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Introduction

It is now recognised that bile acids are important signalling
molecules that regulate a network of metabolic pathways in-
cluding lipid, glucose, drug and energy metabolism,[1,2] al-
though the specific mechanisms that couple intracellular
lipid processing to biological targets and signalling pathways
are not yet well understood. In recent years, a number of
transport proteins expressed in the liver and intestine be-

longing to the intracellular lipid-binding protein family
(iLBP) and specifically involved in bile acid transport have
been recognised as playing central roles in driving bile flow,
with complex regulation of activity and function in the nu-
cleus, cytoplasm and membrane.

Most members of iLBPs bind a single fatty acid or reti-
noid molecule with relatively high affinity (Kd<500 nm),[3–5]

whereas proteins belonging to the bile acid binding protein
(BABP) subfamily seem to bind two or more ligands with
differences in ligand selectivity, binding affinity, stoichiome-
try and binding mechanism.[6–8] This remarkable binding be-
haviour has implications for biological function and could
be relevant for regulating the passage of bile acids through
the cytoplasm.

The investigation of multi-site ligand–protein binding and
multi-step mechanisms is highly demanding and a variety of
biophysical techniques have been applied to tackle this
problem. New experimental approaches, provided by advan-
ces in NMR spectroscopy, have been developed based on
line-shape analysis[9] and relaxation dispersion experi-
ments[10–12] that allow a reliable and sensitive investigation of
ligand-binding events occurring on micro- to millisecond
timescales. In particular, the combination of these methods
can be useful in the study of complex mechanisms, allowing

Abstract: The investigation of multi-
site ligand–protein binding and multi-
step mechanisms is highly demanding.
In this work, advanced NMR method-
ologies such as 2D 1H–15N line-shape
analysis, which allows a reliable investi-
gation of ligand binding occurring on
micro- to millisecond timescales, have
been extended to model a two-step
binding mechanism. The molecular rec-
ognition and complex uptake mecha-
nism of two bile salt molecules by lipid
carriers is an interesting example that

shows that protein dynamics has the
potential to modulate the macromole-
cule–ligand encounter. Kinetic analysis
supports a conformational selection
model as the initial recognition process
in which the dynamics observed in the
apo form is essential for ligand uptake,
leading to conformations with im-

proved access to the binding cavity.
Subsequent multi-step events could be
modelled, for several residues, with a
two-step binding mechanism. The pro-
tein in the ligand-bound state still ex-
hibits a conformational rearrangement
that occurs on a very slow timescale, as
observed for other proteins of the
family. A global mechanism suggesting
how bile acids access the macromolecu-
lar cavity is thus proposed.

Keywords: binding mechanisms ·
line-shape analysis · lipids · molecu-
lar recognition · NMR spectroscopy

[a] Dr. C. Cogliati, Dr. L. Ragona, Dr. S. Tomaselli
Laboratorio NMR, ISMAC-CNR, Via Bassini 15
20133 Milano (Italy)
Fax: (+39) 0223699620
E-mail : laura.ragona@ismac.cnr.it

[b] Dr. C. Cogliati, Dr. M. D�Onofrio, Dr. M. Assfalg, Prof. H. Molinari
NMR Laboratory, Biotechnology Department, University of Verona
Strada Le Grazie 15, 37134 Verona (Italy)
Fax: (+39) 0458027929
E-mail : henriette.molinari@univr.it

[c] Prof. U. G�nther, Dr. S. Whittaker, Dr. C. Ludwig
School of Cancer Sciences, University of Birmingham
Vincent Drive, Birmingham, B152TT (UK)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.201000498.

� 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2010, 16, 11300 – 1131011300



the correlation between protein internal dynamics and func-
tion to be assessed.[13,14] However, until now, their applica-
tions have been restricted to binary systems, such as, among
others, the interaction of retinol with cellular retinol-binding
protein,[9] which belongs to the iLBP family described here.

Investigation of the binding mechanism that leads to the
formation of ternary complexes in systems endowed with
different levels of cooperativity, such as those formed by
bile acid binding proteins and their lipidic ligands,[15,16] is a
complex task that has been addressed, for example, through
stopped-flow fluorescence kinetic measurements in the case
of human and rabbit BABPs.[17,18] Herein, we report an in-
vestigation employing NMR line-shape analysis and relaxa-
tion dispersion experiments of the multi-step binding mech-
anisms at work in the formation of adducts between chicken
liver BABP (L-BABP) and two molecules of sodium glyco-
chenodeoxycholate (GCDA), the most abundant salt of the
bile acid pool. Chicken L-BABP displays the barrel struc-
ture typical of the family, formed by two orthogonal b-
sheets and a helix-loop-helix motif that defines, with flexible
loops, the so-called protein “open end” delineating the en-
trance to the cavity that hosts lipophilic ligands. The two
most extensively characterised BABPs, human ileal BABP
(I-BABP)[15,19] and chicken L-BABP,[19] share the common
property of binding two bile salt molecules with weak intrin-
sic affinities and strong positive cooperativity. A number of
factors have been shown to modulate ligand binding,
namely the chemistry of the ligand, the nature of the protein
residues[6,20] and the presence of disulfide bridges.[21] Two
forms of chicken L-BABP are known that differ by the pres-
ence of a cysteine or a threonine at position 91 of the pri-
mary sequence, which results in proteins with (L-BABP/S-S)
and without (L-BABP) an intramolecular disulfide bridge,
respectively. The S�S bond has been shown to play an im-
portant role in regulating site selectivity.[21] Although the
ligand-binding mechanism for both L-BABP/S-S and L-
BABP appears to be too complex to determine the rates of
association and dissociation for all the individual steps, the
overall mechanism has been addressed in thermodynamic
terms for L-BABP[16] through NMR titration experiments,
which have allowed the identification of a binding process
characterised by high cooperativity and a low intrinsic affini-
ty. However, the mechanism of such a molecular recognition
process has still to be clarified.

