previously described.[16, 25]

[15N]Glycine conjugates of CDA and CA were synthesised as previously
reported.[1] Protein–ligand (P–L) complexes were prepared in 30 mm

sodium phosphate buffer, pH 7.2, containing 0.03 % NaN3 and 95%/5 %
H2O/D2O or 99% D2O with a protein concentration of 0.5 mm. Diffusion
experiments were performed on homotypic complexes with P/L ratio 1:4
and on heterotypic complexes with protein/GCDA/GCA ratio 1:2:2.
Spectra recorded for chemical-shift assignment of homotypic complexes
were run on samples with P/L ratio 1:3, whereas spectra employed for
chemical-shift assignment and structural calculation of the L-BABP/S-S
heterotypic complex were recorded on samples with protein/GCDA/
GCA ratio 1:1:1.5 to reduce the content of the homotypic GCDA com-
plex (ca. 5–10 %).

NMR spectroscopy, chemical-shift assignment and NOE analysis : NMR
spectra were acquired at 298 K on Bruker spectrometers DMX 500,
Avance III 600 and Avance 900, with the last two equipped with a 5 mm
TCI cryoprobe and Z-field gradient. Data were processed with
NMRPipe[26] and visualised by using NMRView.[27]

The sequential amino acid resonances assignment has been performed by
analysing a complete set of triple-resonance experiments HNCACB,
CBCA(CO)NH, HN(CA)CO and HNCO collected at 600 MHz. Side-
chain carbon and proton resonances were assigned based on (H)CCH-
TOCSY, H(C)CH-TOCSY acquired on a sample dissolved in D2O. The
resonance assignments were submitted to the BioMagResBank under ac-
cession number 17767. Intramolecular NOE-based distance restraints
were extracted from 3D NOESY-[1H,15N]-HSQC, NOESY-[1H,13C]-
HSQC in H2O, as well as NOESY-[1H,13C]-HSQC spectra in D2O opti-
mised for the aromatic side chains, all acquired at 600 MHz. Intermolec-
ular NOEs were obtained from NOESY-[1H,13C]-HSQC spectra, as well
as from a 3D F1-[13C]-filtered, F2-[13C]-separated, F3-[15N,13C]-edited
NOESY-HSQC spectrum acquired at 600 MHz. Mixing times of 120 ms
were used in all NOESY spectroscopy experiments. 1H,15N HSQC,
CBCA(CO)NH and HNCO spectroscopy experiments performed at
room temperature and at a protein/GCDA/GCA 1:2:2 ratio, employed to
evaluate the relative fractions of homotypic and heterotypic complexes,
afforded similar figures (1H,15N HSQC: 32%, CBCA(CO)NH: 36 % and
HNCO 37 %). Fractions of homotypic/heterotypic complexes at a pro-
tein/GCDA/GCA ratio 1:1:1.5 were evaluated from experiments based
on both ligand (1H,15N HSQC, HNCA acquired on an heterotypic com-
plex prepared with 15N13C Gly-GCDA) and protein (1H,15N HSQC) ob-
servation. Similar figures, in the range 5–10 %, were obtained.

F1/F2-[15N,13C]-filtered NOESY spectrum was recorded at 900 MHz with
a mixing time of 120 ms to assign ligand proton resonances of GCDA
and GCA bound to the protein.

Diffusion experiments : [15N]-edited diffusion experiments were per-
formed using a pulse program obtained by combining the standard
HSQC pulse scheme with a pulsed-field-gradient-stimulated echo module
employing bipolar gradients under the same conditions as previously re-
ported.[16] The measured signal volumes (I), as a function of the applied
gradient, were fitted to Equation (1) using a nonlinear least-squares mini-
misation:

I ¼ Ið0Þexp½�Dg2G2d2ðD�d=3�t=2Þ� ð1Þ

in which D is the translational diffusion coefficient, g is 1H gyromagnetic
ratio, G is the gradient strength, d is the duration of the gradient pulse, D

is the delay between the focusing and refocusing gradients and t is the
gradient pulse separation.

Structure calculations : Structure calculations were performed in three
main steps as follows.

