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ABSTRACT. Cooperative ligand binding to human ileal bile acid binding protein (I-BABP) was studied
using the stopped-flow fluorescence technique. The kinetic data obtained for wild-type protein are in
agreement with a four-step mechanism where after a fast conformational change on the millisecond time
scale, the ligands bind in a sequential manner, followed by another, slow conformational change on the
time scale of seconds. This last step is more pronounced in the case of glycocholate (GCA), the bile salt
that binds with high positive cooperativity and is absent in mutant I-BABP proteins that lack positive
cooperativity in their bile salt binding. These results suggest that positive cooperativity in human I-BABP
is related to a slow conformational change of the protein, which occurs after the second binding step.
Analogous to that in the intestinal fatty acid binding protein (I-FABP), we hypothesize that ligand binding
in I-BABP is linked to a disorderorder transition between an open and a closed form of the protein.

Human ileal bile acid binding protein (I-BABPis a
member of the intracellular lipid binding protein family, a
group of small, approximately 15 kDa proteins that are
thought to facilitate the cellular trafficking and metabolic
regulation of fatty acids, retinoids, cholesterol, and bile salts
(1, 2). Human I-BABP is abundantly expressed in the
absorptive enterocytes of the distal small intestBeg) and

is thought to play a role in the enterohepatic circulation of B
bile salts 6). c

We have previously shown that human I-BABP binds two No—OH
molecules of glycocholate (GCA), the physiologically most cé/

abundant bile salt, with low intrinsic affinity but a high
degree of positive cooperativity’), Cooperativity in bile HO"
salt-I-BABP recognition was found to be governed by the

pattern of steroid ring hydroxylation, rather than the presence
and type of side-chain conjugatioB)( In addition, human

I-BABP has been found to exhibit a high degree of sitt 5ca and GCDA and the mutagenesis result€) we

selectivity in its interactions with GCA and glycochenode- sty lated two cooperativity networks in the doubly ligated
oxycholate (GCDA) (Figure 1), the two primary bile salts gysiem: an upper network with the participation of residues

in humans §). According to our recent mutagenesis inves- Ng1 and W49 and a lower network with the participation of

tigation, cooperativity and site-selectivity are not linked in  raciques N61. E110 and possibly Q99. The upper network
the protein £0). On the basis of the first generation NMR  jvolves the steroid ring hydroxyl group at position C-12

structure of the ternary complex of human I-BABP with  (yresent only in GCA), whereas the lower network involves

the steroid ring hydroxyl groups at positions C-3 and C-7
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Ficure 1: Chemical structures of glycocholic acid (GCA) (A) and
glycochenodeoxycholic acid (GCDA) (B).
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I-BABP undergoes a slow conformational change after both
sites become occupied, a kinetic step that is missing in
mutants that lack positive cooperativity.

MATERIALS AND METHODS

Sample PreparationThe methods used for biosynthesis
and purification of wild-type and mutant human |-BABPs
are detailed elsewher&@). Protein was dialyzed into a buffer
containing 20 mM potassium phosphate, 135 mM KCI,
10 mM NacCl, and 0.05% Nad\at pH 7.2. Protein concentra-
tions were determined by absorbance at 280 nm. Extinction
coefficients correspondingpta 1 mg/mL solution of the
appropriate human I-BABP in water were obtained using
composition analysis according to Pace et &) @nd were
as follows: wild type, 0.91; N61A, 0.851; Q99A, 0.876; and
E110A, 0.869 A/mg/mL. Bile salts were obtained from
Sigma (St. Louis, MO) and were dissolved in the same buffer
to prepare stock solutions in the concentration range of
10 uM to 5 mM.

