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ABSTRACT: Human ileal bile acid binding protein (I-BABP), a member of the
family of intracellular lipid binding proteins, is thought to play a role in the
enterohepatic circulation of bile salts. Previously, we have shown by stopped-flow
fluorescence analysis that positive binding cooperativity exhibited by I-BABP in its
interactions with glycocholate (GCA) and glycochenodeoxycholate (GCDA), the
two primary bile salts in humans, is related to a slow conformational change in the
protein. In this study, we used backbone 15N relaxation nuclear magnetic resonance
(NMR) techniques to obtain residue-specific information about the internal
dynamics of apo I-BABP and the doubly ligated I-BABP:GCA:GCDA complex on
various time scales. According to our NMR data, bile salt binding is accompanied by
a slight rigidification of the 15N−1H bond vectors on the picosecond to nanosecond
time scale, with most pronounced changes occurring in the C−D region. In contrast
to the minor effects of ligation on fast motions, relaxation dispersion NMR
experiments indicate a marked difference between the two protein states on the microsecond to millisecond time scale. In the
apo form, an extensive network of conformational fluctuations is detected throughout segments of the EFGHIJ β-strands and the
C−D loop, which cease upon complexation. Our NMR data are in agreement with a conformational selection model we
proposed earlier for I-BABP and support the hypothesis of an allosteric mechanism of ligand binding. According to the NMR
measurements, the helical cap region may have a less crucial role in mediating ligand entry and release than what has been
indicated for fatty acid binding proteins.

Bile salts are amphipathic molecules synthesized from
cholesterol in the liver, which in the small intestine faci-

litate the absorption of dietary lipids, cholesterol, and fat-
soluble vitamins.1 Besides their role in digestion, they are also
known as signal molecules that play a role in triglyceride,
cholesterol, energy, and glucose homeostasis.2,3 When a meal is
ingested, bile salts are secreted into the proximal small intestine
via the gall bladder and are efficiently recycled via a process
termed enterohepatic circulation.4 Human ileal bile acid bind-
ing protein (I-BABP), a member of the family of intracellular
lipid binding proteins,5,6 is thought to play a key role in this
recycling process via binding interactions occurring within the
absorptive epithelial cells of the ileum.
Previously, it has been shown that human I-BABP binds two

molecules of glycocholate (GCA), the physiologically most
abundant bile salt, with low intrinsic affinity but a high degree
of positive cooperativity.7 Calorimetric analysis of bile acid
derivatives has indicated that positive cooperativity in bile salt−
I-BABP recognition is governed by the pattern of steroid ring
hydroxylation, rather than the presence and type of side chain
conjugation.8 In addition to binding cooperativity, I-BABP has
been found to show a high degree of site selectivity in its
interactions with GCA and glycochenodeoxycholate (GCDA)
(Figure 1), the two primary bile salts in humans.9 As a result,

while in homotypic complexes both bile salts occupy both sites,
in the heterotypic I-BABP:GCDA:GCA complex (1.0:1.5:1.5),
GCDA and GCA displace each other and selectively occupy
sites 1 and 2, respectively. According to our previous
mutagenesis study, cooperativity and site selectivity are not
linked in the protein.10 While cooperativity is governed by a
subtle interplay of entropic and enthalpic contributions, site
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Figure 1. Chemical structure of glycocholic acid (GCA; R1 = OH,
and R2 = OH) and glycochenodeoxycholic acid (GCDA; R1 = OH,
and R2 = H).

Article

pubs.acs.org/biochemistry

© 2012 American Chemical Society 1848 dx.doi.org/10.1021/bi201588q | Biochemistry 2012, 51, 1848−1861

pubs.acs.org/biochemistry


selectivity is determined by more localized, enthalpic effects.
On the basis of nuclear magnetic resonance (NMR) structural
work and the mutagenesis study, two hydrogen bonding net-
works have been postulated as a likely way of energetic
communication between the two binding sites.10 It has also
been shown by stopped-flow fluorescence analysis that a slow
conformational change occurring after the second binding
step has a role in positive cooperativity.11 Furthermore, the
unexpectedly slow association rate constant (∼1 μM−1 s−1) of
the first binding step has raised the possibility of an additional
conformational transition in the apo protein prior to binding. A
conformational change on a similar time scale in the unbound
state has been proposed previously for intestinal fatty acid
binding protein (I-FABP),12,13 and more recently for cellular
retinol binding proteins (CRBP I and II)14 and chicken liver
bile acid binding protein (cl-BABP),15 three other members of
the iLBP family with the same topology. In all cases, the ob-
served slow motion is thought to be associated with ligand
entry and release.
As a first step in untangling the various dynamic events in

I-BABP occurring on different time scales and elucidating their
specific role in the binding process, we report here the chemical
shift-based structure analysis and backbone 15N relaxation NMR
study of apo I-BABP and that of the heterotypic I-BABP:GCA:-
GCDA (1.0:1.5:1.5) complex.

■ MATERIALS AND METHODS
Protein Biosynthesis and Purification. The expression of

uniformly 15N-enriched and 13C- and 15N-enriched protein
followed a two-stage strategy designed to achieve an optimal
balance between cell growth and isotope utilization. Specifically,
Escherichia coli strain MG1655, transformed with the pMON5840-
hIBABP construct, was incubated overnight (37 °C and
250 rpm) in 50 mL of non-isotope-enriched minimal medium
(6 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L NH4Cl,
1 mM MgSO4, 5 g/L D-glucose, 25 mg/L thiamine hydro-
chloride, 0.1 mM CaCl2, and trace metals, according to Li
et al.16) containing 100 μg/mL ampicillin and then transferred
into a 2 L flask containing 700 mL of medium of the same
composition. At an OD600 of ∼1.0, the culture was centrifuged
at 4 °C and 10000g for 15 min and the pellet was resuspended
in 700 mL of fresh isotope-enriched minimal medium
containing 0.7 g of 15NH4Cl (

15N-enriched and 13C- and 15N-
enriched I-BABP) and 3.5 g of [13C]-D-glucose (13C- and 15N-
enriched I-BABP). Protein expression, under the control of
the recA promoter, was induced by the addition of 7 mL of
10 mg/mL nalidixic acid to the growing culture at an OD600 of
∼2.0, and cells were allowed to grow for an additional 3−4 h,
harvested, and frozen at −80 °C. For the uniformly (80% 2H,
99% 15N) enriched human I-BABP, a one-stage protocol was
applied. Specifically, cells were grown in 800 mL of minimal
medium in 99% D2O supplemented with 15NH4Cl and natural
abundance glucose at 37 °C for 19 h, induced at an OD600 of
∼2.4, and grown for an additional 4 h before being harvested.
Protein purification started with thawing the cell pellet in
10 mL of 20 mM Tris-HCl (pH 8.0) and 5 mM EDTA, con-
taining a broad-spectrum protease inhibitor mixture (Roche
Molecular Biochemicals). The protein was released by pro-
cessing the cell suspension through an Emulsiflex C5 homo-
genizor (Avestin) three or four subsequent times. The homo-
genized cell suspension was subjected to centrifugation at 4 °C
and 23000g for 30 min. The clarified supernatant was chroma-
tographed on a 25 cm × 5 cm column of Q-Sepharose Fast