In line with this, the data presented herein has allowed
the distinction between two different mechanisms in re-
sponse to bile acid binding, namely induced fit versus con-
formational selection. The analysis reported herein strongly
indicates that molecular recognition is promoted by a con-
formational selection process in which protein dynamics fa-
cilitates access of the ligand to the cavity and is therefore es-
sential for ligand uptake. Subsequent multi-step events
could be modelled in a few instances with a two-step bind-
ing mechanism, providing information on the kinetic param-
eters. Finally, the data reported are consistent with the pro-
tein populating an ensemble of states even in the ligand-
bound state.

Results and Discussion

The NMR isotherms for the binding of 15N-GCDA to unla-
belled L-BABP have previously been analysed according to
a site-specific model and the estimated intrinsic (site-specif-
ic) dissociation constants were determined to be (1.0�0.3) �
10�3

m for both sites with a macroscopic cooperativity factor
of (9.8�0.4) � 103, which translates into a macroscopic posi-
tive cooperativity described by a Hill coefficient at half-satu-
ration of 1.98.[16] The analysis of the self-diffusion coeffi-
cients performed for both L-BABP and L-BABP/S-S consis-
tently afforded similar data,[21] which indicates similar bind-
ing behaviour of the two proteins.

In this study line-shape analysis of NMR signals was used
to elucidate the mechanism of bile salt binding to L-BABPs.
Line-shape analysis of NMR resonances can provide a
direct view of the mechanisms and kinetic rates of binding
events or exchange processes.[22] It has been reported[23] that
this approach can also be applied to protein signals in the
2D NMR spectra of 15N-labelled proteins thereby allowing
kinetic information to be obtained for individual residues of
the protein. In the case of protein–ligand interactions the ki-
netic mechanism can be studied by recording spectra at dif-
ferent concentrations of the binding partner. Although the
experimental data often exhibit complex behaviour, it has
been shown that the analysis of theoretical line-shapes de-
rived for different simplified mechanisms allows the identifi-
cation of the type of kinetic mechanism responsible for a
particular behaviour under steady-state conditions.[22]

The data obtained for L-BABP/S-S, for which the pres-
ence of a disulfide bridge has been shown to play a function-
al role,[21] are extensively discussed in the first part of the
paper. The data obtained for L-BABP, consistent with the
mechanism identified for L-BABP/S-S, are summarised in
the second part of the paper to provide a comparative view
and highlight subtle differences among the kinetics of the
binding processes of the two proteins.

Analysis of L-BABP/S-S : Thirteen 1H–15N HSQC spectra
obtained for different protein/ligand (P/L) ratios in the
range of 1:0 to 1:3.5 were analysed by employing 300 mm

protein samples. The highest P/L ratio was chosen to exceed
the reported 1:2 stoichiometry to ensure complete protein
saturation. The 1D cross-sections of the 1H and 15N reso-
nance frequencies of individual protein residues, derived
from the 2D NMR spectra, provide information on the
effect of binding on two adjacent nuclei throughout the
entire titration. The two neighbouring nuclei should experi-
ence the same kinetic mechanism, although differential ef-
fects could arise from a lack of resolution in one dimension.
Owing to resonance overlap, a detailed kinetic evaluation
could only be performed for 62 residues, which are evenly
distributed along the protein sequence and are thus repre-
sentative of all regions of the protein.

To correctly monitor the behaviour of individual cross-
peak resonances during the titration, backbone resonances
of holo L-BABP/S-S complexed to GCDA at a P/L ratio of
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1:3 were fully assigned on the basis of standard 3D hetero-
nuclear experiments. The resonance assignments are report-
ed in Table S1 of the Supporting information.

The line-shape analysis of the steady-state spectra record-
ed along the titration path of L-BABP/S-S reveals different
behaviour, as summarised in Table 1. The first observation
derived from the cross-section analysis is that some residues
(Table 1), mostly distributed in the b-barrel, are character-
ised by a low-intensity signal for the apo form, which sug-
gests conformational exchange before ligand addition and/or
exchange with solvent (Figure 1a). However, most of these
residues are involved in hydrogen bonds, as evidenced both
by H/D exchange experiments[24] and by the analysis of the
apo X-ray structure (PDB code: 1tvq), which suggests that
the reduced intensity observed mainly arises from conforma-
tional exchange-broadening. Residues showing this type of
behaviour form a continuous ridge crossing the protein from
the loop between the two helices to the C strand, involving
residues in the EF loop, E and D strands (Figure 1b), which
suggests a possible path for correlated motions. It is there-
fore plausible that the observed conformational averaging
provides a conformational space that favours ligand binding,
that is, an equilibrium PQP*, with P* representing a confor-
mation suitable for ligand uptake in the internal protein
cavity.

Relaxation dispersion (RD) experiments were performed
to further investigate the nature of the interconverting con-
formers in the absence of ligand. RD experiments detect dy-
namics on a similar timescale as line-shape analysis and can
also provide information about high-energy conformational
states with populations >0.5 % in exchange with a more
highly populated ground state.[25] This analysis was per-
formed on 92 residues of apo L-BABP/S-S, free from over-
lap, with RD spectra recorded at 600 and 900 MHz. Sixty-
eight residues required an exchange contribution Rex to fully
describe the transverse relaxation rates R2,eff observed, and
dispersion profiles like those reported in Figure 2a were ob-
tained. The kinetics of the exchange process, the populations
of the exchanging states and the absolute values of chemical
shift differences between ground and excited states (jDw j )
were extracted assuming a simple two-state exchange
model. The chemical shift differences obtained from the re-
laxation dispersion data (jDw j ) range between 0.2 and
2.2 ppm. The dynamic regions are evenly distributed in the
protein scaffold (Figure 2b) and map the same regions that

exhibit conformational changes upon the binding of bile
acid (Figure 2c), which suggests that the free protein adopts
a minor conformation similar to the ligand-bound state. The
chemical shift changes between the major and minor species
obtained from the relaxation dispersion data potentially pro-
vide structural information on otherwise inaccessible confor-