Stopped-Flow Fluorescence Spectroscdfinetic mea-
surements of bile salt binding to wild-type and various mutant
human |I-BABPs were performed using an Applied Photo-
physics stopped-flow spectrophotometer (model SX18MV).
Changes in fluorescencéefcitation = 290 NM; Aemission >
305 nm with an Oriel WG305 Schott glass filter and with
excitation monochromator slits at 2 mm (band-pas&nm))
were followed at 25°C in 20 mM potassium phosphate,
135 mM KCI, 10 mM NaCl, and 0.05% NaMat pH 7.2.
The protein, at a concentration o1, was mixed with an
equal volume of GCA or GCDA in the same buffer so that
the final bile salt concentrations ranged from 5 to %00
unless noted otherwise. At and below 508, no self-
association of bile salts was observed on the basis of light
scattering. Under these conditions, the dead time of the
stopped-flow instrument was less tha2 ms (L2). A total
of 1000 points were collected in each trace. Usually87
individual traces were averaged at each set of conditions.
The kinetic curves were fitted to extract the observed rates
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Ficure 2: Stopped-flow traces showing fluorescence changes upon
mixing human I-BABP with (A) GCA and (B) GCDA in buffer
containing 20 mM potassium phosphate, 135 mM KCI, 10 mM
NaCl, and 0.05% Napat pH 7.2 and 28C (lex = 290 M Aem >

305 nm). Final protein concentration wasuM. Final bile salt
concentrations were as follows: GCA, 30, 40, 50, 100, 150, 200,
250, 300, 350, 400, 450, and 5@01; GCDA, 5, 10, 20, 30, 40,

50, 100, 150, 200, 250, 300, 350, 400, 450, and &R0

step is accompanied by a well-noticeable negative fluores-
cence change. In the case of GCA, because of the strong
positive cooperativity of the system, the population of the

and amplitudes using the nonlinear least-squares softwaresingly ligated protein is small, and the existence of the

provided by the manufacturer, with a single or a sum of
exponential functions defined as

F() =F., + ZAi exp(—&it) )

whereF(t) is the fluorescence intensity at tinigF(c) is
the fluorescence intensity at= o, and{; is the observed
rate of theith kinetic process occurring with an amplitude
Ai. Kinetic simulations and all further analysis of the data
were performed with Dynafit 13) and Mathematica
(Wolfram, Urbana, IL).

RESULTS
Ligand Binding Kinetics to Wild-Type Human |-BABP.

guenching step was only confirmed after the full analysis of
the data set.

Representative traces at low and high ligand concentrations
fitted with single and double exponentials are shown in
Figure 3. It is evident that single exponentials failed to give
adequate fitting of the data, particularly at higher ligand
concentrations and particularly for GCA. Inclusion of a third
exponential did not further improve the quality of the fits
for either bile salt at 25C.

The observed rates obtained from biexponential fits are
shown in Figure 4. For both GCA and GCDA, one of the
rates Kapp,) first decreases and then increases with increasing
bile salt concentration. This behavior is expected for a
multistep binding process, for which the eigenvalues (ob-
served rates) can be given in terms of a quadratic or higher
order function of the ligand concentration. At higher [L],

Stopped-flow fluorescence experiments were used to gainthe dependence of the observed rate on [L] is close to linear

insight into the kinetic mechanism of bile salt binding in

and the rate(s) of association can be estimated from the slope

human I-BABP. The experiments have been performed underof the curve. For both bile salts, the rate constant of

pseudo-first-order conditions by mixing the protein with an

association in the first binding step is nearMl —* s™2, which

excess of ligand. Stopped-flow traces showing fluorescenceis well below the diffusion-controlled limit.

changes upon GCA and GCDA binding to wild-type human
I-BABP are shown in Figure 2. For GCDA, the first binding

The other rate that we detectddg) shows no change
(within experimental error) with GCA or GCDA concentra-
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Ficure 3: Representative stopped-flow traces from Figure 2 at different bile salt concentrations (GCA, top: 50, 100, 200,avid 400
GCDA, bottom: 10, 50, 100, 200, and 4@M) and their nonlinear least-squares fits using a single (A and C) or a double (B and D)
exponential according to eq 1.