Flow. Dialysis was conducted versus multiple changes of 10 mM
Tris (pH 8.2) and 0.05% NaN3 at 4 °C, until the A260/A280
absorbance ratio decreased below 0.7 followed by gel filtration
chromatography using a 110 cm × 2.5 cm column of Sephadex
G-50. Delipidation was achieved by passing the protein solution
over a column of lipophilic Sephadex type VI (Sigma product
no. H-6258) pre-equilibrated with 20 mM potassium phos-
phate, 50 mM KCl, and 0.05% NaN3 (pH 6.3), at 37 °C.
Protein purity, as assessed by overloaded Coomassie-stained
sodium dodecyl sulfate−polyacrylamide gel electrophoresis gels,
was >98%. Protein concentrations were determined by absorba-
nce at 280 nm using an extinction coefficient of 12930 M−1 cm−1

obtained by composition analysis according to Pace et al.17

Collection of NMR Data. Multidimensional NMR experi-
ments were conducted at 25 °C on 600 and 400 MHz Varian
NMR SYSTEM spectrometers equipped with a 5 mm indirect
detection triple 1H13C15N and double resonance 1H-{15N-31P}
z-axis gradient probe, respectively. Measurements were taken in
a buffer containing 20 mM potassium phosphate, 50 mM KCl,
and 0.05% NaN3 (pH 6.3). The protein concentration was
1 mM in all experiments. In the case of the holo sample, protein
was complexed with an equimolar mixture of GCA and GCDA
at an I-BABP:GCA:GCDA molar ratio of 1.0:1.5:1.5, ensuring
that more than 99.9% of the protein was in its bound state.8

The backbone resonance assignment strategy utilized uni-
formly 13C- and 15N-enriched wild-type human I-BABP and a
series of three-dimensional (3D) gradient-enhanced triple-
resonance experiments such as g-HNCACB,18−20 g-CBCA-
CONNH,21 g-HNCO,19,20,22,23 and g-HCACON.24 Spectral
processing, computer-assisted spin system analysis, and reso-
nance assignment were conducted with Felix 2004 (Accelrys,
Inc.). The 1H chemical shift was referenced externally to 2,2-
dimethylsilapentane-5-sulfonic acid (DSS), and the 13C and 15N
chemical shifts were referenced indirectly to DSS.25 Chemical
shift indices were calculated from the 1Hα,

13Cα,
13Cβ, and

13CO
chemical shifts using CSI.26

The 15N T1, T2, and steady-state {1H}−15N NOE measure-
ments27−29 were collected on uniformly 15N-enriched apo and
holo human I-BABP at two static magnetic field strengths, 14.1
and 9.4 T (corresponding to 1H Larmor frequencies of 600 and
400 MHz, respectively). Backbone amide 15N T1 values were
measured from two series of eight spectra (24 transients,
interscan delay of 1.5 s) with the following relaxation delay
times: 20, 100, 190, 290, 390, 530, 670, and 830 ms and 20, 50,
100, 170, 240, 340, 480, and 630 ms. Amide 15N T2 values were
obtained similarly: 10, 30, 50, 70, 110, 150, and 190 ms and 10,
30, 50, 90, 130, 150, and 170 ms. Steady-state {1H}−15N NOE
values were obtained by recording spectra with and without
(blank) the use of 1H saturation applied during the last 5 s of a
7 s delay between successive transients. Presaturation was
achieved with the use of 120° 1H pulses applied every 5 ms.30

The radiofrequency field strength of the 1H hard pulse was
11.6 kHz. To map regions of backbone order and disorder,
gradient- and sensitivity-enhanced 15N HSQC experiments
were used to collect amide proton saturation transfer data by
recording spectra with and without water presaturation during a
3 s interscan delay. NOE and saturation transfer measurements
(32 transients both) were collected in triplicate.
Relaxation dispersion experiments were performed at a static

magnetic field strength corresponding to a proton Larmor
frequency of 600 MHz, using a relaxation-compensated CPMG
dispersion experiment performed in a constant time man-
ner.31,32 To reduce the R2 of the HzNx coherence evolving
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during the CPMG periods, measurements were taken on
uniformly 80% 2H- and 99% 15N-labeled protein. The constant
time delay (TCP) was set to 40 ms. Spectra were collected as a
series of 20 two-dimensional data sets with CPMG field
strengths (νCPMG) of 25, 50, 74, 99, 123, 147, 172, 195, 219,
242, 289, 335, 380, 425, 469, 556, 641, 764, and 883 Hz. A
reference spectrum was obtained by omitting the CPMG
period from the pulse sequence.33 Spectra (3 s interscan delay,
24 transients) were acquired in duplicate.
Relaxation and Model-Free Parameter Calculations.

Initial processing of the relaxation, NOE, and saturation trans-
fer measurements was conducted using the Biopack module of
VNMRJ 2.2.C. For spectral analysis, the Fourier-transformed
and phased spectra were imported into SPARKY.34 Peak
intensities were estimated from their peak heights. For both the
T1 and T2 spectra, relaxation times were determined by fitting
to a two-parameter function of the form

= −I t I t T( ) exp( / )o 1,2 (1)

using the Levenberg−Marquardt35 algorithm, where I(t) is
the peak intensity after a delay time of t and Io is the initial
intensity. For subsequent analysis, the standard errors of the T1
and T2 relaxation times were estimated from duplicate mea-
surements at various relaxation delays. The NOE and amide
hydrogen exchange values were calculated as a ratio of signal
intensities with and without presaturation, and the uncertainty
was estimated by repeating the experiments three times.
An initial estimate of the rotational diffusion anisotropy was

calculated from the filtered T1/T2 ratios using the program
r2r1_diffusion (http://www.palmer.hs.columbia.edu/software/
r2r1_diffusion.html). The overall rotational correlation time
(τm) calculated from the trace of the diffusion tensor was in a
good agreement with the value obtained from a trimmed mean
value of T1/T2 according to Kay et al.36 For the accurate
determination of rotational anisotropy, Protein Data Bank
(PDB) entry 1O1U37 was used for the apo protein. In the case
of the holo form, both PDB entry 1O1V (a 1:1 complex of
human I-BABP with taurocholate)37 and the three-dimensional
structure of the heterotypic doubly ligated complex (I-
BABP:GCA:GCDA, 1.0:1.5:1.5) developed by Cistola and co-
workers (ref 10 and personal communication with G. T.
DeKoster, G. P. Tochtrop, J. D. Monsey, and D. P. Cistola)
have been considered. The actual values of motional parameters
presented are obtained using the coordinates of the latter. For
comparison, the results of the analysis conducted with
coordinates of 1O1V are included in Figures S3 and S4 of
the Supporting Information. We note that no significant
differences have been found in the distribution and amplitude
of fast (picoseconds to nanoseconds) and slow (microseconds
to milliseconds) fluctuations when using the two different
sets of coordinates. The principal moments of inertia tensors
for the models were calculated using the program PDBinertia
(http://biochemistry.hs.columbia.edu/labs/palmer/software/
pdbinertia.html).
Spectral densities were calculated from the 15N relaxation

parameters according to Abragam.38
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The constants d2 and c2 are defined as d = (μoHoγHγN/
8π2)⟨rNH