Figure 1. L-BABP/S-S residues showing a low-intensity signal for the apo
form. a) 1H cross-sections of 1H–15N HSQC titration spectra of residue
L23. Experimental lines are indicated as solid lines graded from blue
(apo protein) to red (holo protein) for subsequent steps in the titration.
The arrow indicates the first cross-section in the absence of ligand. Note
that the lines of the apo signal (at ~7.1 ppm) clearly show a shift for in-
creasing amounts of ligand, indicative of the formation of a small amount
of an intermediate in the reaction pathway. b) Residues showing a low-in-
tensity signal for the apo form are mapped in colour on the structure. In
the left panel, residues defining the ridge are colour-coded from the heli-
cal region (yellow), through the EF loop (light orange), to the C, D and
E strands (orange). The right panel represents the complementary view
obtained after a rotation of 1808 around the z axis. No specific pattern is
identified here and all residues are coloured yellow. Selected secondary
structural elements are labelled.

Table 1. Grouping of the residues of L-BABP/S-S according to the binding mechanism based on the line-shape analysis.

Kinetic model Residues

Kex on apo Y9, L23, I34, F47, V48, N60, F62, G65, A68, D69, T71, D74, G75, A85, F96, V102, K103, T110, I111, G115,
L118, K123

two-step binding mechanism (A)
fast/slow exchange regime (A1) S3, V8, E15, A22, L23, L27, V48, D69, G87, K103, G114, V116, S122
fast-to-intermediate/slow exchange
regime (A2)

Y14, E16, F17, A20, L21, M30, Q56, G115

parallel binding mechanism (B) T5, W6, Y9, E12, I34, V38, E39, F47, T50, N60, F62, T63, G65, A68, T71, D74, G75, A85, F96, V102, T110,
I111 L118, I119, K123, V125

Kex on holo T5, V8, E12, E15, A22, L27, M30, V38, E39, T50, Q56, G114, V116, S122, V125
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mational states. Linear correlations of jDw j versus jDd j ,
the chemical shift differences between the apo and holo
states, have been interpreted as a small population of a
high-energy conformation similar to the final holo state aris-
ing from the apo protein.[26] Such behaviour, when observed,
is an indication that a “conformational selection” mecha-
nism drives the ligand recognition process.

For L-BABP/S-S, in spite of a generally good qualitative
agreement between the RD results (jDw j ) and the chemical
shift differences between the apo and holo states (jDd j )
(Figure 2b,c), a limited quantitative agreement was ob-

served. The observed differences were larger than the exper-
imental uncertainties despite the good fit obtained for the
RD spectra. The lack of correlation can be explained in part
by the presence of direct interactions between several resi-
dues of L-BABP/S-S and the ligands that are expected to
have a significant influence on the chemical shifts of the
bound state. Furthermore, differences in chemical shift
changes determined by RD and HSQC experiments on dif-
ferent states of a protein are often indicative of a more com-
plex binding mechanism involving states with chemical shifts
different to those of the apo and holo forms.[27] Thus, RD
data may not be directly reconciled within the framework of
the two-state exchange model employed for the fitting, for
example, if there is a larger number of conformers in ex-
change in the apo form. Nevertheless, for a subgroup of resi-
dues not involved in any contact with the ligands in the holo
protein we observe a good correlation between jDw j and
jDd j (Figure 2d), as estimated by a slope of 0.94 and a cor-
relation coefficient R2 of 0.97. These residues are mainly lo-
cated at the “open end” of the protein and in the B, C, D, F,
H and I strands at the bottom of the barrel (Figure 2e). A
mechanism for ligand uptake, termed the “portal hypothe-
sis”, was previously proposed in which the natural ligand
enters the protein through a dynamic area, consisting of the
helical region and the turns between the CD and EF strands,
before binding inside the cavity.[28] The behaviour of the
BABP/S-S “portal residues” is consistent with the hypothe-
sis that the PQP* equilibrium involves a holo-like confor-
mation in which the protein adopts a ligand-accessible open
conformation, which supports a “conformational selection”
model of binding.

A line-shape simulation was then applied, where possible,
to analyse the 1H and 15N cross-sections at each titration
point. The process of selecting the right model was per-
formed as follows: in the case of slow-exchange lines, a one-
step model was used only if the lines of either side were not
shifted. If they were shifted an intermediate state at low
abundance was applied that allows for such a shift. For the
line-shapes presented, comparison with a simpler two-step
mechanism with only one ligand-dependent step was also
considered.[9,13,23] As this model was insufficient to describe
the line-shapes, a more complex model in which both steps
are ligand-dependent was constructed. Note that our model
selection was always guided by reproducing features of the
lines-shapes and not by reducing the numerical error be-
tween simulated and measured spectra as numerical conver-
gence is often limited for line-shape analyses. As an exam-
ple, the results obtained with a simple one-step model is re-
ported in Figure S1. A kinetic model describing a two-step
binding mechanism was then implemented in the NMRKIN
software[13] for the protein complexed to two ligands (see
the Experimental Section). A quantitative analysis yielding
kinetic parameters and a validation of this kinetic model
was feasible for a group of 21 residues (see group A, Table 1
and Figure S2). The two-step binding mechanism can be de-
scribed by the general Equation (1) in which (PLn)