tion, suggesting the existence of a unimolecular process inbinding proteins with the same topology (i.e., intestinal fatty
the binding mechanism. Although the amplitude of the acid binding protein (I-FABP)), we learned that prior to
exponential associated with the bimolecular step was aboutbinding, the protein undergoes a conformational change on
the same for both bile salts, the amplitude of the exponential the millisecond time scale that allows the ligand to enter
associated with the unimolecular step was about an order ofinto the binding cavity 15, 16). Above 1 mM final bile salt
magpnitude larger for GCA, the bile salt that binds with higher concentration, we saw.pp1 reaching a similar plateau in
positive cooperativity (Hill coefficient of 1.82 (GCA) vs 1.34  |-BABP as well, but this was already in the concentration
(GCDA) at 25°C (8)). range where self-association of bile salts may take place.
To summarize our observations so far, we detected (i) oneAlso, the apparent rates at such high ligand concentration
of the two association steps and (||) a slow unimolecular were aIready too fast to be accurately determined with our
Step' most ||ke|y a conformational Change_ On the basis of instrument. Nevertheless, the pOSSIbIlIty of a fast conforma-
these observations, there are two possibilities: a slow tional change prior to the binding of the first ligand had to
conformational change occurring either between the two be considered. To investigate this possibility, we incorporated
binding steps (Figure 5, Scheme I) or after the second binding@ fast conformational change into the binding model
step (Figure 5, Scheme Il). The most elegant way to (Figure 5, Scheme IIl), which slightly improved the quality
distinguish between these two possibilities would be to of the fits but had no effect on the value of the rate constants
perform two sets of stopped-flow experiments: one under for the subsequent steps, indicating that this conforma-
pseudo-first-order conditions with respect to the ligand and tional change, if it exists in wild-type I-BABP, is shifted to
another one under pseudo-first-order conditions with respectthe right. Usingkapp 1 as a lower limit fork; in Scheme IlI
to the macromolecule16). In our system, the latter, (Figure 5), a grid ok; andk-; values has been constructed
unfortunately, was not possible because of the small signaland tested with Dynafit. The best results were obtained with
change at low ligand-to-macromolecule molar ratios. How- ~1600 and~100 s* for the forward and reverse rate
ever, in the case of GCA, Scheme | (Figure 5) gave poor constants, respectively.
fits to stopped-flow traces above 2%MM final bile salt Dynafit also provided good estimates of the rate constants
concentration, suggesting that the slow unimolecular stepand fluorescence response factors associated with the sub-
occurs after the second binding step. This was later onsequent steps. These were used as initial values in the
confirmed by fitting of the extracted observed rates and computer fits of the observed rates. The solid lines in Figure
amplitudes (cf. below). 4 are least-square fits of the two observed rates according
That the association rate of the first binding step is well to the mechanism depicted in Scheme Il (Figure 5).
below the diffusion-controlled limit for both bile salts Observed rates were calculated as eigenvalues of coefficient
suggests the existence of a rate-limiting kinetic step in the matrices as a function of ligand concentration using Math-
binding mechanism. From a previous investigation of lipid ematica. The obtained rate constants for GCA and GCDA
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A 600 ' ' ' ' ' Table 1: Kinetic, Thermodynamic and Spectroscopic Parameters
~ 500 Characterizing the Binding of GCA and GCDA to Wild-Type
'-'8 Human I-BABP According to the Mechanism in Scheme Il (Figure
a
£ 4001 5)
3 GCA GCDA
€ 3007 ke (s 1600+ 300 1600+ 300
3 ko1 (s™) 100+ 50 100+ 50
E 200 1 ko (uM~1s7h) 0.58+ 0.04 2.684+ 0.08
2 ko2 (s™) 597+ 28 259+ 9
O 100+ ka(uM~1s7Y) 83+ 12 32+1
ks (s™) 536+ 43 554+ 22
0 T . ; . ; ki (578 7.9+0.3 2.3+ 0.4
0 100 200 300 400 500 koa(sh) 27+ 3 504+ 6
GCA Concentration (uM) K1 (uM, this study) 1094+ 118 103+ 11
Ka1 (uM, ITC)® 7484 170 103+ 5
1400 Kaz (1M, this study) 541 17+ 4
B ' ' ' ' ' Kaz (M, ITC)? 59+ 1.1 26+ 1
~ 1200 - AF; 0 0
o AF3 —1.27+0.18 —0.83+0.36
3 1000 4 AF, 0.38+0.08 0.54+ 0.25
;,,,: AFs 0.584+0.12 0.93+ 1.4
E 800 1 aBuffer conditions: 20 mM potassium phosphate, 135 mM KCl,
oS 600 4 10 mM NaCl, and 0.05% NadNat pH 7.2 and 25C. ® From ref 10
$ (10).
§ 400 1
O 200 - 1.0 T T T T T
Ak & & - - -~ - - A A —~
0 T T T T T N
0 100 200 300 400 500 g 087
GCDA Concentration (uM) —_ %_
o~
Ficure 4. Observed rates for the binding of (A) GCA and (B) g 5 0.6 7
GCDA to human I-BABP as a function of ligand concentration as &' | X
determined from the stopped-flow experiments (20 mM potassium o |
phosphate, 135 mM KCI, 10 mM NacCl, and 0.05% Nai pH §( F T
7.2 and 25°C). The solid lines are nonlinear least-square fits 5
according to the four-step sequential mechanism defined in Scheme £ GCDA
Il (Figure 5), with rate constants, = 1600 s, k_; = 100 %, k, < 027 By
= 0.58uM"1s1 ko, =597 st, ks = 83 uM~1sL k3= 536
s ky=7.9s7? k4 =27 s for the binding of GCA anc; =
1600 51, k_y = 100 51, k, = 2.68uM 1 57%, K, = 259 52, ks = 00 T e 20 a0 40 5%
32uM-1s1 k 3=554s1 ks =23s? k,4=>50s?for the , .
binding of GCDA (Table 1). Bile Salt Concentration (uM)
) ) Ficure 6: Normalized amplitude of the slow, unimolecular step
P+L = PL P+L o= PL as a function of ligand concentration as determined from the
Ky ks stopped-flow experiments (20 mM potassium phosphate, 135 mM
PL <_k,2_ pL* PL + L é PL, KCI, 10 mM NaCl, and 0.05% NaNat pH 7.2 and 25C). The
ks ke solid lines are nonlinear least-square fits according to eq Al5

