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ABSTRACT. Human ileal bile acid binding protein (I-BABP) is a member of the family of intracellular
lipid-binding proteins and is thought to play a role in the enterohepatic circulation of bile salts. Our group
has previously shown that human I-BABP binds two molecules of glycocholate (GCA) with low intrinsic
affinity but an extraordinary high degree of positive cooperativity. Besides the strong positive cooperativity,
human I-BABP exhibits a high degree of site selectivity in its interactions with GCA and glycocheno-
deoxycholate (GCDA), the two major bile salts in humans. In this study, on the basis of our first generation
nuclear magnetic resonance (NMR) structure of the ternary complex of human I-BABP with GCA and
GCDA, we introduced single-residue mutations at certain key positions in the binding pocket that might
disrupt a hydrogen-bonding network, a likely way of energetic communication between the two sites.
Macroscopic binding parameters were determined using isothermal titration calorimetry, and site selectivity
was monitored by NMR spectroscopy of isotopically enriched bile salts. According to our results,
cooperativity and site selectivity are not linked in human I-BABP. While cooperativity is governed by a
subtle interplay of entropic and enthalpic contributions, site selectivity appears to be determined by more
localized enthalpic effects. Possible communication pathways between the two binding sites are discussed.

Human ileal bile acid binding protein (I-BABPbelongs positive cooperativity observed for the derivatives of cholic
to the family of intracellular lipid-binding proteins, a group acid, human I-BABP has been found to exhibit a high degree
of small, approximately 15-kDa proteins that bind fatty acids, of site selectivity in its interactions with GCA and glyco-
retinoids, cholesterol, and bile salts ). Human |I-BABP chenodeoxycholate (GCDA) (Figure 1), the two primary bile
is abundantly expressed in the absorptive enterocytes of thesalts in humans9). Although the two bile salts differ only
distal small intestine3—5) and is thought to play a role in  in a single hydroxyl group at position C-12 of their steroid
the transcellular trafficking and enterohepatic circulation of ring system, when the protein is incubated with a mixture
bile salts 6). of the two bile salts, GCA binds nearly exclusively to one

Our group has previously shown that human I-BABP binds site, while GCDA binds nearly exclusively to the other site.
two molecules of glycocholate (GCA), the physiologically [When human I-BABP is incubated with GCA or GCDA
most abundant bile salt, with low intrinsic affinity but a only, both binding sites are occupied as observed by nuclear
remarkable high degree of positive cooperativify. (Fur- magnetic resonance (NMR) spectroscopy.]

thermore, calorimetric analysis of the binding of nine  The reasons for the asymmetry displayed by I-BABP in
physiologically relevant bile acid derivatives in their con- s jnteractions with GCA and GCDA are not yet clear. One
jugated and unconjugated forms as well as a series of side,ossipility is that site selectivity arises from differences in
chain-extended bile salts has indicated that cooperativity in cooperativity. Alternatively, site selectivity may be the result
bile salt-I-BABP recognition is governed by the pattern of of 5 number of highly specific local interactions between
steroid ring hydroxylation, rather than the presence and typeyjle salts and protein side chains in a manner less dependent
of side-chain conjugation8j. In addition to the strong g, the cooperative nature of the system.

The goal of the present study was to gain more insight
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Ficure 1: Chemical structures of glycocholic acid (GCA) (A) and
glycochenodeoxycholic acid (GCDA) (B). The positions of tbié¢
(GCA) and!3C (GCDA) labels used in the site-selectivity experi-
ments are shown in bold.

A

Ficure 2. Homology model of human I-BABP with GCA and
GCDA docked by restrained energy minimization. (A) Human
I-BABP binds two molecules of bile salts in an enclosed cavity
surrounded by two antiparallgl sheets. (B) Binding pocket of
human I-BABP. The two binding sites were identified by NOE-
derived bile saltprotein distance restraints in the ternary complex
of human I-BABP with GCA and GCDA (1:1.5:1.5).

Toke et al.

tion calorimetry (ITC), and site selectivity was monitored
by NMR spectroscopy of isotopically enriche®@ and/or
5N) bile salts (Figure 1).

MATERIALS AND METHODS

Protein Biosynthesis and PurificatioMutagenic primers
were obtained from Integrated DNA Technologies (Coral-
ville, 1A).

Site-directed mutagenesis was carried out using overlap
extension polymerase chain reactid®{11). The Escheri-
chia coli strain, MG1655, transformed with the mutated
pMON-hIBABP construct, was incubated overnight in 80
mL of TB media containing 10@g/mL ampicillin and then
divided and transferred into six 2-L flasks, containing 700
mL of TB media each. 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 QJo
= 0.5-0.6, and cells were allowed to grow-4@ h more,
harvested, and frozen a{70 °C. The expression of uniformly
BC/*5N-enriched protein followed a two-stage strategy
designed to achieve an optimal balance between cell growth
and isotope utilizationl(2), the details of which will be given
in a subsequent paper. The cell pellet was thawed in 20 mL
of 20 mM Tris-HCl at pH 8.0 and 5 mM EDTA, containing
a broad-spectrum protease inhibitor mixture (Roche Molec-
ular Biochemicals). The protein was released from either (1)
partially lysed cells by using a freez¢haw protocol
described elsewherd 3) (WT, W49Y, Q51A, and N61A)
or (2) by processing the cell suspension through french-press
3—4 subsequent times (Q99A, E110A, and T38A). The
homogenized cell suspension was subjected to centrifugation
at 4°C, 1500@ for 30 min. Because some mutant proteins
appeared to be produced as inclusion bodies, both the
supernatant and the pellet were analyzed by SPAGE to
determine which fraction would contain most of the mutant
protein. If the majority of the protein was present in the
supernatant, method 1 (see below) was employed for further
purification. If more than 50% of the protein appeared to
form inclusion bodies, method 2 was employed.