# repre-
sents a generic intermediate that could arise from different

Figure 2. Comparison of chemical shift differences deduced from relaxa-
tion dispersion and titration data. a) Representative 15N relaxation disper-
sion curves obtained for residues L21 and R32 at 600 (blue) and
900 MHz (red). b) Residues showing an exchange contribution to the
backbone 15N transverse relaxation rate, as observed from relaxation dis-
persion data, are mapped on the structure and are coloured according to
their jDw j values using a scale from yellow (low values, <0.8 ppm) to
red (high values, >1.5 ppm). c) 15N NMR chemical shift differences be-
tween apo and holo proteins are mapped on the structure and are col-
oured according to their jDd j values using a scale from yellow (low
values, <0.8 ppm) to red (high values,>1.5 ppm). Data are shown only
for values of jDd j>0.2 ppm, which is the smallest value detected from
relaxation dispersion analysis. d) Linear correlation between values of
jDw j and jDd j (in ppm), relative only to residues located at a distance
greater than 5 � from the two ligands (as derived from the NMR holo
structure 2JN3), that is, for A20, A22, Q41, F47, T59, S61, H83, V102,
E106, V108 and T110 (slope =0.94, R2 =0.97). e) Residues for which the
linear correlation was obtained are indicated as red dotted spheres on
the structure. Selected structural elements are labelled.
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intermediate bound species (n=1, 2). Such an intermediate
was generally not directly observed owing to fast exchange
with the apo or holo protein and/or small populations of in-
termediate states. In some cases, however, the shoulders in
HSQC cross-sections clearly indicate the presence of further
intermediates. Simulations required that both steps were
ligand-dependent, that is, k’on =kon[L] (in which k’on is the ef-
fective kon rate constant), in contrast to the kinetic model
employed for cellular retinol-binding protein.[9]

P* þ LÐ ðPLnÞ# þ LÐ PL2 ð1Þ

In the line-shape analysis, conformational exchange in the
apo form, as identified by lower intensity resonances, was
considered as a slow outside exchange with equilibrium con-
stant Kex (Kex<1), as described
previously.[13] This treatment is
equivalent to adding an extra
reaction component in slow ex-
change except that no chemical
shift or reaction rate must be
assumed for the additional re-
action partner.[13] This approach
should be valid in all cases in
which the apo resonance is not
exchange-broadened.

For all the analysed residues
kinetic parameters for a two-
state binding model show rea-
sonable agreement with the ex-
perimental line-shapes, which is
indicative of a binding process
involving an initial fast-ex-
change process with an inter-
mediate of relatively low popu-
lation followed by a slower
step. The first step, initiated by
ligand addition, represents a
lower-affinity interaction with
the first ligand molecule fol-
lowed by a high-affinity binding
of the second ligand, consistent
with an allosteric control in
which the second binding event
is favored by the binding of the
first ligand. This could indicate
that the system is endowed with
some positive cooperativity, in
agreement with previous re-
sults.[21]

Among the residues involved
in the two-step binding mecha-
nism, a subgroup (see group
A1, Table 1) exhibits measura-
ble chemical shift changes in
the first titration steps on the
side of the apo protein, typical

of a fast-exchange regime (koff,1�2000 s�1), followed by a
slow second step (koff,2�10–20 s�1). The behaviour of D69 is
shown as an example in Figure 3a,c. These koff rate constants
point to the presence of a transient intermediate. An evalua-
tion of the population of each species at different protein/
ligand ratios was obtained from a line-shape simulation and
is illustrated in Figure 3e. The derived intermediate popula-
tion reaches 20 % at its maximum and decays to zero with a
two-fold stoichiometric amount of ligand. The residues dis-
playing this behaviour are evenly distributed throughout the
protein, consistent with the fact that they are part of an allo-
steric system in which binding and protein conformational
changes are tightly linked.

Another subgroup of residues fitting the two-step binding
mechanism (see group A2, Table 1) is characterised by a

Figure 3. Line-shape simulation of L-BABP/S-S titrated with GCDA using a two-step binding mechanism
[Eq. (1)]. a) 15N cross-sections through 1H–15N HSQC titration spectra of residue D69. b) 15N cross-sections
through 1H–15N HSQC titration spectra of residue A20. Lines obtained for subsequent steps of the titration on
going from the apo protein to the holo protein are shown. c,d) Line-shape simulation performed with
NMRKIN for residue D69 (c) and A20 (d) (triangles). Calculated off-rates: koff,1 =3000 s�1, koff,2 =10 s�1 for
D69; koff,1 =500 s�1 and koff,2 =30 s�1 for A20. e,f) Populations of species P (filled circle), I (empty circle) and
PL2 (triangle), as deduced from the line-shape analysis, are reported for residue D69 (e) and A20 (f). A colour
version of the figure is given in the Supporting Information.
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high-to-intermediate rate (koff,1~400–600 s�1) in the first step
followed by a slow second step (koff,2�10–20 s�1; Fig-
ure 3b,d). The derived population of the intermediate state
appears to be maximal (up to 20 %) at a P/L ratio of around
1:1 and decays to zero with a two-fold stoichiometric
amount of ligand (Figure 3f). Interestingly, mass spectrome-
try data recorded for different protein/ligand ratios (P/L=

1:1, 1:2, 1:5) showed the presence of a non-negligible popu-
lation of protein bound to a single bile acid,[21] which sug-
gests that the intermediate could be the singly ligated spe-
cies PL1. As all the residues characterised by the A2 type
behaviour (Table 1) are localised in the portal region of the
cavity (Figure 4) we suggest that whenever a singly ligated

complex is formed the bile acid binds to the superficial site.
We have no evidence as to whether this equilibrium is part
of a productive binding mechanism or represents an off-
path intermediate. However, the identification of a singly li-
gated species in which the ligand preferentially occupies the
superficial site is consistent with the finding that in zebrafish
liver BABP, the only reported protein of the family exhibit-
ing a 1:1 stoichiometry, the ligand binds at a superficial site
located in the portal region.[29]

A large number of residues (see group B, Table 1 and Fig-
ure S2) are characterised by complex line-shapes showing
many shoulders (Figure 5a). These residues are distributed
throughout the b-barrel region of the protein structure (Fig-
ure 5b). Although the complexity of such line-shapes is
beyond the scope of simulations, the observation that ligand
addition causes shoulders that cause the apo signal to gradu-
ally disappear has previously been associated with the pres-

ence of slowly exchanging con-
formers as described by
Scheme 1.