ek L describing the four-step sequential mechanism defined in Scheme
PL"+L - PL, PL, -~ PL, 1l (Figure 5) with rate constants and relative fluorescence intensities
shown in Table 1.

Scheme | Scheme I
ky from an ITC analysis of bile salt binding to human I-BABP
Pe <= P
Ky (10).
Po+ L .—ki P.L P, <_k_, P, The obtained rate constants were then used in the fitting
ke K of the amplitudes associated with the two observed rates.
PoL + L === Pol, Py +L 7} PoL This was accomplished using the matrix projection operator
k: v technique {7, 18), a method that allows us to determine the
Pol, kﬁ PoL,” PoL +L k.—i Polz molar fluorescence intensities corresponding to the various
K ? macromolecular species in the reaction (Appendix). The solid
Scheme i Scheme IV lines in Figure 6 are least-square fits of the observed
FIGURE 5: Schemes showing the kinetic mechanisms considered Normalized amplitudes associated with the slow, unimolecu-
for bile salt binding to human I-BABP. lar step Kapp,9 according to the mechanism shown in Scheme

Il (Figure 5). The obtained relative molar fluorescence
are shown in Table 1. Dissociation constants for the two parameters are shown in Table 1.
binding steps can be calculated in terms of the rate constants The resulting rate constants and fluorescence response
and are also included in Table 1. They are in good agreementfactors provide good fits of the stopped-flow traces for both
with the dissociation constants we previously determined bile salts. This is demonstrated in Figure 7, where fits
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Ficure 7: Representative stopped-flow traces from Figure 2 at
different final bile salt concentrations ((A) GCA: 50, 100, 200,
and 40uM; (B) GCDA: 10, 50, 100, 200, and 4Q@M) and their
nonlinear least-squares fits obtained with the matrix projection
operator technique according to eq A12.

0.05 0.20

obtained with the matrix projection operator technique are

shown at various GCA and GCDA concentrations. Ficure 8: Homology model of human I-BABP with GCA and

GCDA docked by restrained energy minimization. (A) Human

Ligand Binding Kinetics to Various Human |-BABP
Mutants.To further investigate whether the observed slow
unimolecular step is indeed related to positive binding

I-BABP bhinds two molecules of bile salts in an enclosed cavity
surrounded by two antiparall@-sheets. (B) The binding pocket
of human I-BABP showing various key residues identified by

cooperativity in the protein, we investigated the kinetics of Mmutagenesis. This Figure was adapted from ref ().

bile salt binding to various mutant human [|-BABPs . )