Method 1: Purification of hl-BABP Devatives from
Supernatant Solution (WT, W49Y, Q51A, and Q99Ag
clarified supernatant was chromatographed on aZocm
column of Q-Sepharose Fast Flow. Dialysis was carried out
against multiple changes of 10 mM Tris at pH 8.2 and 0.05%
NaN; at 4 °C, until theAssd/Azgo absorbance ratio decreased
below 0.7. The protein solution was then subjected to another
ion-exchange chromatograpy on Q-Sepharose Fast Flow.
Delipidation was achieved by passing the protein solution
over a column of lipophilic Sephadex type VI (Sigma product
number H-6258) pre-equilibrated with 20 mM potassium
phosphate, 135 mM KCI, 10 mM NacCl, and 0.05% NaN
(pH 7.2), at 37°C. Protein purity, as assessed by overloaded
Coomassie-stained SBPAGE gels, was>98%.

Method 2: Recegery of hI-BABP Deriatives from Inclu-
sion Bodies (N61A, E110A, and T38Ahe pellet, containing
the inclusion bodies, was washed & times with 20 mM

structural model, we introduced six single-residue mutations Tris-HCI and 0.25 mM EDTA at pH 8.0 (buffer A),
at certain key positions in the binding pocket (Figure 2) that centrifuged for 30 min at 4C at 1000@, and dissolved in

might disrupt a hydrogen-bonding network, a likely way of

15 mL of 6 M Gdn in buffer A. The following day the

energetic communication between the two sites. Macroscopicinsoluble material was removed by centrifugation. The
binding parameters were determined using isothermal titra- unfolded protein was renatured by diluting 100-fold into



Cooperativity and Site Selectivity in Human |-BABP

Biochemistry, Vol. 45, No. 3, 2006729

buffer A and then concentrated to about 100 mL using a unlabeled I-BABP derivatives were collected using the pulse

YM-3 membrane. Aggregates were removed by centrifuga-

tion (1000@, 30 min). After thorough dialysis against buffer

sequence of Kay and co-worker2g]. *®N-HSQC spectra
were acquired with 8H spectral width of 6500 Hz and 2048

A, mutant proteins were over 98% homogeneous as deter-complex points, zero-filled to a total of 4096 points.

mined by the Coomassie Blue-stained SEBFBAGE gel.
Because these proteins formed aggregates 4C3delipi-
dation was carried out at room temperature.

Gradient-enhancetH/*3C heteronuclear correlation spectra
(*3C-HSQC) @9) on *C-labeled bile salts complexed with
various unlabeled I-BABP derivatives were acquired with a

Protein concentrations were determined by absorbance atyy spectral width of 6500 Hz and 1024 complex points, zero-

280 nm. Extinction coefficients correspondiny a 1 mg/
mL solution of the appropriate mutant human I-BABP in

filled to a total of 2048. In the!*C dimension, 512
hypercomplex increments were collected and zero-filled to

water were obtained using composition analysis according 5'stal of 1024 points. Gaussian- and exponential-weighting

to Pace et al.14) and were as follows: WT, 0.91; W49Y,
0.497; Q51A, 0.849; N61A, 0.851; Q99A, 0.876; E110A,
0.869; and T38A, 0.885 A mg mL™*.

NMR Sample Preparatiorfl’,2'-13C;]- and [\°N]-labeled
bile salts were synthesized via peptide coupling 6f2[1
13C,]-glycine or *N-enriched glycine (Cambridge Isotope

functions were applied in the F2 dimension, while the
indirectly detected dimensions were Gaussian-weighed only.

Development of a First Generation Structural Model of
the Doubly Ligated Human I-BABP Complé&he secondary
structure of human I-BABP was determined using NMR

Laboratories) to unconjugated bile salts by the method of chemical shifts 30). Given the 76% sequence identity and

Tserng et al. 15). Unenriched bile salts were obtained from

the high degree of topological conservation between human

Sigma. The isotopically enriched and unenriched bile salts and porcine I-BABP, a homology model for human I-BABP
were dissolved in tetrahydrofuran. The concentration of stock was constructed on the basis of coordinates of the NMR
solutions was determined by measuring the dry weight of a structure of porcine I-BABP31). NOE-derived interproton

10 uL aliquot on a PerkirElmer AD-4 microbalance.

Gastight Hamilton syringes were used to aliquot the ap-

distance restraints between the ends of the bound bile salt
molecules and the protein were used to orient the two bile

propriate amounts of the stock solutions, and the solvent wassalts in the binding cavity. The model was subjected to

evaporated under a stream of Nlhe bile salt was solubilized
with 1.1 equivalent b1 M KOH and brought up to a volume
of 60 uL in a buffer containing 20 mM potassium phosphate,
135 mM KCI, 10 mM NaCl, and 0.05% NaMat pH 7.2.
The solution was lyophilized overnight, and then 5400f
protein solution (0.660.9 mM) in the same buffer was
added, followed by the addition of §d_ of D,O.

NMR Data Collection.Multidimensional NMR spectra
were accumulated using Varian Unity Inova 500 and 600

several energy-minimization and simulated-annealing steps
using the Discover module of Insight Il (Molecular Simula-
tions, San Diego, CA).