Here the heterogeneity in the
intermediate state (PLn with
n= 1, 2) can only arise from dif-
ferent apo states, all of which
bind the ligand. In particular,
this holds for all those cases in
which the signal with shoulders also shifts upon ligand addi-
tion (Figure 3a). Shifting signals associated with pseudo-
slow-exchange line-shapes are also a clear indication of a
low population of the intermediate.[13] Binding heterogeneity
is also reflected in the 1H–15N HSQC spectra of isotopically
labelled GCDA bound to unlabelled protein at different P/L
ratios, in which multiple resonances are detected for the
ligand bound at both sites.[21]

The cross-sections of a few residues (Table 1 and Fig-
ure S2) show a holo resonance with a lower intensity than
the apo signal (Figure 5c), which suggests the presence of a

Figure 4. Mapping of residues characterised by a high-to-intermediate koff

rate constant in the first binding step [Eq. (1)]. Side-chains of residues
Y14, E16, F17, A20, L21, M30, Q56 and G115 are shown as sticks and
are labelled on the surface of L-BABP/S-S in the complex with two bile
salt molecules. The two ligands are depicted in light grey and labelled as
CDA1 (superficial ligand) and CDA2 (internal ligand).

Figure 5. Residues characterised by conformational averaging. a) I111 15N
cross-section exhibiting several shoulders, indicated by arrows, in inter-
mediate titration steps. Lines obtained for subsequent steps of the titra-
tion on going from the apo protein to the holo protein are shown. b) Res-
idues showing line-shapes with shoulders after the addition of the ligand
(T5, W6, Y9, E12, I34, V38, E39, F47, T50, N60, F62, T63, G65, A68,
T71, D74, G75, A85, F96, V102, T110, I111, L118, I119, K123 and V125)
are labelled in dark grey on the holo L-BABP/S-S complex. c) V125 15N
cross-sections exhibiting low intensity signals for the holo form. Lines ob-
tained for subsequent steps of the titration on going from the apo protein
to the holo protein are shown. d) Residues exhibiting low intensity sig-
nals in the holo form (T5, V8, E12, E15, A22, L27, M30, V38, E39, T50,
Q56, G114, V116, S122 are V125) are labelled in dark grey on the holo
L-BABP/S-S complex. A colour version of the figure is given in the Sup-
porting Information.

Scheme 1. Parallel binding
mechanisms proposed on the
basis of complex line-shapes.
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slow-to-intermediate exchange between different holo spe-
cies. Most of the residues that display this behaviour cluster
in the two helices and in the A, B, C and J strands (Fig-
ure 5d). This pattern points to a modulation in the protein
dynamics after ligand binding, which is consistent with the
onset of the equilibrium PL2Q ACHTUNGTRENNUNG(PL2)*. As previously de-
scribed for the conformational equilibria of the apo form,
the onset of a similar equilibrium for the holo protein was
taken into account in the simulation by using an external
Kex value >1 for those residues in which the signal intensity
was lower in the holo form. This final protein rearrange-
ment, relevant for binding affinity, may occur on a very slow
timescale, as previously suggested for human ileal BABP.[18]

Interestingly, for one residue (V116) it was possible to
detect two holo forms exhibiting a measurable chemical
shift difference of 20 Hz between the two holo resonances,
which corresponds to an upper limit of 125 s�1 for the inter-
conversion between PL2 and (PL2)* (Figure S3). Relaxation
dispersion experiments performed on the holo protein did
not show a dispersive behaviour for any residue, which indi-
cates that conformational rearrangement should indeed
occur on a slow timescale, that is, in the order of seconds.

Analysis of L-BABP : The same line-shape analysis was per-
formed, for comparison, on L-BABP (devoid of the disulfide
bridge), for which 42 residues could be analysed. The results
were in complete agreement with the mechanism proposed
for L-BABP/S-S. In L-BABP an intermediate exchange
regime characterises the interconversion between apo con-
formers, as revealed by the presence of a high number of
residues displaying signals with lower intensity (see Table 2
and Figure S2). Residues exhibiting an apparent slow-ex-
change regime could not be simulated by employing a one-
step binding model, which suggests the presence of an inter-
mediate. The line-shapes of many residues (see group A,
Table 2 and Figure S2) located in helical regions and in the
barrel have been fitted with a two-step binding model, as
observed for L-BABP/S-S. A subgroup of residues (see
group A2, Table 2) is characterised by low koff rate constants
for both steps (koff,1 in the range of 20–60 s�1 and koff,2 in the
range of 10–20 s�1) whereas another subgroup (see group
A1, Table 2) is characterised by a first step with a high or
high-to-intermediate rate constant (koff,1~100–2000 s�1) fol-
lowed by a slow second step (koff,2~10–20 s�1). In general, L-
BABP exhibits lower koff,1 rate constants than L-BABP/S-S,
which suggests a higher affinity of L-BABP for GCDA. As
an example, line-shape simulations for residue S122 are re-

ported in Figure 6a,b. Many residues, evenly distributed in
the protein scaffold (Figure S4), exhibit signal intensities
very similar to those of the final holo state around a molar
ratio of 1:1.6 P/L (Figure 6). This observation is consistent
with an allosteric behaviour and correlates with the high-
binding cooperativity reported for this protein.[16]

At variance with L-BABP/S-S, the intermediate species
formed along the binding pathway in L-BABP are, most
likely, interconverting doubly ligated forms. Indeed, mass
spectrometry experiments did not show the presence of
singly ligated species at any P/L ratio below 1:2. The 1H–15N
HSQC spectra of the protein recorded during the titration
with the ligand support the presence of these intermediates.