(Figure 8). Previously, we have shown that mutations to the quallty of fits any _further. Thg observed ratgs 1_‘or the
alanine at residues N61, Q99, and E110 resulted in a Pinding of GCDA obtained from single-exponential fits fqr
complete loss of positive cooperativity for the binding of Mutant N61A, Q99A, and E110A I-BABP are shown in
GCDA (10). Mutation at residue N61 severely diminished Figure 10. For these I-BABP derlvat_lves, t_he rates plateau
the cooperativity of the binding of GCA as well. Representa- "€ar 1300, 800, and 3507 respectively, indicating the
tive stopped-flow traces showing fluorescence changes uporXistence of a rate-limiting kinetic step on the millisecond
GCDA binding under pseudo-first-order conditions to mu- time scale. This is analogous to our observations in I-FABP
tants N61A, Q99A, and E110A human I-BABP are shown _and provides a §upport to thg kinetic mechanism depicted
in Figure 9. Interestingly, the signal changes are significantly In Scheme lil (Figure 5) for wild-type I-BABP.

smaller for all three mutants compared to those for the wild- N the absence of the slow unimolecular step observed for
type protein, indicating that the tryptophan residue (W49, Wild-type protein, for mutants N61A, Q99A, and E110A we
located in the middle of the binding pocket in wild-type hl- Propose a three-step binding mechanism according to Scheme
BABP), has become a less sensitive fluorescence marker of v (Figure 5). Rate constants and relative molar fluorescence
ligand binding. Because of the loss of positive cooperativity, parameters have been determined with Dynafit and are shown
the two binding steps are decoupled in these mutants, andn Table 2.

the fluorescence decrease in the first step and the enhance-
ment in the second step (Q99A and E110A) are more DISCUSSION

apparent than those in wild-type human I-BABP. In mutant  Cooperative binding processes are frequent in biological
N61A, both binding steps result in an enhancement of the systems. Cooperativity has implications for the regulation
fluorescence signal. The solid lines in Figure 9 are single of enzymes and receptors, thereby maintaining a stable,
exponentials used for fitting of the stopped-flow traces. nontoxic internal environment in living organisms. For
Unlike in wild-type protein (Figure 3), the inclusion of a instance, in the case of human I-BABP, with the relatively
second exponential in the fitting equation did not improve low intrinsic affinities of the protein for both GCA and
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FicurRe 9: Representative stopped-flow traces showing fluorescence i i i i i : i i . :
changes upon GCDA binding to mutants (A) N61A, (B) Q99A, 0 100 200 300 400 500
and (C) E110A human [-BABP in buffer containing 20 mM )
potassium phosphate, 135 mM KCI, 10 mM NaCl, 0.05% hlaiN GCDA Concentration (uM)

pH 7.2 and 23C (Aex= 290 NM;Zem > 305 nm). The final protein - 5 o 10: Observed rates for the binding of GCDA to (A) N61A,
con_centratlon was AM in each experiment. Final GCDA concen- (B) Q99A, and (C) E110A human I-BABP as a function of ligand

trations were 20, 40, 250, 300, and 40 for N61A; 40, 80 ; : :

PR oA - el concentration as determined from the stopped-flow experiments (20
250, 300, and 40aM for Q99A; and 20, 40, 300, and 4G0M for mM potassium phosphate, 135 mM KCI, 10 mM NaCl, and 0.05%
E110A. The solid lines are nonlinear least-square fits to the data NaNs at pH 7.2 and 25C). The solid lines are nonlinear least-

using a single exponential according to eq 1. square fits according to the three-step sequential mechanism defined
in Scheme IV (Figure 5), with the rate constants listed in Table 2.

GCDA (7), positive cooperativity allows a sizable fraction

of bile salts to remain unbound at low bile salt concentration The list includes the Cd-binding protein, calbindin

(passing through the enterocytes as monomers), wherea®q (20), the binding of glucose to glucokinas2lj, and

protecting the cells from bile salt toxicity (e.g., apoptosis the pH dependence of ion transport through the mitochond-

(19)) at high bile salt concentrations. rial VDAC (voltage-dependent anion channel) channel