Calculation of the protein scaffold : Simulated annealing in torsion-angle
space was performed using the CYANA 2.1 package,[28] which imple-
ments an efficient protocol for structure calculation/automated NOE as-
signment. The standard annealing protocol was used with 10000 steps of

torsion-angle dynamics; in each of the seven cycles, 100 structures were
calculated and the 20 with the lowest target function were used in the
next cycle. All the NOEs were automatically assigned, resulting in a total
of 2170 upper distance bounds. A total number of 228 dihedral-angle re-
straints were derived from TALOS + .[29] In the last cycle, the 20 struc-
tures with the lowest target function were selected as the final bundle.

Docking of ligands in the protein scaffold : An ensemble of 5 NMR spec-
troscopy structures of the holo protein calculated by CYANA was used
as an input for the docking calculation performed with the software
HADDOCK 2.0[30] in combination with CNS.[31] The starting coordinates
of GCDA and GCA were obtained with the program SMILE.[32] The
structure of the complex was calculated by HADDOCK with 1) the final
upper distance limits used for CYANA structure calculation; 2) the inter-
molecular NOEs and 3) TALOS + restraints. The HADDOCK docking
protocol consists of three steps: 1) randomisation of orientation and
rigid-body minimisation, 2) semi-rigid simulated annealing in torsion-
angle space, 3) final refinement in Cartesian space with explicit solvent.
The rigid-body docking step was performed five times, with 4000 struc-
tures generated at each stage, the best 400 of which were refined in the
semi-flexible stage and subsequently the best 300 in explicit water. Elec-
trostatic and van der Waals terms were calculated with a 8.5 � distance
cutoff using the OPLS non-bonded parameters from the parallhdg5.3.pro
parameter file.[33] The Ne2 protonated tautomer of H98 was selected in
the input files. The topology and parameters of the ligand were calculat-
ed using the PRODRG server.[34] The dielectric constant (e) was set to
10.0 during rigid-body minimisation and semi-flexible simulated anneal-
ing and to 1.0 during explicit-solvent refinement. The ligand was kept
semi-flexible during the semi-flexible stage. Ten HADDOCK calculation
steps were required to assign the resonances of the bound ligand report-
ed in Table 3. The final HADDOCK calculation was performed using 70
AIR restraints, 48 intermolecular and 2170 intraprotein distance con-
straints and 228 dihedral-angle constraints.

XPLOR-NIH structure calculation : The final structure of the heterotypic
complex of L-BABP/S-S with GCDA and GCA was calculated with
XPLOR-NIH 2.26[35] and the PARALLHDG force field.[33] The topology
of H98 was modified to perform all the calculations with the Ne2 proton-
ated tautomer. Topology, force-field parameters and coordinates were
calculated with the tool AnteChamber.[36] Hydrogen atoms of both ligand
molecules are included in the calculation. In the first part of the protocol,
the L-BABP/S-S structure was generated in a completely extended con-
formation; in the second step the protein and the two ligand molecules
were allowed to anneal during a high temperature phase (40 000 steps of
molecular dynamics at 4000 K, each step of 0.002 ps); in the third step
the temperature was lowered to 100 K in 78 cycles of cooling phase with
steps of 0.002 ps. Finally 2000 steps of Powell energy minimisation were
performed. The simulated annealing was driven by NMR spectroscopy
restraints: 2170 intraprotein-distance restraints, 228 dihedral-angle re-
straints derived from TALOS + and 48 intermolecular-distance restraints
(24 for each ligand) were used. Intraprotein-distance restraints were de-
rived from the upper limit list calculated by CYANA �1.50 �. Intermo-
lecular-distance restraints were subdivided into three groups: strong (2.0–
4.5 �), medium (2.5–5.5 �) and weak (3.0–7.0 �).

Forty eight structures, over the 100 calculated by XPLOR-NIH, showed
NOE violations or dihedral violations �1, with an average total energy
of (355.3�16.4) kcal mol�1. This subset was further refined in an explicit
solvent with the CNS water-refinement protocol performed using all the
constraints of the XPLOR-NIH calculation. The obtained structures dis-
play good structural statistics (Table 5). The protein–ligand contacts were
analysed by using the software LIGPLOT[37] and the RMSD, referred to
ligand coordinates (carbon atoms), was calculated after global superposi-
tion of the protein backbone using the ProFit program.[38] The final en-
semble of structures has been deposited in the PDB (2lfo). Pymol was
used for graphical representation of the results.[39]
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