Table 2. Grouping of residues of L-BABP according to the binding mechanism based on the line-shape analysis.

Kinetic model Residues

Kex on apo Q7, N13, F17, L21, T63, G65, A68, G75, K79, A85, L89, T112, G115, V116, L118, I119
two-step binding mechanism (A)
fast/fast-to-intermediate/slow exchange regime (A1) G4, L23, E25, L27, M30, S61, K103, L118
slow/slow exchange regime (A2) Q7, V8, N13, E15, F17, A20, L21, V38, Q56, T112, G114, G115, V116, S122
parallel binding mechanism (B) W6, E39, I40, F47, T50, T63, G65, A68, G75, K79, A85, T112, I119, V125
Kex on Holo V8, A20, L27, M30, K35, V38, I40, F47, S51, Q56, V116, V125

Figure 6. 1H and 15N cross-sections through the S122 cross-peak for subse-
quent steps of the titration of L-BABP/S-S (upper panel) and L-BABP
(lower panel) with GCDA. Experimental line-shapes obtained for subse-
quent steps of the titration on going from the apo protein to the holo
protein are shown. a) 1H and 15N cross-sections through residue S122 in
the L-BABP/S-S protein. Calculated off-rates: koff,1 =3000 s�1 and koff,2 =

15 s�1. b) 1H and 15N cross-sections through residue S122 in L-BABP. Cal-
culated off-rates: koff,1 =100 s�1 and koff,2 =10 s�1. In b) the line-shapes
corresponding to P/L ratios of 1:1.3 and 1:1.6 are labelled. A colour ver-
sion of the figure is given in the Supporting Information.
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In fact, in some cases the cross-peak positions reveal a curve
for increasing ligand concentrations instead of a straight line
between the apo and holo cross-peaks (Figure 7). This be-

haviour is only possible if low-population intermediates with
different chemical shifts are present. Residues characterised
by complex line-shapes, that is, showing small shoulders
along the titration pathway, were also detected (see group
B, Table 2 and Figure S2), which again suggests the presence
of slow ligand binding involving intermediates. Finally, resi-
dues were detected that exhibit holo resonances of lower in-
tensity than the corresponding apo form (Table 2 and Fig-
ure S2), consistent with the slow rearrangement PL2Q ACHTUNGTRENNUNG(PL2)*
(in the order of 110 s�1).

The analysis presented allows a rationalisation of the be-
haviour observed for different residues in the two proteins
(L-BABP/S-S and L-BABP), which contributes to the defi-
nition of the global multi-step binding mechanism presented
in Equation (2):

PÐ P* þ LÐ ðPLnÞ# þ LÐ PL2 Ð ðPL2Þ* with n ¼ 1,2

ð2Þ

These results also suggest that the presence/absence of a
disulfide bridge in L-BABPs does not affect the general

binding mechanism, rather it influences the kinetics of the
first exchange process. The observed behaviour translates, in
the case of L-BABP/S-S, into a less cooperative but site-se-
lective system for glycochenodeoxycholic and glycocholic
salts.[21]

L-BABP does not display any site-selectivity, but is
an extremely cooperative system.[16] Thus, the different be-
haviour of the two proteins may be related to the binding
capability of the bile acid.

In intracellular proteins, disulfide bonds are generally
transiently formed owing to the reducing nature of the cellu-
lar environment. It is plausible that an equilibrium between
the oxidised and reduced forms of the L-BABPs responds to
different needs for ligand uptake.

Comparison of the present results with related systems : The
combination of dynamic data derived for a lipid carrier from
line-shape analysis and relaxation dispersion has facilitated
the distinction between two fundamentally different mecha-
nisms in response to bile acid binding, namely, induced fit
versus conformational selection. The data presented herein
support the conformational selection model for liver BABPs
in which the apo protein samples adopts both non-compe-
tent and competent binding conformations. Despite the
complexity of a ternary complex, the mechanism involved in
the binding of two ligands could be investigated to provide
an estimate of the kinetics involved.

The binding mechanism for proteins belonging to the
iLBP family has been addressed for human[18] and rabbit
ileal-BABPs,[30] FABPs[31] and cellular retinol-binding pro-
tein (CRBP)[9] by employing stopped-flow fluorescence
analysis, calorimetry and, in the case of CRBP, NMR line-
shape analysis. It is therefore interesting to compare the re-
sults described herein with those reported in the literature.
As already pointed out, CRBP and I-FABP bind a single
ligand molecule, in contrast to the BABPs, which form ter-
nary complexes. The detailed NMR line-shape analysis per-
formed on CRBP reveals that site-specific mobility can be
modulated by the ligand to facilitate high-affinity binding.
In the model proposed, an exchange process involving a P*
intermediate occurring on the millisecond timescale is se-
quentially followed by a slow binding step occurring on the
subsecond timescale, which indicates that the encounter
with the ligand “freezes” the motion of the residues located
in the protein portal area.[9]

I-FABP exists as a conformation ensemble in solution in
the apo form and a localised region of backbone disorder is
part of the flexible portal that permits the entry of the
ligand.[32] Fatty acid binding was reported to shift the order–
disorder equilibrium towards the ordered closed state by
stabilising a series of interactions between helix-II and the
loops defining the portal area. More generally, it has been
reported that solution structures of apo FABPs reveal spe-
cific regions of disorder in the portal domain, in contrast to
holo FABP structures,[3,32,33] which underlies the role of con-
formational changes in driving the ligand protein recognition.