Although binding cooperativity is most often associated (22).
with proteins that possess multiple subunits, there are a In theory, there can be two possible explanations for
number of examples among monomeric proteins as well. cooperativity. One possibility is that the binding of the first
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Table 2: Kinetic, Thermodynamic and Spectroscopic Parameters
Characterizing the Binding of GCDA to Various Human I-BABP open (T) — —
Mutants According to the Mechanism in Scheme IV (Figure 5)
N61A Q99A E110A 1T /1 lT
ki (s 14004+ 270 820+ 140 370+ 110
kot (s 150+ 40 140+ 36 504+ 25 closed (R) . —
ko (UM~ s71) 14407 8.8+ 0.2 5.4+ 0.1 — —
koo (s 3845 89+ 11 108+ 18
k'%(/zs'\‘ﬂ;; s ébsgi%g %éécogc-?’lm 411615.3%5059 FicuRe 11: Allosteric model for the binding of bile salts to human
= I-BABP. See text for details.
Ka1 (uM, this study) 3+ 1 1242 23+ 6
Ka1 (uM, ITC)P 44+ 1 13+1 484 1
Ko (uM, this study) 18226 15017 40+ 9 GCDA in the first binding step, which is likely related to
Kaz (uM, ITC) 401+ 10 142+ 10 41+1 - . : )
AF» 0 0.184+ 007 0O the strong afflln.lty of GCDA fpr site 1, in f[he end results_ln
AF3 0.08+0.02 —0.284+0.05 —0.33+0.09 a smaller positive cooperativity for this bile salt. Regarding
AF, 0.16+£0.03 0.20£0.02  0.07+£0.01 the second binding step, the association and dissociation steps

aThe parameters obtained for the wild-type protein are shown in are similar for GCA and GCDA. Finally, the interconversion
Table 1. Buffer conditions: 20 mM potassium phosphate, 135 mM petween EL, and BL," in the subsequent unimolecular step
KCI, 10 mM NacCl, and 0.05% Naj\at pH 7.2 and 25C. ® From ref is slow for both bile saltsk(4 =795 k=27 s for
10 @0 GCA andk, = 2.3 52, k_, = 50 5° for GCDA), indicating

a large kinetic energy barrier between the two conformations.

ligand provides a favorable binding surface for the second The relative amplitude of this step in comparison with that
through a direct ligandligand interaction. Alternatively,  of the first bimolecular step is about 10-fold higher for GCA,
cooperativity could result from allostery, where bile salt the bile salt exhibiting high positive cooperativity.
binding is energetically linked to a conformational change Interactions Responsible for Positi Binding Cooperat-

in the prf)tem. o ivity in Human |-BABP.Generally, the energy of positive
In our investigation of human I-BABP, we used stopped- cooperativity may result from two sources: enthalpically
flow spectrofluorometry to gain insight into the kinetic favorable interactions (electrostatic, H-bond, and van der

mechanism of bile salt blndlng The kinetic data we obtained Waa|5) as well as entropica”y favorable Changes related to
for the wild-type protein fit best to a reversible four-step molecular flexibility and disorder.

model shown in Scheme Ill (Figure 5). According to this
model, after a fast conformational change on the millisecond
time scale (opening step), the ligands bind in a sequential
manner, followed by another, slow conformational change
on the time scale of seconds. This last step is more
pronounced in the case of GCA, the bile salt that binds with
high positive cooperativity and is absent in mutant I-BABP
proteins that lack positive cooperativity in their bile salt
binding. These results suggest that positive cooperativity in
human I-BABP is related to a slow conformational change
of the protein, which occurs after the second binding step.
This transition into a lower energy conformation after the
binding of the second bile salt molecule is also supported
by the large enthalpically favorable contribution to the overall

free energy change that accompanies the second binding SteBarlier for I-FABP, another lipid binding protein with the

(8, 10). X '
. ) same topology 16). According to the dynamic portal
~ GCA and GCDA: Subtle Difference in Structure Results hypothesis, I-FABP exists as a manifold of locally ordered
in Strikingly Different Binding Propertieslthough GCA  and disordered states in solution, and a localized region of
and GCDA differ only in a single OH group at position C-12  packbone disorder is part of a flexible portal that permits
of their steroid ring system (Figure 1), the strength of their the entry of ligand. Fatty acid binding shifts the order
binding cooperativity is remarkably different. Previously, we  disorder equilibrium toward the ordered, closed state by
have also shown that the binding of these two bile salts is stapijlizing a series of interactions between helix Il and the
site-selective, and site selectivity mainly arises from the c—_p turn of the protein. Strands C, D, and the turn between
strong intrinsic affinity of GCDA for site 1. them in I-BABP surround half of the binding cavity,
According to the kinetic data we obtained from the containing residues W49 and N61 (Figure 8). Mutations at
stopped-flow analysis, although the dissociation rate constantthese residues result in losses of positive binding cooperat-
is similar, the association rate constant for the first binding ivity supporting the notion that these residues are part of a
step is about five times faster for GCDA than for GCA H-bonding network in the proteirbile salt complex that
(Table 1). The difference between the association and theconnects the two sites. Another residue, residue Q51 at the
dissociation rate of the first binding step is further diminished end of strand C has been found to play a role in the site
in mutant I-BABP proteins that lack positive cooperativity selectivity of bile salt binding. Moreover, on the basis of
(Table 2). The selective increase in the association rate ofthe fluorescence response factors determined from the