Equilibrium Unfolding Monitored by Fluorescence Spec-
troscopy.Ultrapure urea was the product of United States
Biomedical. The concentration of urea was determined by
the refractive index at 28C (32). WT and mutant human
I-BABP were unfolded at urea concentrations from O to 8.0

three-channel NMR spectrometers equipped with a NaloracM in 20 mM potassium phosphate, 135 mM KCI, 10 mM

5 mm indirect triple resonance-axis gradient probe.

NaCl, and 0.05% NafNat pH 7.2 and equilibrated at room

Processing and analysis of NMR spectra were performed off- temperature for 20 h. The fluorescence emission spectrum

line using Sun and Silicon Graphics Unix workstations. For
initial spectral processing, VNMR, FELIX, and NMR PIPE

was measured on a PTI fluorimeter (Photon Technology
International, Inc.) using ZM protein solution at 25C.

were used. For subsequent spectral analysis, computerWT, T38A, Q51A, N61A, Q99A, and E110A hI-BABP were
assisted spin-system analysis, resonance assignment, anexcited at 285 nm, and the fluorescence emission was

restraint derivation, FELIX-ASSIGN was used. The reso-
nance assignment strategy utilized uniformly TRG/N]-
enriched WT human I-BABP and a series of 3D gradient-
enhanced triple-resonance experimeh&-5). The backbone
assignments were established using 3D g-HNCACB—
18), g-CBCACONNH (19), g-HNCO (@17—-18, 20—-21), and
g-CBCACOCAHA (22). Subsequent side-chain assignments
involved 3D CC-TOCSY-NNH 23), HCC-TOCSY-NNH
(23), and g-HCCH-TOCSYZ4). Aromatic assignments were
established by a series of 2D experimer®s) ¢hat exploit
scalar couplings between the aliphatig &d the aromatic
C, and then subsequently between the aromatier@@! the
aromatic ring protons [2D CG(CB)HB, 2D CG(CD)HD, and
2D CG(CDCE)HE]. The NOE-derived distance restraints
between*C- or 1>N-enriched bile salts and human I-BABP

recorded at 370 nm. W49Y hl-BABP was excited at 275

nm, and the fluorescence emission was monitored at 300
nm. The parameters indicative of the energetic stability of

the proteins were calculated using the linear extrapolation
method from Santoro and Bole3).

Isothermal Titration Calorimetry (ITC)Bile salts were
obtained from Sigma and were dissolved in a buffer
containing 20 mM potassium phosphate, 135 mM KClI, 10
mM NacCl, and 0.05% NaNat pH 7.2. The protein was
dialyzed into the same buffer. The calorimetry experiments
were performed using a Microcal OMEGA differential
titration calorimeter. A total of 15 injections ofid aliquots
were followed by 35 injections of #L aliquots of 6.5 mM
bile salt into the reaction cell containing 1.33 mL of 0.2 mM

were generated using 2D gradient-enhanced versions of thenutant human I-BABP, unless noted otherwise. Titrations
13C- and *N-edited nuclear Overhauser and exchange Wwere carried out at 28C. Each titration series was repeated

spectroscopy (NOESY) experimen6(-27).

3 or 4 times. The heats of injection were corrected for the

In the site-selectivity experiments, gradient- and sensitiv- heat of dilution of the ligand into the buffer and normalized

ity-enhancedH/**N heteronuclear correlation spectféN-
HSQC) on®*N-labaled bile salts complexed with various

to the amount of bile salt injected. The integrated peak
intensities were fit to a stepwise binding model shown
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Ficure 3: ITC results for GCA binding to human I-BABP derivatives. The raw data, as injection profiles, as well as least-squares fitted
isotherms are shown for WT human I-BABP and mutants Q51A, N61A, and E110A. The curve through the points represents a least-

squares fit of the raw data using the stepwise binding model defined in eq 1. The discontinuityatiawvalue of approximately 60 min
in the injection profiles represents a change in the injection volume from 4uda 7

schematically as shown in eq 1 using Bayesian analysis. Initial values for the

parameter search were obtained from nonlinear least-squares
d; K obs d; K, 0bs fitting. As we described earlier8), Bayesian analysis

P ! PL 2 PL, (1) circumvents the problem of underestimating the parameter
space consistent with the data, a phenomenon particularly

using Bayesian analysis as described elsewl@se ( prevalent in nonlinear least-squares analysis of systems with
positive cooperativity. The dissociation constants and step-

RESULTS wise binding enthalpies together with the calculated Hill

coefficients, a commonly used measuring stick for macro-

Titration Calorimetry Experiments To Determine Bile Acid ) o . X
scopic cooperativity, are listed in Tables 1 and 2 for the

Binding ParametersThe six single-residue mutations that bindi d vel his |
we investigated in the binding pocket of human I-BABP are Pinding of GCA and GCDA, respectively. This latter
shown in Figure 2B. Injection profiles and binding isotherms Parameter adopts a value of 1 for a noncooperative system
for the interactions of WT, Q51A, N61A, and E110A human and a maximum value of 2 for a two-site system with infinite

I-BABP with GCA and GCDA are shown in Figures 3 and positive cooperativity. Bayesian analysis of the probability
4. Curves of similar characteristics were obtained for T38A. distribution for the fitted stepwise dissociation constants for

W49Y, and Q99A human I-BABP (data not shown). All the binding of GCA and GCDA to various human I-BABP
mutants exhibited biphasic binding profiles, similar to the derivatives is shown in Figure S.