−3⟩ and c = ωNΔσ/√3, where γH and γN are the
gyromagnetic ratios of the 1H and 15N nuclei, respectively, ωH
and ωN are their Larmor precessional frequencies, respectively,
rNH is their internuclear distance (1.02 Ǻ), Δσ is the difference
between the parallel and perpendicular components of an
axially symmetric 15N chemical shift tensor (−172 ppm for
protein backbone amides39), and Ho is the external magnetic
field strength. To obtain details of the amplitude and time scale
of dynamic events, we analyzed the NMR relaxation data within
the model-free formalism.40−43 Information about the spatial
restriction of the 15N−1H bond vector (S2, generalized order
parameter), the correlation time for macromolecular tumbling
(τm) and that for internal motion (τe), and the contributions of
microsecond to millisecond exchange phenomena to transverse
relaxation (Rex,app) have been determined using FAST-Model-
free (Facile Analysis and Statistical Testing for Modelfree44),
an automated version of Modelfree 4.2,45,46 a program used
extensively to fit the extended model-free spectral density
function
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to NMR spin relaxation data, assuming an axially symmetric
diffusion tensor, where τ1

−1 = 6D⊥, τ2
−1 = D∥ + 5D⊥, τ3

−1 = 4D∥
+ 2D⊥, τs′ = τjτe/(τj + τe), where τe is either τf or τs, A1 = (3 cos2

θ − 1)2/4, A2 = 3 sin2 θ cos2 θ, A3 =
3/4 sin

4 θ, and θ is the
angle between the N−H bond vector and the unique axis of the
diffusion tensor. Briefly, five representations of the spectral
density function were considered. The first model (M1) was
based simply on the single-time scale model-free formalism
given in eq 3 with fitting S2 alone (τf = τs = 0). The next model
(M2) incorporated the presence of fast internal motions (τf <
100−200 ps) by fitting both S2 and τe = τf. The third (M3) and
fourth (M4) models added an Rex,app term to the model-free
formalism to take into account the loss of transverse magne-
tization due to conformational exchange and provided fits to S2

and Rex,app (M3) and S2, τe = τf, and Rex,app (M4), respectively.
Finally, the last model (M5) considered the presence of
internal motions slower than τf but faster than the overall
rotational correlation time of the protein by fitting Sf

2, S2, and
τe = τs. The five dynamic models were fit to the experimental
data for each resonance while holding the value of τm fixed at the
value determined from the trimmed mean of the T1/T2 ratio.
A grid search was used to obtain initial estimates for the values
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of the remaining model parameters by minimizing the χ2 func-
tion defined as

∑ ∑ ∑χ = Γ = − * σ
= = =

R R( ) /
i

N

i
i

N

j

M

ij ij ij
2

1 1 1

2 2
i

(4)

where Γi is the sum-squared error for the ith spin, Mi is the
number of experimental relaxation parameters, Rij is the jth
experimental relaxation parameter for resonance i, Rij* is the
corresponding jth theoretical relaxation parameter calculated
from the spectral density model, σij is the experimental un-
certainty in the jth relaxation parameter for resonance i, and
N is the total number of nuclear spins. Statistical properties of
the model-free parameters were obtained from Monte Carlo
simulations using 600 randomly distributed synthetic data
sets.46 The quality of the fit between the experimental data and
theoretical model was assessed for each spin by comparing the
optimal value of Γi with the α = 0.05 critical value of the distri-
bution of Γi obtained from the Monte Carlo simulations. Model
selection was conducted according to the protocol outlined by
Mandel et al.45 and implemented in FAST-Modelfree. One
(M1) and two-parameter (M2 and M3) models were compared
by conducting an F-test analysis using a critical α value of 0.2.
Relaxation Dispersion Analysis. Contributions to trans-

verse relaxation rates of conformational exchange were analyzed
assuming a two-site exchange process (A ⇔ B) using NESSY.47

Two models were considered for each spin displaying a nonflat
dispersion profile. The first model assumed a slow-limit ex-
change (kex ≪ δω) between the two sites fitting the relaxation
dispersion curves to eq 5
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in which νCPMG is the field strength of CPMG spin−echo
pulses, τcp and pω180° are the time delay between consecutive
180° 15N refocusing pulses and the pulse width, respectively, R2

0

is the transverse relaxation rate constant in the absence of
exchange, pa and pb are the equilibrium populations at the two
sites with pa + pb = 1, and kex and δω are the exchange rate
constant and chemical shift difference between the two sites,
respectively. The second model considered a fast-limit
exchange (kex ≫ δω) between the two sites by fitting the
relaxation dispersion curves to eq 6
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where Φ = papbδω
2. Exchange parameters (R2

0, kex, pb, and δω in
model 1 and R2

0, kex, and Φ in model 2) were optimized by

using the Levenberg−Marquardt algorithm35 to minimize the
least-squares function for each individual amino acid residue

∑χ = − σ
=

R R( ) /
i

N
i i

R
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2
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2

,eff,exp 2 2
2
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where i is the index for field strength νCPMG, σ is the uncertainty
in the experimentally measured R2

i,eff,exp, and R2
i,calc is the

calculated effective transverse relaxation rate constant. Model
selection was performed using the Akaike information criteria
with second-order correction for small sample size.48 The
uncertainties in the parameters were estimated from 500 Monte
Carlo simulations. For a set of residues displaying nearly the
same kex and pb by the individual fit procedure, a cluster analysis
was performed to obtain an estimate of the thermodynamic
parameters of exchange.

■ RESULTS

Resonance Assignments and Chemical Shift Pertur-
bation Mapping. Sequence-specific backbone resonance
assignments for apo and holo I-BABP were established using
four 3D triple-resonance experiments conducted with uni-
formly 13C- and 15N-enriched protein at 25 °C, as detailed in
Materials and Methods. The assignment of the holo form was
conducted at a protein:bile salt molar ratio of 3, using an
equimolar mixture of unenriched GCA and GCDA. At this I-
BABP:bile salt molar ratio, more than 99.9% of the protein is
expected to be in its bound state.8 Figure 2 displays the 25 °C
1H−15N HSQC spectra of free and doubly ligated I-BABP.
Resonance assignment was established for 125 of the 126 non-
proline residues of both apo and holo I-BABP. The backbone
amide assignments for the two forms are listed in Table S1 of
the Supporting Information. The root-mean-square weighted
1HN, 15N, and 13CO chemical shift differences49 between apo
and holo I-BABP were calculated on a per-residue basis and are
depicted in Figure 3. The largest perturbations (>6.0 ppm)
were observed for residues N96 and H98 in the G−H turn near
binding site 1, followed by Y97 and two segments in helix I
(D15−L21) and helix II (S24−R32). Additionally, a con-
tinuous stretch of residues with above average chemical shift
differences was observed for T73−T82 corresponding to the
E−F turn and the N-terminal half of β-strand F.
To confirm the position and length of the secondary struc-

ture elements under our experimental conditions, a chemical
shift index (CSI) analysis was performed using the 1Hα,