Positive binding cooperativity in wild-type human I-BABP
can be explained in terms of a modified Morod/yman—
Changeux model23) as shown in Figure 11. According to
this scheme, there are two distinct conformational states of
the protein: an open (T) state and a closed (R) state, in which
T is thermodynamically favored in the absence of ligands,
but upon ligand binding, the equilibrium is shifted toward
the R state. This transition between the open and closed forms
of the protein is realized after the occupation of both binding
sites and is a result of the stronger affinity of the R state for
the ligands. The stronger affinity of R may originate from
various local and long-range interactions in the protein
ligand complex. Specifically, the portal region of I-BABP
may become more stable by ligand binding, as we proposed
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stopped-flow analysis, besides the formation of H-bonds [d[P]

between bile salts and certain donor/acceptor residues in the dt_

binding pocket, the burial of hydrophobic side chains such diPdl —k kg 0 0 0
as the side chain of W49 likely contributes to the energy of d[?; U ki ko —klled ke 0 0
positive cooperativity in the protein. We note that a number |—5— [7|0 't —kp—kgllg] ks 0

of additional bile sat-amino acid contacts have been |dp.L] [ [ © KalLiod ~kamk ke
determined in this region of the protein by NMR including dt 0 0 0 a K
contacts with residues Y53 and F63 (data not shown). Thus, 19LPoL"]

it seems plausible that similar to fatty acid binding to t PJ
I-FABP, bile salt binding to I-BABP induces a conforma- [PJ

tional change in this region of the protein that in addition to PL | (A2)
the local effects may have implications for the long-range [PoL,]
interactions with the portal region as well. [PoLo"]

The disordet-order transition between the open and closed of
forms of I-BABP is based on the unexpectedly slowl( N = MN (A3)
uM~1s71) association rate constant of the first binding step,
the rate- ||m|t|ng Conformat|ona| Change on the m||||second whereN is the vector of concentrations of different -BABP

time scale we observed in some of the I-BABP derivatives, species in solutionN is the vector of time derivatives of
the large entropically unfavorable change that accompanlesthese concentrations, aid is the coefficient matrix. The
the second binding ste®)( and the analogy with I-FABP. solution of eq A3 can be written as follows:

NMR relaxation studies directed at the backbone and side- N = expM N, (Ad)
chain dynamics of human I-BABP complexes should give

more insight into the role of dynamics in the cooperative \,nere

nature of the systen®4, 25).

expMt) =
expCqt) 0 0 0 0
ACKNOWLEDGMENT 0 exp@;t) 0 0 0
exp(,t -
We are indebted to Dr. Carl Frieden for generously Vg 8 0 PED 2xp(§ t) 8 Y
providing the instrument for the stopped-flow analysis and 0 0 0 0 : expC,t)
for helpful discussions on the manuscript. P (A5)

Quantitieslo, C1, &2, &3, andl, are the eigenvalues of matrix
M, V is a matrix whose columns are the eigenvectors of
) ) ) o ] matrix M, andNg is the vector of initial concentrations of
The differential equations describing the time course of he various protein species. For the stopped-flow experiments
0, 0), where Ny is the total concentration of the protein (1

APPENDIX

d[P] uM). Matrix exp(Mt) can be expanded using its eigenvalues,
T =Kk, [Pd + k_,[P] exp(it), and the corresponding projection operat@is(17,
26) as follows:
d[ o]
Ky[Pcl — K_4[Pg] = K[PJ[L] + k_5[PoL] 4
expMt) = » Q; exp(t) (A6)