ones that we observed for WT protein. To quantitate the Among the engineered mutations, N61A resulted in the
affinities, free energies, enthalpies, and entropies for bile saltmost severe loss of macroscopic positive cooperativity with
binding, ITC data sets were fit to the stepwise binding model Hill coefficients of 1.2 and 0.5 for GCA and GCDA,
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Ficure 4: ITC results for GCDA binding to human I-BABP derivatives. The raw data, as injection profiles, as well as least-squares fitted
isotherms are shown for WT human I-BABP and mutants Q51A, N61A, and E110A. The curve through the points represents a least-
squares fit of the raw data using the stepwise binding model defined in eq 1. The discontinuityatiawvalue of approximately 60 min

in the injection profiles represents a change in the injection volume from 4uo 7

Table 1: Stepwise Binding Parameters for the Interaction of Investigated Human I-BABP Derivatives with GCAGat 25

Kdlobs KdZObS AHolobs AH°20hS TASlobs TASZObS
hl-BABP type nyd (uM) (uM) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)

wild type? 1.82+0.03 490+ 110 43+1.2 3.3+ 29 —-12+0.4 7.8+2.9 —47+04
wild type® 1.84+0.02 748+ 170 59+ 1.1 24+15 —-11.1+0.1 6.7£1.5 —4.0+£0.1
T38A 1.73£0.02 225+ 40 5.4+ 0.6 -1.74+0.3 —10.2+ 0.1 3.3+1.2 —3.0+£0.1
W49Y 1.544+0.03 477+ 50 42+ 6 —-1.0+0.3 —11.3+ 0.5 3.5+0.3 —53+£0.1
Q51A 1.73+ 0.02 773+ 110 19+ 3 —-3.3+£0.1 —-8.3+£0.1 0.9+ 1.0 -1.84+0.1
N61A 1.20+ 0.04 497+ 40 220+ 30 0.7+ 0.3 —17.6+2 5.2+ 0.3 —12.6+0.5
Q99A 1.80+ 0.02 846+ 110 9.9+1.2 5.9+ 1.2 —-11.6+0.1 10.1+ 0.1 -48+0.1
E110A 1.50+ 0.01 183+ 10 21+1 0.2+0.1 —10.8+2 49+ 0.3 —44+2

2 The Hill coefficient is related to the stepwise binding parameters as follows: 2/[1 + (Kg,2°YKg,°?93. P Tochtrop et al. (2003Biochemistry
42, 11561-11567.¢ This study.

respectively (versus 1.82 and 1.34 obtained for WT human 25-fold weaker (N61A for GCA) to about 2-fold stronger
[-BABP). Mutant Q99A exhibited similarly diminished (T38A for GCDA) than in WT human |-BABP. These
cooperativity in the binding of GCDA. Mutations at E110 differences largely arise from the second binding step and
and W49 resulted in moderate but significant losses in are reflections of the changes in macroscopic binding
binding cooperativity. cooperativity.

As it is revealed by the products Kf,°*sandKg,°s, overall For most human I-BABP derivatives (including WT
binding affinities in the mutant proteins range from about protein), the first binding step has a large entropically
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Table 2: Stepwise Binding Parameters for the Interaction of Investigated Human I-BABP Derivatives with GCDAGat 25

Kdlobs KdZObS AHolobs AHozobs TASlobs TASZDbS
hl-BABP type ng? (uM) (uM) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
wild type® 1.34+ 0.04 62+ 6 15+ 2 2.8+5.0 —12.0+0.3 8.5+ 5.0 —5.44+0.3
wild type® 1.33+0.01 103t 5 26+ 1 3.0£0.2 —12.3+0.1 8.4+ 0.2 —6.0£0.1
T38A 1.444+0.01 62+ 2 9.5+ 0.3 1.7£0.1 —10.8+0.1 7.4+ 0.1 —3.94+0.1
W49Y 1.35+ 0.01 120+ 3 28+1 0.3+ 0.04 —9.9+0.1 5.65+ 0.04 -3.7+£0.1
Q51A 1.36+ 0.03 2124+ 20 47+ 5 2.6+0.2 —6.1+0.3 7.6+ 0.2 —-0.24+0.3

N61A 0.50+ 0.01 44+ 1 401+ 10 1.8+0.1 —-18+1 7.7+0.1 —-13+1
Q99A 0.46+ 0.02 13+ 1 1424+ 10 —2.00+ 0.04 —8.4+0.3 4.67+ 0.06 —-3.1+0.3
E110A 1.044+0.02 48+ 1 41+ 1 21+0.1 —-10.8+0.1 8.0+ 0.1 —48+0.1

2 The Hill coefficient is related to the stepwise binding parameters as follows: 2/[1 + (Kg,2°YKg,°?94. P Tochtrop et al. (2003Biochemistry
42, 11561-11567.¢ This study.

1e-03 i y the binding of GCA, GCDA, or both (e.g., Q51A and T38A),
A favorable (unfavorable) enthalpic and unfavorable (favorable)
entropic terms relative to the WT protein compensate each
other (Tables 1 and 2).

UL 15N and**C NMR Experiments To Monitor Site Seleityi

£ in Bile Acid Binding.To monitor the changes in the chemical
E110A, \?.sm environment of GCA and GCDA upon binding to various

. | human I-BABP mutants, two-dimension&iN- and *C-
. \ Qg99A heteronuclear single-quantum coherence (HSQC) spectra

T3BA T, .. were collected on isotopically enriched bile salts complexed
wild-type * . with mutant proteins. In one type of experiment, mutants
were incubated with eithéfN-labeled GCA or**C-labeled
GCDA in a 3:1 bile salt/protein ratio. In a second type of
experiment, mutants were incubated with heterologous
mixtures of the two bile salts in a 1.5:1.5%N-labeled GCA/
i 13C-labeled GCDA/protein ratio. The position of the labels
1e-04} i is shown in Figure 1.