13Cα,
13Cβ, and

13CO chemical shift values according to Wishart and
Sykes.26 A comparison of the chemical shift-derived secondary
structures of apo I-BABP and that of the heterotypic I-
BABP:GCA:GCDA (1.0:1.5:1.5) complex is included in Figure
S1 of the Supporting Information. As expected, the overall
topology of the two forms was the same. The most significant
difference between the unligated and doubly ligated protein
occurred in the E−F region. Upon ligand binding, β-strand E
becomes shorter and is shifted toward the C-terminus, resulting
in a longer D−E turn and a shorter E−F turn. Unlike in the
case of intestinal fatty acid binding protein, a well-studied mem-
ber of the intracellular lipid binding protein family, for which
NMR spectroscopy measurements have indicated a disordered
helix II in the apo state,50 in I-BABP both α-helices are well-
defined in the apo and holo forms of the protein. This is in
full agreement with a previous NMR structural investigation
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of human I-BABP performed under slightly different pH and
temperature conditions.37

Amide Hydrogen Exchange Measured by Saturation
Transfer. Local unfolding events are known to disrupt back-
bone hydrogen bonding interactions in proteins, thereby lead-
ing to an increased level of exchange with solvent hydro-
gens.51,52 To monitor hydrogen exchange rates occurring on
the time scale of the longitudinal relaxation rate of amide
protons, the relative intensity of 1H−15N correlations collected
with and without solvent presaturation during the relaxation
delay53 has been determined for apo and holo I-BABP. Both
states of the protein are characterized with below average sol-
vent exchange in the D15−S24 and V27−A31 segments
corresponding to helix I, the linker between the two α-helices,
and some parts of helix II (data not shown). Interestingly, a
drop in peak intensities occurs at the beginning of helix II at
residues S25 and D26 in both ligation states, indicating rapid
hydrogen exchange. The difference in saturation transfer be-
tween the apo and holo forms is displayed in Figure 4 such
that a positive difference implies increased protection from
hydrogen exchange as a result of bile salt binding. The most
significant changes upon ligation occur in the C-terminal half of
the protein, in particular at residues Y53, G55, H57−M59,
T73−G76, T78−A81, and I114−G116, indicating an increase

in the level of protection of the C−D and E−F turns, the N-
terminal half of β-strand F, and the I−J turn. Additional
diminished solvent exchange is detected in the ligated state at
scattered positions, most notably in β-strands G (L90 and
N93), H (Q99 and T100), and I (K107 and V111).

Amide 15N NMR Relaxation Parameters. The 15N T1
and T2 relaxation times and steady-state {1H}15N NOE values
were measured on uniformly 15N-enriched I-BABP at two dif-
ferent static magnetic field strengths corresponding to proton
Larmor frequencies of 600 and 400 MHz. In apo I-BABP 117,
in the doubly-ligated complex 115 of the 126 non-proline
residues were included in the analysis. Resonances of low
intensity and those showing severe overlap were excluded from
the study. Relaxation times and NOEs along the protein
sequence obtained at the two static magnetic fields are listed in
Tables S2−S5 of the Supporting Information. The average
values of parameters are listed in Table 1.
Figure 5 displays the distributions of relaxation parameters as

a function of amino acid sequence for the complexed and
uncomplexed protein at 600 MHz. It is apparent that there are
several regions in the polypeptide chain in both forms where
the relaxation parameters differ substantially from their average.
For instance, residues S25 and D26 and selected residues
between S54 and T58 display T1 values more than one standard

Figure 2. Superposition of gradient- and sensitivity-enhanced 2D 1H−15N heteronuclear single-quantum coherence (HSQC) spectra (600 MHz, 25 °C)
of uniformly 15N-enriched apo I-BABP (black) and holo I-BABP complexed with GCA and GCDA at a molar ratio of 1.0:1.5:1.5 (blue). Backbone
amide correlations are labeled by residue number according to the assignments described in the text. A full list of backbone 1HN and 15N resonance
assignment for the apo protein and the doubly ligated complex is available in the Supporting Information. Resonances in the top right quadrant of
the spectra represent side chain NH2 correlations in asparagine and glutamine residues.

Biochemistry Article

dx.doi.org/10.1021/bi201588q | Biochemistry 2012, 51, 1848−18611852



deviation lower than the mean in both the free and the doubly
ligated forms. Additionally, in apo I-BABP, the M74−T78
segment exhibits faster than average longitudinal relaxation
rates, whereas residues M85, E86, L90, V91, F94, and Y97 tend
to show slow 15N T1 relaxation. In the holo state, above average
T1 values are detected for a number of residues in the T73−
K80 and M85−Y97 regions. Similar deviations are observed in
the specified regions at 400 MHz, and in general, there is good
agreement in the pattern of T1 relaxation times along the
sequence between the two data sets (data not shown). From
Figure 5, it is apparent that longitudinal relaxation rates tend to
be faster in the complexed state almost along the entire protein
sequence. This is most pronounced between residues F34 and
N70, spanning β-B, β-C, β-D, and the first few residues of β-E.
A very noticeable increase in the T1 relaxation rate is also found
for β-A, part of helix II, and the I-J region at the C-terminal end
of the protein upon complexation.
The distribution of transverse relaxation times displays a

more uniform pattern along the protein sequence. In the apo
protein, T2 rates faster by more than one standard deviation
than their mean are observed at K35, I36, V91, N96, and H98
at both field strengths. At 600 MHz, the list also includes
residue E29. These positions correspond to the end of helix II

and a linker connecting it to β-B, a residue in β-G, and the G−
H turn. Transverse relaxation times reduced to a similar extent
are detected in the holo protein for residues R32, N33, and
D106 at both field strengths. Segments that show a char-
acteristic change in T2 upon ligation generally match those
exhibiting a similar change in T1 relaxation (Figure 5). This is
most emphasized in the D46−T58 segment corresponding to
β-C and the C−D turn, which show a marked increase in the
longitudinal and transverse relaxation rates as a result of bile
salt binding.
With regard to the steady-state {1H}15N NOE parameters, a

continuous stretch of higher than average values was detected
in helix I between residues Y14 and M18 in the apo protein,
whereas the E68−E86 region exhibited a number of residues
with lower than average NOEs in the absence and presence of
bile salts at both static magnetic field strengths. Residues E68−
E86 correspond to a region comprising the β-E and β-F strands
where above average T1 relaxation rates were found in the apo
and holo states. Approximately 10% of the residues exhibited
NOEs exceeding the theoretical maximum by more than their
estimated error at both field strengths, suggesting the presence
of highly restricted internal motion at specific positions in the
protein. In addition to residues in the terminal region, an
extremely low NOE was detected for K77 in the E−F loop at
both values of Bo, indicating fast internal motion.