The kinetic data reported for human ileal BABP (hI-
BABP) fitted best a reversible four-step model characterised

Figure 7. Superposition of the 13 1H–15N HSQC spectra recorded for sub-
sequent steps of the L-BABP titration with GCDA, showing cross-peaks
of residue a) G115 and b) L118 moving on a “curve”. The dotted arrow
indicates the path followed by the peak along the titration on going from
the apo to holo protein. A colour version of the figure is given in the
Supporting Information.
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by a conformational change on the millisecond timescale,
identified as an opening step, followed by sequential ligand
binding and finally a slow conformational change on the
timescale of seconds, which has been suggested to be corre-
lated to the observed cooperativity. In the case of rabbit
ileal BABP, a kinetic scheme consistent with that proposed
for hI-BABP was suggested, with the only difference that
the first conformational change was not observed.

When the kinetic data reported for L-BABP/S-S are com-
pared with those reported for hI-BABP it appears that our
second binding event is characterised by a lower koff (~10–
20 s �1), to be compared with about 500 s�1 for hI-BABP,
which suggests that binding cooperativity in L-BABPs does
not rely on the last slow conformational change of the fully
loaded protein, reported to be determinant for the high co-
operativity of hI-BABP.[18]

Interestingly, all the described systems, with the exception
of rabbit ileal BABP, are characterised by an initial confor-
mational averaging on the millisecond timescale, possibly
leading to a protein conformation competent for binding.
The relaxation dispersion experiments reported herein for
L-BABP provide direct evidence of a mechanism that could
be a common feature of the mentioned proteins. The rele-
vance of our results to the understanding of general rules at
work in this protein family is derived, in our opinion, from
the data referring to another protein of the family, namely
FABP4.

In a study aimed at elucidating the nucleocytoplasmic
transport of FABP4,[34] it was shown that this protein does
not harbour a readily identifiable nuclear localisation signal
(NLS) nor a nuclear export signal (NES) in the primary se-
quence. However, such signals could be found in the three-
dimensional structure of the protein and were assigned to
three basic residues, located in the helical region, that form
a functional NLS and to three non-adjacent leucine residues,
located in the antiportal region, that form a motif reminis-
cent of an established NES. Studies of the subcellular locali-
sation of FABP4 support the validity of the conformational
selection model for the ligand-controlled activation of the
nuclear import of FABP4. It was shown in fact that upon in-
hibition of its nuclear export, either by blocking the export
machinery or by mutating the protein�s NES, a large fraction
of FABP4 accumulates in the nucleus even in the absence of
ligand. Hence, an import-competent conformation must
exist in the apo-FABP4 population that enables the protein
to enter the nucleus in the absence of ligand. These observa-
tions thus provide the first demonstration of the validity of
the selection conformation model in the whole cell in a pro-
tein belonging to the same iLBP. Interestingly, L-BABP
shares the same residues at both the portal and antiportal
region, previously recognised as NLS and NES signals in
FABP4. Thus, our model points to the relevance of the de-
scribed mechanism for biological activity.

Conclusion

We have used advanced NMR methodologies, such as 2D
1H–15N line-shape analysis, which allows a reliable investiga-
tion of ligand binding occurring on micro- to millisecond
timescales, to model a two-step binding mechanism. We
have used these methods to investigate the molecular recog-
nition and complex uptake mechanism of two bile salt mole-
cules by lipid carriers to show that protein dynamics has the
potential to modulate the macromolecule–ligand encounter.
Kinetic analysis supports a conformational selection model
as the initial recognition process in which the dynamics ob-
served in the apo form is essential for ligand uptake, leading
to conformations with improved access to the binding cavity.
Subsequent multi-step events were modelled, for several res-
idues, with a two-step binding mechanism. The protein in
the ligand-bound state still exhibits a conformational rear-
rangement that occurs on a very slow timescale, as observed
for other proteins of the family.

Experimental Section

Sample preparation : The proteins were expressed as previously report-
ed.[8,21] All the protein preparations were checked by 1D 1H NMR spec-
troscopy prior to and after delipidation, and reproducible spectra were
always obtained for the apo and undelipidated forms. The molecular
weights of the two proteins and the extent of the labelling was verified
by MALDI mass spectrometry. All NMR samples contained 300 mm

15N-
BABP protein dissolved in 30 mm phosphate (Na2HPO4/NaH2PO4) and
90%H2O/10 %D2O. The pH of the solutions was 7.2. Protein stock solu-
tion concentrations were determined by UV spectroscopy. Bile salts were
purchased from Sigma. The concentrations of the ligand stock solutions
were determined by measuring dry weights using a microbalance. The li-
gands were dissolved in the same 30 mm phosphate buffer (pH 7.2). For
protein/ligand titration experiments, glycochenodeoxycholate was added
to the protein in small amounts to achieve saturation within 10 steps (P/L
ratios: 1:0, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.3, 1.6, 2.0) and three additional ali-
quots were then added to ensure the end of titration (P/L ratios: 1:2.5,
3.0, 3.5).

NMR assignments : NMR spectra were acquired at 298 K on Bruker
DMX 500 and Avance III 600 spectrometers equipped with a 5 mm TCI
cryoprobe and Z-field gradient. Data were processed with NMRPipe[35]

and visualised using NMRView.[36] For resonance assignment of L-BABP/
S-S complexed with GCDA 1H–15N 3D TOCSY and NOESY HSQC
spectra were collected. Standard pulse sequence schemes using pulsed-
field gradients were employed to suppress the solvent signal and spectral
artefacts. 1H NMR chemical shifts were referenced to external 3-(trime-
thylsilyl)[3,3,2,2-D4]propionic acid and nitrogen chemical shifts were ref-
erenced indirectly as described.[37]

The 1H and 15N NMR protein resonance assignments are reported in
Table S1 of the Supporting information.