Q51A .
E110A i Near room temperature, exchange broadening between
Gt =M bound and unbound peaks in the NMR spectra obscured the
wild-type analysis of site specificity. NMR experiments were also
complicated by the strong tendency of certain mutants to
aggregate at concentrations practical for NMR data collec-
tion. To overcome these difficulties, experiments were
performed at 10°C. In the case of W49Y and Q51A,
. . . additional spectra were collected at 1€, which showed
1e-05 1e-04 1e-03 .. L " .
the same characteristics in binding site occupancy.

K
F 5 B . Ivsis of th d1 babilty distribution for th As we have shown earlieB)f, when WT human |-BABP
IGURE 5: Bayesian analysis of the probability distribution for the . ; : S .
fi@teq stepwise dissociation constants for GCA (A) and GCDA (B) Ee?;ntizaéi?: Wl.teh doﬂg Gecg\r or f?e(r:lDtﬁ\é b?é?ebr:nglnr?csg:e d
binding to human I-BABP derivatives at 2&. upied. However, w protein Is incu

with a mixture of the two bile salts, GCA binds nearly

favorable contribution. This indicates the dominating role exclusively to site 2, while GCDA binds nearly exclusively
of the hydrophobic effect in the first binding step as bile 0 site 1.
salts are driven out of the water phase into the binding cavity Parts A-D in Figure 6 show contour plot representations
of I-BABP. The second hinding step, on the contrary, is of the®®™-HSQC spectra of®N-GCA complexed with WT,
accompanied by a highly favorable enthalpy and an unfavor- Q99A, Q51A, and N61A human I-BABP in a 3:1 molar ratio.
able entropy change. The favorable enthalpic contributions Peak U represents unbound GCA, as assigned by otherwise
reflect bile salt-amino acid interactions as well as, most identical control samples lacking protein. As we can see,
likely, interactions of bile salt with bound water molecules similarly to the WT protein, both sites are occupied in each
within the binding cavity of the protein. The unfavorable mutant protein. Parts-EH of Figure 6 display contour plot
entropic contribution likely results from an unfavorable representations for samples containing a mixturéN{GCA
organization of water molecules around the hydrophobic and **C-GCDA and the corresponding human I-BABP
surfaces of bound bile salts within the cauvity. variant in a 1.5:1.5:1 molar ratio. In the case of Q99A and

While in most compromised human I-BABP derivatives N61A, similarly to WT human I-BABP, the presence of
(E110A, W49Y, and Q99A), the loss in favorable enthalpic GCDA results in the loss of the resonance corresponding to
interactions is the dominating factor, in the case of N61A, GCA bound to site 1. Similar behavior was found for mutants
the loss in cooperativity exclusively seems to arise from the T38A, W49Y, and E110A (data not shown). In the case of
unfavorable entropic contributions accompanying the secondQ51A (parts C and G of Figure 6), both binding sites
binding step. In mutations that preserved cooperativity in remained occupied by GCA, despite the presence of an

NB1A .

1e-04}

Kd2
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Ficure 6: Contour plot representations (U, unbound bile salt; 1, bile salt bound to site 1; 2, bile salt bound to site 2) of gradient- and
sensitivity-enhancedH/>N-HSQC spectra of*N-labeled GCA for a sample containingPfl]JGCA/WT hI-BABP (A), ["N]GCA/Q99A
hI-BABP (B), ['*N]JGCA/Q51A hI-BABP (C), and PN]JGCA/N61A hl-BABP (D) in a 3:1 molar ratio. Contour plot representations of
15N-HSQC spectra of*N-labeled GCA for a sample containingPfl]JGCA/[1',2']-13C,-GCDA/WT hI-BABP (E), [N]GCA/[1',2]-13C,-
GCDA/Q99A hI-BABP (F), [*N]GCA/[1',2]-13C,-GCDA/Q51A hI-BABP (G), and EN]JGCA/[1',2]-13C,-GCDA/N61A hI-BABP (H) in

a 1.5:1.5:1 molar ratio.

45 GCDA from site 2. Thus, the mutation at Q51 resulted in

the loss of site preference for both bile salts.

A comparison of thé®N- and'3C-HSQC spectra of labeled
bile salts bound to WT and various mutant I-BABP deriva-
tives reveals significant differences in chemical shifts for
almost each mutant, indicating changes in the chemical
environment of bile salt side chains compared to the WT
protein. The largest changes occur for Q51A and Q99A. In
the case of Q51A, theHN resonance of®N-GCA bound to
site 1 as well as th&C, resonance offFC-GCDA bound to
site 2 are both shifted upfield (to smaller frequencies) by
approximately 0.4 and 2 ppm, respectively. In the heterotypic
complex, we also notice an upfield shoulder for the amide
resonance of GCA bound to site 2. This may be an indication
of two slightly different populations of GCA at site 2,
particularly, that we also see an exchange peak between this
shoulder and unbound GCA (Figure 6G).