Rotational Diffusion Analysis. The hydrodynamic prop-
erties of I-BABP were characterized by rotational diffusion
analysis of the T1 and T2 relaxation parameters. An initial esti-
mate of the rotational correlation time was obtained from the
filtered mean T1/T2 ratios according to Kay et al.36 Residues
with T1/T2 ratios more or less than one standard deviation
from the mean were discarded from the analysis. At 600 MHz
(400 MHz), this affected 25 (30) and 14 (10) residues in the
apo and holo proteins, respectively. At 600 MHz, the average
calculated τm was 6.8 ± 0.2 ns for the free protein and 6.7 ± 0.3
ns for the doubly ligated complex, with the given errors
representing standard deviations calculated over all resi-
dues considered. At 400 MHz, a τm of 6.8 ± 0.2 ns was
obtained for both protein states.
The principal moment of inertia tensors determined for the

apo and holo proteins by PDBinertia were (1.00, 0.86, 0.71)
and (1.00, 0.86, 0.76), respectively. The analysis with r2r1_diffusion
indicated slightly different D∥/D⊥ values for the complexed

Figure 3. Chemical shift changes upon bile salt binding. Root-mean-square weighted 1HN, 15N, and 13CO chemical shift differences (left) between
the apo and holo sates along the amino acid sequence. Combined chemical shift changes were calculated using the equation Δδ = [(ΔδHN)2 +
(w1ΔδN)2 + (w2ΔδCO)2], where w1 (=0.341) and w2 (=0.154) are weight factors determined using the BioMagResBank chemical shift database.49

Chemical shift differences depicted on the left are coded in a cyan-to-pink gradient (right) with the maximal difference as the upper bound and
mapped onto the 3D structure of the I-BABP:GCA:GCDA (1.0:1.5:1.5) complex.10 The images were generated with Chimera 1.5.3.

Figure 4. Difference between relative peak intensities of the
heterotypic doubly ligated complex [I-BABP:GCA:GCDA
(1.0:1.5:1.5)] and apo I-BABP obtained with (I) and without (Io)
presaturation of the solvent resonance as determined at 600 MHz. A
positive value denotes an increase in the level of solvent protection
upon bile salt binding.
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(D∥/D⊥ = 0.88) and uncomplexed (D∥/D⊥ = 1.1) states. To
take into account the minor effects of anisotropy, we analyzed
the relaxation data with the axially symmetric model.
Spectral Density Function Analysis. Spectral densities

were calculated for apo I-BABP and the doubly ligated
heterotypic complex using eqs 2a−c and are listed in Tables
S6 and S7 of the Supporting Information. Deviations from the
mean for J(0), J(ωN), and J(ωH) found at the two different
static magnetic fields along the amino acid sequence are dis-
played schematically in Figure S2 of the Supporting
Information for both protein states. The most striking observa-
tion is that bile salt binding has a marked effect on slow
motions as suggested by a decrease in the number of residues
with above average J(0) values, in particular in the C-terminal
half of the protein, at both field strengths. Altogether, six
specific regions show significant deviations from the mean in
their J(0), J(ωN), and/or J(ωH) values in the apo and/or holo
form. (i) The E11−M18 segment is characterized by below
average J(ωH) values, in particular in the apo protein indicating
strong restriction of the backbone N−H vector in helix I. (ii)
Throughout the S24−I36 segment corresponding to helix II,
above average deviations are found in apo I-BABP for specific
residues in all three frequency ranges. Among these, S25 and
D26 [(R32 and N33)] are characterized by above average
J(ωN) [J(0)] values in the holo state as well. (iii) An above
average J(ωN) has also been found for residues in the C−D

turn (e.g., G55, H57, T58, and T60 and S54−T58 in the apo
and holo states, respectively). There are also indications of high-
frequency motion in the same region manifested in the
relaxation behavior of residues S54−G56 in the apo form.
(iv) High-frequency motions are also prevalent in β-E and the
E−F turn (E68−T78) in apo I-BABP. (v and vi) Finally, the
G88−H98 and T118−E120 segments in the apo state are
characterized by above average J(0) values accompanied by low
values of J(ωN) (e.g., V91, F94, and Y97) or J(ωH) (T118 and
E120), suggesting the presence of slow fluctuations.
To obtain residue-specific information about the amplitude

of internal motions present in the two ligation states, spectral
densities derived from NMR relaxation data were analyzed in
terms of the extended model-free approach as described in
Materials and Methods. Generalized order parameters together
with effective correlation times for internal motions (τe) as well
as apparent contributions to transverse relaxation from con-
formational exchange (Rex,app) determined for the free protein
and the heterotypic doubly ligated complex are shown in
Figure 6. The statistics of backbone dynamics are summarized

Table 1. Statistics of Backbone Dynamics of Apo I-BABP
and the Heterotypic I-BABP:GCA:GCDA (1.0:1.5:1.5)
Ternary Complex

apo holo

Relaxation Parameters
Bo = 14.1 T (ωH = 600 MHz)

15N T1 (ms) 605 ± 38 557 ± 67
15N T2 (ms) 110 ± 10 103 ± 10
{1H}15N NOE 0.79 ± 0.05 0.77 ± 0.06
J(0) (×10−9) 2.4 ± 0.2 2.6 ± 0.4
J(ωN) (×10

−10) 3.1 ± 0.2 3.4 ± 0.5
J(ωH) (×10

−12) 5.5 ± 1.4 6.5 ± 2.0
Bo = 9.4 T (ωH = 400 MHz)

15N T1 (ms) 367 ± 17 355 ± 18
15N T2 (ms) 117 ± 9 114 ± 9
{1H}15N NOE 0.71 ± 0.06 0.74 ± 0.05
J(0) (×10−9) 2.4 ± 0.2 2.5 ± 0.3
J(ωN) (×10

−10) 5.9 ± 0.3 6.1 ± 0.3
J(ωH) (×10

−11) 1.2 ± 0.2 1.1 ± 0.2
Lipari−Szabo Model Parameters

τm (ns) 6.8 6.8
D∥/D⊥ 1.1 0.95
S2 (best of five models) 0.85 ± 0.05 0.88 ± 0.06
no. of residues

model 1 (S2) 84 85
model 2 (S2, τe) 11 11
model 3 (S2, Rex) 11 9
model 4 (S2, τe, Rex) − −
model 5 (S2, Sf

2, τe) 8 9
none of them 3 1
pro/overlapa 10 12

aIn addition to A1 and P95, in the apo state residues Q41, Q45, G87,
T100, D106, L108, V111, and I114, in the holo state residues F6, M18,
L21, H52, T60, V91, N96, I103, G115, and V117 were excluded from
the analysis because of the low signal intensity or severe overlap.