[ : ]_ A[PGIlL] = Ko[Pol] = Ko[PoLI[L] + k_5[PoL] i

where the projection operatof3; are defined in terms of

d[P Lz] the original coefficient matriM and its eigenvaluesly,
o = ka[PLI[L] — K_g[PoLy] — K[PoL,] + K_,[PL,*] 9 9 v

dt 26) according to the following equation:
d[P,L,"] . ‘
dt - k4[PoL2] - k74[PoL2 ] (A1) |_I M — §j|)

Z|

Q="—""— (A7)
The stopped-flow experiments described in this study have
been performed under pseudo-first-order conditions with a D (GRS
large excess of the bile salt over the proteing] > [Py a
Therefore, the concentration of the free ligand, [L], can be wherel is the identity matrix.
approximated with [k during the reaction. In matrix The solution to the set of differential equations in A1 can
notation, the system is defined as follows: be obtained by substituting eq A6 and A7 into eq A4



Kinetic Mechanism of Bile Salt Binding to Human |-BABP

N = QoNg + Q;Ny exp(,t) + Q,Ny exp(C,t) +
QsNg expCat) + Q,Ny exp€,t) (A8)

or

N =P, + P, exp(,t) + P, exp(,t) +
P; exp(Cat) + P, exp(C,t) (A9)

whereP; is the projection of the initial concentrations Ig§

on theith eigenvector of the coefficient matrM. Thus,the
time dependence of the various protein species in solution
can be written as

Nl [Pos| (P P2y
No| |Po2| |Pi2 P2,
N3 |=|Pos [+]| P13 [exp@,t)+| P23 [exp@,t)+
Nyl |Poa| |Pia 24
Ns| \Pos/ |Pis Pas
31 41
Pa, Ps,
P33 lexp@st)+|Pas lexpC,t) (A10)
P4 Pas
Pss Pus

where R is thejth element of the projection &, on theith
eigenvector of matriM.

In the mechanism defined in Scheme Il (Figure 5), one
of the five eigenvalues, equals O because of the mass
conservation of the reaction system. The four other eigen-
values of matrixM define the four observed rates of the
reaction,—&1, —&», — s, and—E&,. The individual amplitudes,
A1, Az, As, andAy, corresponding to these normal modes of
the reaction, contain contributions from the fluorescence
intensities of the various protein species present in solution.
At any time of the reaction, the fluorescence of the system
is defined as follows:

F(t) = FyN, + F,N, + FaN; + F,N, + FoNg AL

where F1, F,, F3, F4, andFs are the molar fluorescence
intensities corresponding to macromolecular speiig,,
N3, Na, andNs. By substituting eq A10 into eq A11, we obtain
the following
F(t) = Fy(Poy + P1y exp@yt) + Py expEyt) + Psy exp
(Cat) + Pay @xpEat)) + Fy(Pop + Prp @XpEyt) + Py, exp
(Cat) + Pz @xp(at) + Pyz €XpE,Y) + F3(Pos + Pz exp
(Eat) + Po3exp(yt) + Pyzexp(Cst) + Py exp(Ca)) + F,
(Pos + Praexp(Cyt) + Py exp(Cat) + Py expCyt) +
Pas €XPEaD)) + Fs(Pos + P15 €xpEit) + Pos exp(yt) +
P3s exp(at) + PysexpC,t)) (Al2)

The total amplitudeA, of a stopped-flow trace is defined
as

Aot = F(0) = F(0)

whereF(0) andF () are the observed fluorescence intensities
att = 0 andt = o, respectively. The total amplitude is also
the sum of the individual amplitudes corresponding to each

(A13)
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normal mode of the reaction system.

A=A +A+A+A, (A14)

With the combination of eqs Al2, A13, and Al4, the
individual amplitudes can be given in terms of the projection
matrix elements and the relative fluorescence intensities
according to the following equations:

F,—F

A= (P P13P1, P Fi — Fi (Al5a)
F,—Fs
F,—F

Ay = (Pyy Py3 Py Pyg) Fi Fi (A15b)
Fi—Fs
F,—F,
F,—F;

Az = (Pgy Py3 P34 P F,—F, (A15c)
F,—Fs
F,—F,
F,—F

Ay = (PyaPy3 Py Pus) Fi — Fj (A15d)
F,—Fs
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