For Q99A, the'HN resonance of®N GCA bound to site
1 is shifted upfield by approximately 0.3 ppm, and tf€,
i ) : ., resonance ofC-labeled GCDA bound to site 1 is shifted
Ficure 7: Contour plot representations (U, unbound bile salt; 1, d field (to hiaher f . by 1.5 For thi
bile salt bound to site 1; 2, bile salt bound to site 2) of gradient- ownfield (to higher fe_qu‘?f,‘c'es) y L ppr_n. _or IS
enhancedH/®*C-HSQC spectra of [12]-13C,-GCDA for a sample mutant, we also see a significant chemical-shift difference
containing [1,2]-13C,-GCDA/WT hI-BABP (A), [1,2]-13C,- between the homotypic and heterotypic complexes: in the

GCDA/Q51A hI-BABP (B), [PN]JGCA/[1',2]-13C,-GCDA/WT hi- presence of both GCA and GCDA, théN and HN

BABP (C), ["NIGCA/[1',2]-1*C; GCDA/QS1A hI-BABP (D). The resonances of GCA bound to site 2 move to higher
bile salt/protein molar ratios were 3:1 for A and B and 1.5:1.5:1 . .
for C and D. frequencies by approximately 0.7 and 0.1 ppm (parts B and

F of Figure 6). If this would arise from chemical exchange
equimolar amount of GCDA. Thus, unlike in WT human 0f GCA between sites 1 and 2, the shift in the heterotypic
I-BABP and the rest of the engineered mutationsy in Q51A’ CompIeX would fall between the shifts for site 1 and 2 in the
13C-GCDA was not able to displacdéN-GCA from site 1. homotypic complex. Because this is not the case, the

To determine whether the mutation at Q51 resulted in the observed differences in the chemical shifts must reflect
loss of site discrimination for GCA als&*C-HSQC spectra  changes in the chemical environment of the glycine moiety
of 13C-GCDA bound to Q51A human I-BABP were collected 0f GCA depending upon whether GCDA is also present in
in both the absence and presence of an equimolar amounthe binding pocket.
of °N-GCA (parts B and D of Figure 7). Unlike in the case Bile salt peaks are severely broadened in the complex of
of the WT protein (parts A and C of Figure 7) and the rest N61A, the I-BABP mutant in which the binding energetics
of the investigated mutations, GCA was not able to displace was most severely compromised (parts D and H of Figure

13C (ppm)

13C (ppm)

48]'°C-GCDA + U-GCA '*C-GCDA + U-GCA
42 40 38 36 34 3242 40 38 36 34 32
'H (ppm) 'H (ppm)
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6). The presence of e_XChange peaks in the Sp_eCtra Indlcate%able 3: Stability of Human [-BABP Derivatives Determined by
that the loss of signal intensity arises from chemical exchangeyrea Denaturation at 25C

betweeq the bound and unbound states. The faster off rate hI-BABP type [Dhose m AGE

of GCA is supported by the ITC data that shows more than wild type 340L016 1781001 S9r o1
an order of magnitude decrease in the overall binding affinity T38A 5324003  -2044012 47102
of N61A f_OI’ GCA compared to WT human I-BABP. In the W49Y 2.664 0.09 —1.754+ 0.03 4.7+ 0.3
heterotypic complex of N61A (Figure 6H), the exchange Q51A 3.39+0.13  —1.66+0.17 5.6+ 0.4
broadening is somewhat reduced. In the case of Q99A and (Nggéﬁ %iii 8-82 :i-;gi 8-82 g-;_it 8-%
Q51A, on the other hand, we see increased exchange between =70, 1631020 1621022 2601

bound and unbound GCA when the other site is occupied

: ; aThe urea concentration (M) at which the Trp fluorescence is reduced
by GCDA (parts F and G of Figure 6). The existence of y 50%.° The slope [kcal/(mol M)] of the variation oAG with the

exchange peaks suggests that, although the bound andiea concentratiort. The free energy of unfolding (kcal/mol) at 0 M
unbound populations of bile salts are in slow exchange on urea concentration.

the chemical-shift time scale (there are distinct peaks for
bound and unbound ligands), the .eXChange rate l?etweenl'able 4: Effect of Mutations on Binding Cooperativity and Site
unbound GCA and GCA bound at site 2 is approaching the gejectivity

faster end of this time scale (milli- to subseconds). A similar

L . . little or no effect loss of positive mixed effect
exchange broadening is observed for GCDA |n.WT pr(_)teln on cooperativity cooperativity on cooperativity
between unbound GCDA and GCDA bound at site 2 (Figure o1A W9y
7A). . . . . . T38A GCA, partial loss GCA, partial loss

Mutant Q51A displays large differences in the intensity GCDA, complete loss ~ GCDA, no effect
of 3C-GCDA bound at sites 1 and 2 (parts B and D of Figure E110A Q99A
7). Nevertheless, the population of GCDA bound at site 1 Q51A GCA, partial loss GCA, no effect