Figure 5. Distribution of the measured 15N T1 and T2 relaxation times
and {1H}15N NOE parameters at 14.1 T along the amino acid
sequence of apo (○) and holo (●) I-BABP. Error bars are not shown
for the sake of clarity. The standard deviations of the relaxation
parameters are listed in Tables S2 and S3 of the Supporting
Information.
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in Table 1. For both forms of the protein, ∼70% of the residues
were fit by the simplest model-free formalism using S2 alone. In
the apo state 19 and in the holo state 20 residues required the
inclusion of an effective correlation time for internal motions.
Among these, in the unbound form eight residues and in the
ligated state nine residues were fit by the two-time scale spectral
density function (Figure 6B). With the exception of S68 (τe <
200 ps), D26, T60, and N70 (200 ps < τe) (apo), V27, I28, Q41,
T48, and T113 (τe < 200 ps), and N61 and N70 (200 ps < τe)
(holo), the residues exhibiting picosecond to nanosecond
mobility for which τe < τm were located either in loop regions
or at the termini of secondary structure elements. Among the
loops, in the apo form, the C−D and E−F loops appeared to be
the most affected by fast backbone motion. In apo I-BABP

eleven residues and in the doubly ligated complex nine residues
required an apparent conformational exchange term to fit their
relaxation parameters (Figure 6C). In particular in the free
state, most of these residues were clustered into three specific
regions such as helix II and a linker connecting it to β-strand B
(E29, A31, K35, and I36) as well as two short segments in the
G−H loop region (N96−H98) and on β-strand J (T118−
E120). Among the listed regions, helix II (R32 and N33) and
the G−H loop indicated signs of a microsecond to millisecond
motion also in the holo state. The contribution of conforma-
tional exchange to transverse relaxation has also been estimated
from the field dependence of T2

−1 − T1
−1/2 (ref 54), and in

particular in the apo state, there was a good agreement between
the two methods when identifying residues suspected to
undergo a conformational exchange (data not shown).
From a joint analysis of the 600 and 400 MHz relaxation

data, the average order parameters obtained for the apo and
holo states were 0.85 ± 0.05 and 0.88 ± 0.06, respectively. The
average S2 values for various secondary structure elements are
listed in Table 2. A slight increase was found in ⟨S2⟩ throughout
the protein sequence indicative of a small decrease in the
backbone picosecond to nanosecond mobility upon formation
of the complex. The largest increase (≥0.05) in the average
order parameter occurred for β-C, β-D, and β-J, whereas the
smallest increase (≤0.02) was detected for β-G, β-E, and helix I.
Upon inspection of the linker and turn regions, the largest
increase in ⟨S2⟩ has been found in the C−D and I−J turns as a
result of bile salt binding. On the other hand, a decrease of
>0.03 was observed in ⟨S2⟩ for the F−G turn. In the apo state
three residues (S25, T58, and A127) and in the holo state one
residue (F2) could not be fit to any of the five models. The
Sholo

2 − Sapo
2 differences mapped to the ribbon representation

of the mean coordinates of the heterotypic I-BABP:GCA:GC-
DA (1.0:1.5:1.5) complex are shown in Figure 7. The full list of
motional parameters obtained from the model-free analysis for
apo and holo I-BABP is given in Tables S8 and S9 of the
Supporting Information.

Relaxation Dispersion Analysis. The need for an appar-
ent chemical exchange term, Rex,app, to achieve an adequate fit of
the 15N relaxation NMR data when using the Lipari−Szabo
model-free formalism suggested that conformational motions
on the microsecond to millisecond time scale may play a signi-
ficant role in the mechanism of bile salt binding. For accurate
characterization of the conformational motion on this time scale,
a series of Carr−Purcell−Meiboom−Gill (CPMG) relaxation
dispersion experiments31,32,55 were conducted on uniformly
80% 2H- and 99% 15N-enriched apo and holo I-BABP.
In the apo state, 30 of the assignable 117 backbone amide

groups had a detectable Rex. Representative transverse
relaxation dispersions as a function of CPMG field strength
are plotted in Figure 8. The residues sensing an exchange pro-
cess on the micro- to millisecond time scale in the uncom-
plexed state were predominantly located in the C-terminal half
of the protein (Figure 9), more specifically in segments of
β-strands E (S69−T73), F (G76−T82), G (V91−N93), H
(N96−Q99), I (S112−G116), and J (R121). In addition, Rex
was detected in the C−D loop region and at a single position
(K35) at the connection of helix II and β-strand B. In contrast,
in the holo protein, all of the residues except for F2, S25, and
T78 exhibited a flat relaxation dispersion profile, indicating the
cessation of slow conformational fluctuations upon ligand
binding.

Figure 6. Results of the model-free analysis of the 15N relaxation data
obtained at 14.1 T (600 MHz) and 9.4 T (400 MHz). (A)
Distribution of the generalized order parameter, S2, obtained from a
fit of the most appropriate representation of the spectral density
function along the amino acid sequence of apo (○) and holo (●)
I-BABP. Details of model selection are described in the text. The
difference ΔS2 = Sholo

2 − Sapo
2 is colored gray. (B) Internal correlation

times shown on a logarithmic scale. Values of τe of <200 ps are
represented by diamonds, whereas values of 200 ps < τe < τm are
shown as squares. Empty and filled symbols correspond to apo and
holo samples, respectively. (C) Apparent contributions to transverse
relaxation from chemical exchange in apo I-BABP (△) and the
heterotypic I-BABP:GCA:GCDA (1.0:1.5:1.5) complex (▲).
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The nonflat dispersion curves observed for the apo state were
individually fit assuming a two-state exchange process between
a ground state (A) and an excited state (B) as described in
Materials and Methods. For the 30 residues indicated in
Figure 9, the average Rex value was found to be 5.7 ± 5.0 s−1.

The average individual exchange constant (kex = kA→B + kB→A)
was 400 ± 381 s−1. Two residues (S69 and V92) had a small kex
value, which was more than one standard deviation below the
mean (kex < 20 s−1). In contrast, four residues (H98, M59, A81,
and S112) exhibited an exceptionally high exchange constant

Table 2. Average Order Parameter Values for Secondary Structure Elements

apo I-BABP holo I-BABPa

residues ⟨S2⟩ residues ⟨S2⟩

helix
α-I 14−22 0.85 (0.02) 14−20 0.87 (0.03)
α-II 24−34 0.85 (0.04) 24−33 0.89 (0.05)

strand
β-A 5−12 0.86 (0.03) 5−12 0.90 (0.03)
β-B 36−41 0.86 (0.02) 36−43 0.90 (0.04)
β-C 46−51 0.86 (0.02) 46−51 0.91 (0.03)
β-D 59−64 0.82 (0.05) 58−64 0.89 (0.03)
β-E 67−72 0.83 (0.07) 69−73 0.85 (0.03)
β-F 78−86b 0.81 (0.05) 78−85 0.85 (0.06)
β-G 89−93 0.84 (0.02) 89−93 0.86 (0.02)
β-H 97−102 0.85 (0.04) 98−104 0.89 (0.02)
β-I 107−114 0.87 (0.02) 107−114 0.91 (0.03)
β-J 117−124 0.85 (0.02) 117−124 0.90 (0.03)

linker
β-A/α-I 13 0.83 (0.00) 13 0.82 (0.00)
α-II/β-B 35 0.85 (0.00) 34 and 35 0.86 (0.00)

reverse turn
α-I/α-II 23 0.83 (0.00) 21−23 0.86 (0.01)
β-B/β-C 42−45 0.88 (0.04) 44 and 45 0.87 (0.06)
β-C/β-D 52−58 0.82 (0.08) 52−57 0.94 (0.03)
β-D/β-E 65 and 66 0.86 (0.02) 65−68 0.88 (0.02)
β-E/β-F 73−77 0.83 (0.11) 74−77 0.87 (0.04)
β-F/β-G 87 and 88 0.92 (0.00) 86−88 0.88 (0.09)
β-G/β-H 94−96 0.85 (0.09) 94−97 0.83 (0.01)
β-H/β-I 103−106 0.88 (0.06) 105 and 106 0.86 (0.09)
β-I/β-J 115 and 116 0.83 (0.09) 115 and 116 0.96 (0.00)

aHuman I-BABP was complexed with an equimolar mixture of GCA and GCDA at a protein bile salt molar ratio of 1.0:1.5:1.5. bIn the uncomplexed
protein, a break occurred in β-F between T82 and V83. Secondary structure elements are defined by the consensus chemical shift index according to
Wishart and Sykes.26

Figure 7. Differences in the generalized order parameter occurring
upon bile salt binding (ΔS2 = Sholo

2 − Sapo
2) are mapped on the ribbon

diagram of the mean coordinates of the heterotypic I-BABP:GCA:GC-
DA (1.0:1.5:1.5) complex10 and coded in a pink-to-cyan gradient.
Residues exhibiting a ΔS2 below or above the designated limits are
colored deep pink or blue, respectively.