Line-shape analysis : For line-shape analysis spectra were recorded on a
Bruker AVANCE 500 MHz spectrometer equipped with a cryogenically
cooled 5 mm TXI probe. The operating field was chosen to keep the ex-
change in a faster regime than it would otherwise be at higher field
strengths. After each ligand addition, a high-resolution sensitivity-en-
hanced 1H/15N HSQC spectrum was recorded with 2048 � 800 data points.
Spectra were processed with zero-filling and sine window functions.

For residues that were not subject to chemical shift degeneracy, cross-sec-
tions in both spectral dimensions were extracted from all the spectra by
carefully selecting slices containing the signal maxima. NMRLab soft-
ware[38] was employed for spectra processing. The line-shapes for both di-
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mensions were simulated simultaneously for selected kinetic models by
using the set of 13 experimental spectra. NMRKIN[13] was used to calcu-
late the time-domain signal for sections of HSQC spectra for a given ki-
netic mechanism assuming steady-state line-shapes as described by the
equations of Gutowsky and McConnell.[39, 40] The chemical shifts of sig-
nals, line-widths, populations and kinetic rate constants were adjusted
iteratively to achieve consistency with experimental data. In the slow-ex-
change regime, only an upper limit of the off-rate can be assigned be-
cause the line-shapes depend only slightly on the rate. Residues were as-
signed to the model that best described their line-shapes.

Kinetic model implemented in the NMRKIN software for line-shape sim-
ulations : The line-shapes were simulated as described in the original
NMRKIN publication.[13] For the case of a two-step binding mechanism,
an additional model was implemented, which is described below. As de-
scribed in ref. [13] the total magnetisation is obtained by summing the in-
dividual components according to Equation (3) in which A= 2pi ACHTUNGTRENNUNG(In�Wo )
+ R2 +K in which I is the unity matrix, n is a variable frequency defining
the frequency range, W0 is a diagonal matrix with Larmor frequencies w,
P is a column vector with the populations of the individual states, R2 is a
diagonal matrix with transverse relaxation rates R =1/T2* =pLW (line
width at half height), K is a matrix containing the rate constants (rate
matrix). NMRKIN calculates line-shapes in the time domain according
to Equation (4), followed by the Fourier transformation to obtain the
spectrum.

Mtot ¼ IT M ¼ iC1T A�1P ð3Þ

FðtÞ ¼ I exp½ð�K þ 2piW0 � R2Þt�P ð4Þ

The mechanism is defined by the matrix K and by associations between
rates and populations. For the simulations in this work we implemented a
mechanism for two-step binding, as described by Equation (5) in which
the ligand is bound in two subsequent steps. We assume that there is no
direct conversion of free protein P into the product with two ligands PL2,
that is, the rates k13 and k31 have a value of zero.

Pþ L
k12

k21

�! �PLn þ L
k23

k32

�! �PL2 ð5Þ

The rate matrix for this case is given by Equation (6). Here k’12 =k12[L]=
1

t12
and k’23 = k23[L]=

1
t23

depend on the concentration of ligand added.

For equilibrium conditions we obtain Equation (7) and subsequently
Equation (8).

k12½L�pðPÞ ¼ k21pðPLnÞ ð7Þ

t12 ¼ t21
pðPÞ

pðPLnÞ
ð8Þ

For the second step of the mechanism we similarly have Equations (9)
and (10).

k23½L�pðPLnÞ ¼ k32pðPL2Þ ð9Þ

t23 ¼ t32
pðPLnÞ
pðPL2Þ

ð10Þ

After eliminating p ACHTUNGTRENNUNG(PLn) from Equations (8) and (10) we obtain Equa-
tion (11).

t21t32
pðPÞ

pðPL2Þ
¼ t23t12 ð11Þ

With p(P)+p ACHTUNGTRENNUNG(PLn)+ pACHTUNGTRENNUNG(PL2)= 1 we obtain Equation (12).

t23 ¼ t32
1�pðPL2Þ�pðPÞ

pðPL2Þ
ð12Þ

The NMRKIN mechanism file was set up with these simplifications.
15N relaxation dispersion : Experiments were performed on Varian Inova
spectrometers equipped with room-temperature probe heads at two static
magnetic fields corresponding to proton Larmor frequencies of 600 and
900 MHz. Relaxation compensated CPMG experiments were employed,
performed in a constant time manner.[41] Spectra were collected as a
series of 12 two-dimensional spectra with CPMG field strengths nCPMG of
50, 100, 150, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 Hz with
repeat experiments recorded at field strengths of 200 and 500 Hz. Eight
scans were recorded per FID with a 3 s recycle time. The constant time
period was set to 40 ms; the reference experiment was performed by
omitting the CPMG period. Spectra were acquired with at least 1024/2=

512 complex points for 600 MHz data and 1210/2 =605 complex points
for 900 MHz data in the F2 dimension, respectively, whereas 128 complex
points were acquired in the F1 dimension at both magnetic field strengths.
Processing and analysis of the NMR spectra were performed by employ-
ing NMRlab software.[38]

For varying the echo times, relaxation dispersion curves were obtained
that depend on the chemical shift differences (Dw), the population of the
two states and the exchange rate kex. Exchange rates (kex) were deter-
mined by fitting relaxation dispersion curves to the general expression
for the phenomenological transverse relaxation rate constant in the case
of two-site exchange.[23] Rex was calculated from simulated parameters as
described.[42] Figure S5 reports a comparison of residues showing a signifi-
cant change in chemical shifts upon binding and Rex contributions in the
apo form.

Pymol (DeLano, W.L. The PyMOL Molecular Graphics System, DeLano
Scientific, Palo Alto, CA, USA) was used for graphical representation of
the results using the 1tvq and 2jn3 structures from the Protein Data
Bank.
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