. . . . . GCDA, complete loss  GCDA, complete loss

cannot be dismissed. The intensity differences are in fact
comparable to those observed in the WT complex. This little or no effect
becomes more apparent when we consider that, in the spectra on site selectivity loss of site selectivity
of ¥C-GCDA complexed with WT protein, there is an T38A
overlap between one of the protons of GCDA bound at w49y
site 2 and thex protons of GCDA bound at site 1 (large ggéﬁ Q51A
asymmetric peak at 3.5 and 47.5 ppm in Figure 7A). The E110A

othera proton of GCDA bound at site 2 is well-resolved at
3.94 and 47.4 ppm. Its intensity is much less than a third of Proteins that were produced as inclusion bodies (T38A,
the intensity of the overlapped peak at 3.5 and 47.5 ppm N61A, and E110A), only E110A showed significantly
thus has to be well below the intensity of GCDA bound at diminished stability from the WT protein. A comparison of
site 1 as well. We observed similar intensity differences mutant-WT differences in free-energy changes of denatur-
between sites 1 and 2 in tH&N-HSQC spectrum ofSN- ation to mutantWT differences in free-energy changes
GCDA and in the 2D HCACO spectrum 6fC-GCDA accompanying bile salt binding shows no correlation. The
complexed with WT protein (data not shown). The intensity lack of correlation between the two is an indication that the
differences arise from differences in the intrinsic affinites changes that we observed in binding cooperativity are not
of GCDA for sites 1 and 2. This is a markedly different consequences of inherent changes in protein stability but
binding characteristic from GCA9J, which we believe plays rather reflections of subtle changes in the communication
a significant role in site selectivity in the heterotypic complex. Pathway between the two binding sites. A similar lack of
In WT human I-BABP, GCDA displays a distinct behavior Correlation between stability and binding affinity was
in the sense that at site 2 thecarbon protons display a reporj[ed earlier for adipocyte and intestinal fatty-acid-binding
diastereotopic doublet [indicating a unique chemical environ- Proteins 85).
ment that is in slow exchange on the NMR time scal& @
ms) for each geminal proton], whereas at site 1, they appearDISCUSSlOI\I
as a singlet (suggesting free rotation for the glycine side chain In the context of binding cooperativity and site selectivity,
on the NMR time scale). Among the engineered mutations, the investigated human I-BABP mutations can be grouped
only Q99A and T38A displayed the same behavior. For all into four distinct categories (Table 4): (1) mutations that
other investigated mutations, the geminal protons ofcthe compromised positive cooperativity in the binding of both
carbon of GCDA appeared to be in distinct chemical GCA and GCDA (N61A and E110A), (2) mutations that
environments when bound to site 1, suggesting that the compromised positive cooperativity in the binding of either
glycine side chain was rigidly anchored to the protein. GCA (W49Y) or GCDA (Q99A), (3) a mutation that
Protein Stability.The stability of WT and mutant human compromised site selectivity in bile salt human |-BABP
I-BABP proteins was determined by urea-induced changesrecognition (Q51A), and finally, (4) a mutation that did not
in intrinsic tryptophan (WT, T38A, Q51A, N61A, Q99A, affect either binding cooperativity or site selectivity within
and E110A) or tyrosine (W49Y) fluorescence. The midpoints the margin of experimental error (T38A). None of the
of the denaturation curves ranged between 1.6 and 3.4 M,mutations that resulted in diminished binding cooperativity
with E110A being the least stable mutant (Table 3). Free- showed any substantial loss in site selectivity, and the only
energy changes of unfolding @ 0 urea concentration ranged mutation that resulted in the loss of site selectivity exhibited
between 2.6 and 6.2 kcal/mol. Interestingly, among the no decrease in binding cooperativity.



Cooperativity and Site Selectivity in Human |-BABP Biochemistry, Vol. 45, No. 3, 2006735

Given the fact that at 2€C the intrinsic affinities of GCA effect of the mutation at N61 on the binding energetics and

for sites 1 and 2 are nearly identical)( we initially the unique location of the asparagine side chain suggests that
hypothesized that the site selectivity of GCA in the hetero- N61 serves as a specific anchor at site 1 that positions the
typic system arises from differences in cooperativity. (n steroid ring system of the bound bile salt appropriately so

other words, it seemed plausible that binding of GCA to site that it could most effectively participate in additional
2 involves specific interactions with the protein that lead to interactions that are part of either the upper or lower
an energetic communication that enhances the binding to thecommunication pathway between the two sites. These
other site, an effect that GCA might not be able to exert additional interactions most likely include residues W49,
through its interaction with site 1. E110, and possibly Q99.

Because we previously observed an increase in macro- The bulky side chain of W49 is located in the center of
scopic cooperativity in GCA binding with decreasing tem- the binding pocket offering not only hydrogen-bonding but
peratures, it is likely that, at temperatures that the NMR also extensive hydrophobic interactions with the ligands at
experiments were carried out, cooperativities in both GCA both sites. Because mutant W49Y compromises only the
and GCDA binding were somewhat higher than those cooperativity in GCA binding (the same is observed for
reported by ITC at 28C. Nevertheless, the fact that we have W49F, data not shown), it is likely that this residue is a
not observed any sign of correlation between losses in member of the upper communication network, the one that
macroscopic binding cooperativity and losses in site selectiv- includes the steroid ring hydroxyl group at position C-12.
ity indicates that the two phenomena are not linked as closely In contrast, mutation at E110 diminishes cooperativity in
as suggested by the intrinsic binding affinities of GCA. both GCA and GCDA binding, indicating a 3-OH and/or a