Figure 8. Transverse relaxation dispersions of the backbone 15N nuclei
of T73 (circles) and Y97 (triangles) in apo human I-BABP (empty
symbols) and the heterotypic I-BABP:GCA:GCDA (1.0:1.5:1.5)
complex (filled symbols) as a function of CPMG B1 field strength.
The experiments were conducted at 25 °C at a static magnetic field
strength of 14.1 T. Error bars are standard deviations derived from
duplicate measurements. Solid lines represent best-fit curves generated
by NESSY47 with an individual fit procedure.
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(kex > 800 s−1). Altogether, among the 30 affected residues,
nine showed a fast-limit exchange (eq 6), whereas 21 appeared
to undergo a slow-limit exchange (eq 5). Ideally, the latter
allows us to obtain not only kinetic but also thermodynamic
and structural information about the exchange process. On the
basis of individual fit analysis of the residues undergoing a slow-
limit exchange, an average pb value of 0.08 ± 0.05 was obtained
for the excited-state population(s). The chemical shift differ-
ences found for individual 15N spins mapped to the ribbon
diagram of the mean coordinates of apo I-BABP (PDB entry
1O1U37) are shown in Figure 10. The differences were in
general less than 2.2 ppm, and the largest δω values were found
for residues G56, T60, G76, G116, and V92, located in the

C−D, E−F, and I−J loop regions and on β-strand G. We
emphasize that as CPMG curves have been obtained at only a
single static magnetic field strength, the values listed above
should only be considered as crude estimates.

■ DISCUSSION
Flexibility and function are closely related in proteins. Internal
motions with different time scales, amplitudes, and intensities
are superimposed onto each other in a protein molecule, most
of them with specific functional importance. To obtain a mech-
anistic view of protein action, an atomic scale understanding of
the dynamic processes is necessary.
In the enterohepatic circulation of bile salts, human I-BABP

takes up bile salts at the apical membrane of enterocytes and
carries them to the basolateral ileal membrane where they are
secreted into portal capillaries and transported back to the liver.
Intracellular trafficking and membrane targeting of bile salts
need sophisticated regulation. To fulfill its function, I-BABP
is endowed with remarkable properties. In particular, positive
binding cooperativity7,8,10 in combination with site selectivity9

allows it to function as a highly efficient sponge against dan-
gerously high levels56 of structurally diverse bile salts in
enterocytes. Previous stopped-flow kinetic measurements have
revealed a slow conformational change (milliseconds) in
I-BABP related to binding cooperativity and raised the
possibility of a separate conformational fluctuation (micro-
seconds to milliseconds) in the apo state itself.11 As a first step
in sorting out the various time scale fluctuations in the protein
and relating the macroscopic kinetic data to residue-specific
dynamic events, in this study we have characterized the internal
motion of backbone N−H vectors in apo I-BABP and in the
heterotypic doubly ligated I-BABP:GCA:GCDA (1.0:1.5:1.5)
complex using 15N NMR relaxation techniques.
Our data have shown a fairly rigid backbone dynamics on the

pico- to nanosecond time scale for both apo and holo I-BABP.
A slight decrease in N−H bond vector mobility seems to exist
upon bile salt binding, with the most significant changes
occurring in the C−D loop in the vicinity of the putative portal
region. A smaller increase in S2 occurs throughout the protein
upon ligation. We note that such a small increase in S2 may in
theory also arise from a small increase in the overall correlation
time of the molecule. However, on the basis of both the filtered
mean average of the T1/T2 ratios at both static field strengths
and the outcome of the model-free analysis, no increase is
indicated in τm upon ligand binding. Thus, it seems more likely
that the slight elevation of S2 we observe as a result of bile salt
binding in fact arises from a slight decrease in N−H bond
vector mobility. Assuming a restricted diffusion in a cone
motional model,40,57 the decrease can be estimated to be about
∼2−3°. Such freezing of motion upon ligand binding has been
reported for a number of other proteins such as chorismate
mutase,58 HIV protease,59 RNase A,60 and RNase H61 and
suggests that backbone configurational entropy is not a major
source of stabilization in the formation of the I-BABP:bile salt
complex.
While the effect of ligation on the picosecond to nanosecond

dynamics is clearly minor, relaxation dispersion analysis of
CPMG NMR experiments have revealed marked differences in
the microsecond to millisecond conformational fluctuations
between apo and holo I-BABP. In the unligated form, nearly
25% of the residues have been found to undergo a confor-
mational exchange process, whereas in the doubly ligated
complex, essentially all of the residues exhibited a flat relaxation

Figure 9. Histograms of the contribution to transverse relaxation from
conformational exchange as derived from CPMG relaxation dispersion
measurements on apo human I-BABP at 25 °C at a static magnetic
field strength of 14.1 T. The Rex values were determined assuming a
two-state exchange process between a ground state and an excited
state using NESSY.47

Figure 10. Backbone 15N chemical shift modulation as a result of
conformational exchange on the microsecond to millisecond time scale
as determined from CPMG relaxation dispersion experiments mapped
on the ribbon representation of the mean coordinates of apo human I-
BABP (PDB entry 1O1U37). Differences in chemical shifts were
determined from individual fits assuming a two-state exchange process
between a ground state and an excited state and are coded in a blue-
to-pink gradient according to the ratio Δδi/Δδmax, where Δδi is the
chemical shift difference of residue i and Δδmax = 2.2 ppm. Residues
undergoing a fast-limit exchange (kex > δω) are colored cyan. Residues
exhibiting a flat dispersion profile or with no available data are colored
gray. The figure was generated using Chimera 1.5.3.
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dispersion curve. The affected residues are mainly localized in
the C-terminal half of the apo protein, forming an almost
continuous network of fluctuations extending from β-strand J
to the E−F side of the protein. On the basis of a field-
dependent analysis of 15N NMR relaxation data, a similarly
extensive network of microsecond to millisecond fluctuations
has been detected in the C-terminal half of apo chicken liver
bile acid binding protein,15 and by CPMG relaxation dispersion
analysis, an even more inclusive conformational exchange has
been uncovered in the unligated forms of CRBP I and II.14

Similar to the situation in human I-BABP, the detected milli-
second time scale fluctuations cease upon ligand binding in
both proteins. Approximately two-thirds of the residues with a
detectable Rex in the CPMG experiments in apo I-BABP
exhibited similar kex rates, allowing us to subject them to a
global two-state exchange process. This resulted in a kex of
477 ± 82 s−1 that is somewhat higher than the average obtained
from individual fits and a somewhat smaller pb value of 0.07 ±
0.03 s−1. When these are converted into forward and reverse
rate constants of the A ↔ B exchange process, where A is the
ground state and B is the excited state, a kA→B of 33 ± 15 s−1

and a kB→A of 444 ± 78 s−1 are obtained, corresponding to a
Gibbs free energy (ΔGBA) of ∼1.5 ± 0.3 kcal. Although the
parameters listed above seem reasonable, we emphasize that as
CPMG experiments have been conducted at only a single Bo
field strength, the thermodynamic parameters for the exchange
process ought to be considered as crude estimates. Also, the
fact that the ∼10 remaining residues could only be fit by a
substantially smaller or greater kex indicates that there are likely,
not a single excited state, but rather a manifold of low
populated excited-state conformations in the unligated protein.
Plotting the Rex values derived from the relaxation dispersion

analysis as a function of the amino acid sequence (Figure 9)
and mapping the chemical shift changes to the ribbon diagram
of the mean coordinates of apo I-BABP (Figure 10) show that
the regions most affected by the exchange process are the E−F
and G−H regions. It is worth noting that the latter corresponds
to a segment in which bile salt binding was accompanied by an
exceptionally large chemical shift change (Figure 3). Such
marked changes in the chemical environment should be indi-
cations of charge redistributions in the region caused by
hydrogen bond or salt bridge formation. In fact, H98 is a
conserved residue among bile acid binding proteins and in cl-
BABP has been implicated in the modulation of a microsecond
to millisecond time scale motion associated with an opening−
closing motion of the protein and mediating ligand binding by
changing its protonation state.15,62 As evidenced by NMR line
shape and relaxation dispersion analysis performed on wild-type
and disulfide bridge-containing (T91C) cl-BABP ana-
logues,63,64 the slow motion communicated from H98 to the
E−F loop has been found to be associated with site selectivity
of bile salt binding. In the human analogue, NMR spectroscopic
and calorimetric studies of a point mutation in the region
(Q99A) have indicated no apparent role of Q99 in site selec-
tivity; however, together with E110, N61 and W49 have been
shown to be part of a hydrogen bonding network, which by
mediating the communication between the two binding sites
plays a key role in positive binding cooperativity.10 The overlap
between the region indicated by the current relaxation dis-
persion analysis to undergo slow microsecond to millisecond
fluctuations in apo I-BABP and the previously indicated
H-bonding network raises the possibility of a potential role of
conformational fluctuations occurring in the free protein not

only in ligand entry but also in positive cooperativity of bile salt
binding.
Unlike in cl-BABP, the network of microsecond to milli-

second fluctuations detected in apo I-BABP by CPMG experi-
ments includes the C−D loop and a short linker connecting
helix II to its neighboring β-strand. We note that model-free
analysis of the 15N T1, T2, and {1H}15N NOE relaxation data
has shown a contribution of microsecond to millisecond fluc-
tuations to transverse relaxation in the helical region in the apo
(E29 and A31) and holo (E11, R32, and N33) forms. Thus,
there is a possibility that some of the residues in the helical
region not detected in relaxation dispersion measurements
might undergo conformational exchange on time scales outside
of the ∼50 μs to 5 ms detection window of the CPMG experi-
ments. Temperature-dependent relaxation dispersion and T1ρ
experiments to assess faster motions are in progress to clarify
this possibility. In particular, the involvement of the helical
region in ligand entry and release has previously been indicated
for various fatty acid binding proteins12,13,50,65,66 and CRBPs.14

According to the so-called dynamic portal hypothesis, a locali-
zed region of backbone disorder exists in the helical cap in apo
I-FABP, which by acting as a flexible gate permits the entry of
ligand. By a series of interactions between helix II and the
neighboring C−D turn, fatty acid binding stabilizes the protein
and shifts the order−disorder equilibrium toward the ordered,
closed state. Increased picosecond fluctuations have also been
observed in the helical region of apo cl-BABP.15 In contrast, in
CRBP I and II, although no signs of increased picosecond
mobility in the absence of retinol have been detected, CPMG
experiments have shown a significant conformational flexibility
of the helical region on the millisecond time scale.14 Moreover,
in apo CRBP II, the increased values of conformational ex-
change rates and dynamic 15N chemical shift differences
observed in helix II are parallel with a structural disorder in
the region.14 Unlike in I-FABP and cl-BABP, according to our
data, the helical segments of I-BABP appear to be rigid on the
picosecond to nanosecond time scale in both ligation states. We
note that as opposed to apo I-FABP50 and CRBP II,14 our
chemical shift analysis and saturation transfer data show that in
I-BABP both helices are well-defined in both states of the
protein. These observations raise the possibility that unlike in a
number of FABPs and CRBP II, the helical cap in human
I-BABP may not have such a key role in ligand entry and
release. One possibility would be the existence of a different
portal region. On the basis of the shortened β-strands G and H
found in BABPs in comparison with FABPs, a second portal for
ligand entry and exit has been proposed and indicated by NMR
structure determination of apo porcine I-BABP in the past.67

However, we should note that the dynamic behavior of porcine
I-BABP68 differs significantly from that of the human analogue
on both fast and slow time scales. Intriguingly, while point
mutagenesis and deletion of the helical domain of various fatty
acid binding proteins altered their interactions with lipid bi- and
monolayers, underlying the helical domain as a key determinant
in ligand release,65,66 for bile acid binding proteins, a different
antiportal region localized at the bottom of the β-barrel has
been indicated.69

Previously, on the basis of stopped-flow fluorescence data,
we have hypothesized a conformational selection model as a
possible mechanism of bile salt binding to human I-BABP.11

According to this scheme, there are two distinct conforma-
tional states of the protein, an open (T) state and a closed
(R) state, from which T is thermodynamically favored in the
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absence of ligands, but upon ligand binding, the equilibrium
is shifted toward the R state. The transition between the open
and closed forms of the protein is thought to be realized after
the occupation of both binding sites and is a result of the
stronger affinity of the R state for the ligands. The dramatic
cessation of conformational exchange on the microsecond to
millisecond time scale upon ligand binding, as shown by the
relaxation dispersion analysis of apo I-BABP and the
heterotypic I-BABP:GCA:GCDA complex, may be the
manifestation of a stabilization of the closed state occurring
upon ligand binding and might be an explanation for the
stronger affinity of the R state for the ligands. Further
mutagenesis and NMR structural work in combination with
dynamic studies assessing additional time scales should give us
more insight into the functional role of slow dynamics present
in apo I-BABP, in particular into its possible connection with
positive cooperativity and site selectivity of human I-BABP−
bile salt recognition.
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J. C., and Rüterjans, H. (1999) A comparative study of the backbone
dynamics of two closely related lipid binding proteins: Bovine heart
fatty acid binding protein and porcine ileal lipid binding protein. Mol.
Cell. Biochem. 192, 109−121.
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