A comparison of the stepwise dissociation constants for 7-OH connection. This is also supported by the first
GCA and GCDA in the WT protein reveals an apparent generation NMR structure of the ternary complex: the side
7-fold stronger first binding step for GCDA. Despite the chain of E110 appears to be within hydrogen-bonding
diminished positive cooperativity in GCDA binding, the distance to the 7-OH of GCA at site 2 and in proximity to
increased strength of the first step leads to an approximatelythe 3-OH of the bound bile salt at site 1. Thus, the glutamate
2-fold increase in the overall binding affinity for GCDA side chain of E110 is likely part of the lower cooperativity
relative to GCA. Using specifically*C- and '>N-labeled network that includes the steroid ring hydroxyl groups at
GCDA and the same type of NMR assay that we developed positions C-3 and C-7.
in our laboratory for GCA 1), we attempted the determi- Interestingly, while the mutation at Q99 results in a
nation of site-specific binding constants for GCDA as well dramatic loss of binding cooperativity for GCDA, it has no
but strong exchange broadening between bound and unbouneffect on the binding properties of GCA. If Q99 would be
peaks obscured the spectra even at@ONevertheless, the  part of the lower cooperativity network, it should have at
stronger intrinsic affinity of GCDA for site 1 is well- least some effect on the binding cooperativity of GCA as
established by the combination of two results: (i) a stronger well. Because this is not the case, we believe that the
overall affinity but reduced positive-binding cooperativity differences in the binding energetics of GCDA that we
relative to GCA and (ii) a preference of GCDA for site 1 in  observe between Q99A and WT human I-BABP are mani-
the heterotypic WT complex. These observations and the lackfestations of different intrinsic affinities of the bile salt for
of correlation between cooperativity and site selectivity site 1 in the two proteins.
revealed by the mutagenesis study all point toward the likely — Similarly to N61, the side chain of Q99 is located near
explanation that site selectivity in the heterotypic complex site 1, in proximity to the steroid ring hydroxyl group at
of human I-BABP is in fact from the increased intrinsic position C-7. Changing the glutamine or asparagine side
affinity of GCDA for site 1. This notion is further supported chain to a methyl group not only disrupts the hydrogen-
by two additional findings: (i) in Q51A, the I-BABP mutant bonding communication pathway between the two sites but
in which we abolished site selectivity, the overall binding also changes the polarity of the binding pocket. On the basis
affinity for GCDA is about 4 times weaker than in WT  of the appearance of the NMR spectra and the relations of
protein, while (ii) for WT I-BABP, the overall enthalpic  Kg, andKg, site 1 is still preferred over site 2 by GCDA in
contribution to the free-energy change upon GCDA binding both Q99A and N61A. The negative cooperativity exhibited
is above 70% and, for Q51A, it is only 30%. by these mutants suggests that the positioning of GCDA at

On the basis of the first generation NMR structure of the site 1 is not ideal for a second ligand to bind at site 2.
ternary complex and the mutagenesis results, we envision The unique characteristics of positive-binding cooperativity
two cooperativity networks in the doubly ligated system: an and site selectivity in human I-BABP have implications for
upper network that involves the steroid ring hydroxyl group its biological function. In the human body, approximately
at position C-12 (present only in GCA) and a lower network 55% of bile salts have three and approximately 35% of bile
that involves the steroid ring hydroxyl groups at positions salts have two hydroxyl groups on their steroid ring system.
C-3 and C-7 (present in both GCA and GCDA) (Figure 2B). For a doubly ligated complex with two different ligands,

Among the investigated mutations, N61A is the most there are four possible ligation states. In the ternary complex
severely compromised mutant. In addition to the dramatic of I-BABP with GCA and GCDA, these possibilities would
loss of cooperativity in its interaction with both GCA and be (i) GCA at both sites, (i) GCDA at both sites, (iii) GCA
GCDA, it has a severely diminished overall binding affinity at site 1 and GCDA at site 2, and (iv) GCDA at site 1 and
for both bile salts. According to our first generation NMR GCA at site 2. In the absence of site selectivity, the highly
structure of the ternary complex, N61 is locatedfestrand cooperative homotypic GCA complexes would be energeti-
D near site 1 in the vicinity of the steroid ring hydroxyl cally favored and nature would need to develop a different
groups at positions C-7 and C-12 (Figure 2). The dramatic bile salt binding protein to recognize dihydroxy bile salts.
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Thus, on one hand, site selectivity ensures that the majority 8.
of I-BABP complexesn vivo are heterotypic: they contain

both dihydroxy and trihydroxy bile salts. On the other hand,

we previously reported that, when both bile salts are bound, 9.
the strength of positive cooperativity appears to be the
average of the cooperativities observed in the homotypic

complexes §). Therefore, although dihydroxy bile salts 1g.

exhibit only modest positive cooperativity, heterotypic
complexes will still maintain a high degree of positive
cooperativity. In combination with the relatively low intrinsic
affinities of I-BABP for both GCA and GCDA, this allows

a sizable fraction of bile salts to remain unbound at a low
bile salt concentration (passing through the enterocytes as
monomers) whereas protecting the cells from bile salt toxicity
(e.g., apoptosis) at high bile salt concentrations. Thus, with

12

the combination of site selectivity and positive-binding 13-

cooperativity, nature engineered human I-BABP to be a

highly efficient regulator that is able to recognize structurally 14,

diverse bile salts that exist in the human body.

In conclusion, the investigation of six single-point muta-
tions in the binding cavity of human I-BABP suggests that
cooperativity and site selectivity are not linked in the protein.

While cooperativity in bile salt binding is the result of a 16

subtle interplay of entropic and enthalpic contributions, site
selectivity appears to be determined by more localized

enthalpic effects. More specifically, site-directed mutagenesis 17.

and previous thermodynamic characterization of bile salt
binding to human I-BABP indicate that the strong intrinsic ;g
affinity of GCDA for site 1 plays a key role in the site
selectivity of bile salt binding. We are currently solving the
3D NMR structure of the WT and a mutant I-BABP protein.
The comparison of the two should give us further insights

into the structural correlates of cooperativity and site 20.

selectivity in human [-BABP.
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