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We designed an experimental approach to differentiate the kinetics of protein binding to a lipid mem-
brane from the kinetics of the associated conformational change in the protein. We measured the fluo-
rescence intensity of the single Trp6 in chicken liver bile acid-binding protein (L-BABP) as a function
of time after mixing the protein with lipid membranes. We mixed the protein with pure lipid membranes,
with lipid membranes in the presence of a soluble quencher, and with lipid membranes containing a fluo-
rescence quencher attached to the lipid polar head group. We fitted simultaneously the experimental
curves to a three-state kinetic model. We conclude that in a first step, the binding of L-BABP to the inter-
facial region of the anionic lipid polar head groups occurred simultaneously with a conformational
change to the partly unfolded state. In a second slower step, Trp6 buried within the polar head group
region, releasing contacts with the aqueous phase.

� 2009 Elsevier Inc. All rights reserved.
Introduction

The binding of proteins to the lipid membrane interface is gen-
erally coupled to conformational changes. The presence of strong
electric fields, changes in water activity, and changes in dielectric
constant in the interface, as compared with the bulk solution,
can stabilize particular conformations and shift the equilibrium
to the membrane-bound state [1]. Bile acid-binding protein from
avian liver (L-BABP) is an excellent system to study the coupling
between binding and conformational changes in the membrane
environment. We found that L-BABP binds to anionic lipid mem-
branes by electrostatic forces and acquires a partly unfolded con-
formation in the interface [2]. We also found that a pre-molten
globule and a molten globule exist in solution and can be popu-
lated at low pH [3]. Because a partly unfolded state is observed
both in solution and bound to the membrane, two possible paths
could explain the coupled process of binding-conformational
change. One is that the native protein binds to the lipid membrane
and then acquires a partly unfolded state. On the other side, it can
be proposed that the unfolded state in solution binds to the inter-
face and the equilibrium is shifted to a partly unfolded, bound
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state. To study these possibilities, we designed an experimental
set-up to distinguish the kinetics of membrane binding from the
kinetics of conformational change. We measured the changes in
the fluorescence emission of the single Trp6 in stopped-flow exper-
iments after mixing L-BABP with lipid membranes. We used three
different experimental arrangements in which the emission inten-
sity is differentially sensitive to the binding and unfolding process.
Together with an appropriate curve fitting procedure, this ap-
proach proved to be suitable to discriminate between these two
processes. Our results show that the conformational change
occurred in the interfacial region, simultaneously with the binding,
followed by further partial penetration into the polar head group
region.
Materials and methods

Materials. L-BABP was purified according to Scapin et al. [4] and
stored in 2 mM phosphate buffer, pH 7.3, at�70 �C. Synthetic 1-pal-
mitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and
L-a-phosphatidylethanolamine-N-(4-nitrobenzo-2-oxa-1,3-diazole)
as the ammonium salt (NBD-PE) purified from egg yolk, were ob-
tained from Avanti Polar Lipids (Alabaster, AL). Polycarbonate mem-
branes of 100 nm pore diameter used to extrude the vesicles were
from Whatman (Schleicher & Schuel).

Large unilamellar vesicles (LUVs) preparation. Pure POPG and
POPC or their mixtures with 5% NBD-PE were dissolved in
inding and conformational change of L-BABP, Biochem. Biophys. Res. Com-
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chloroform:methanol 2:1 solution and dried as a thin film in a glass
tube. The film was hydrated and re-suspended with 10 mM NaCl
solution. LUVs were prepared by freeze–thaw and extrusion in a de-
vice from Avestin (Ottawa, Canada). Five cycles of freeze and thaw
were done placing the sample for 5 min in a bath with liquid air
and 5 min in a water bath at 60 �C. The extrusion step was done at
25 �C, through two stacked 0.1 lm polycarbonate membranes [5].
The method produced vesicles with a mean diameter of 110 nm both
for POPG and POPC, according to dynamic light scattering
measurements.

Sample preparation. All experiments were carried out at 26 �C.
NaCl concentration was 10 mM throughout all the experiments.
The concentration of protein was 20 lM for the kinetic experi-
ments, and 10 lM for the measurement of steady-state spectra.
The concentration of lipid was 2 mM for the kinetic measurements,
and 1 mM for the measurement of steady-state spectra. The con-
centration of acrylamide in the kinetic experiments was 0.545 M.

Measurement of fluorescence spectra. Steady-state fluorescence
spectra were obtained in a Fluoromax 3P spectrofluorometer from
Horiba Jobin Yvon (Edison NJ, USA), using a 3 mm optical path
length cell, an excitation wavelength of 295 nm. Slits in the excita-
tion and emission channel were 1 and 3 nm, respectively.

Kinetic measurements. We used an Applied Photophysics
(Surrey, UK) DX-17MV single-mixing stopped-flow microvolume
spectrophotometer. Intrinsic Trp emission was monitored using
295 nm excitation light. Both slits of the excitation monochroma-
tor were set in 4 nm. The emitted fluorescence was collected
between 300 and 400 nm, using a glass filter and a XF1001-
330W880 filter from Omegafilters (Brattleboro, USA). The photo-
multiplier voltage was 700 V. Thousand data points were collected
for each shot. The split time-base feature of the instrument was
used to collect more data points at the beginning of the reaction
(up to 5 s). At least three and up to five shots were averaged in each
experiment using 100 lL of each reactant per shot in 1:1 mixing
mode. The dead-time of the instrument is 4 ms.

Data analysis. The three curves produced with the different set-
ups (see below) were fitted simultaneously by performing a Monte
Carlo simulated annealing, where the cost function minimized was
the square root of the quadratic difference between calculated
points and experimental ones.

Results and discussion

We used a stopped-flow fluorometer to study the kinetics of
membrane binding and conformational changes associated with
binding of L-BABP. We measured the time dependence of fluores-
cence intensity of the single Trp of L-BABP in three different exper-
imental set-ups: System I, native protein was mixed with anionic
lipid membranes; System II, native protein in a solution containing
the soluble quencher of fluorescence acrylamide was mixed with
anionic lipid membranes prepared in a buffer containing the same
concentration of soluble quencher; System III, native protein was
mixed with anionic lipid membranes containing 5% of dioleoyl-
phosphoethanolamine-nitrobenzoxadiazol (NBD-PE). Fluorescence
intensity of Trp6 in system I is sensitive both to the process of
membrane binding and to protein conformational change as de-
scribed below. The fluorescence intensity in the system II contains
information about the degree of exposure of Trp6 to the aqueous
environment. This exposure depends on the extent of unfolding
of the protein and on the level of penetration into the lipid mem-
brane of the segment containing the Trp6 residue. Fluorescence
changes in system III are mainly influenced by the resonance en-
ergy transfer between Trp6 and the nitrobenzoxadiazol group in
NBD-PE, and can be considered as a measure of protein binding
Please cite this article in press as: V. Galassi et al., Kinetics of lipid-membrane b
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independently of the protein conformational state. In control
experiments we made the same measurements using vesicles pre-
pared with the zwitterionic lipid POPC and POPC with 5% NBD-PE.
L-BABP does not bind to these membranes [2]. In these controls, we
observed no time-dependent fluorescence changes after mixing
the native protein with lipid vesicles in stopped-flow experiments.

Steady-state measurements

To understand the time evolution of the fluorescence intensity
we first studied the steady-state fluorescence spectra at equilib-
rium. Both for stopped-flow and steady-state experiments we se-
lected lipid, protein and salt concentrations at which the
equilibrium of binding is largely shifted to the membrane-bound
form of the protein ([2] and control experiments not shown here).
We measured the area between 300 and 400 nm of the fluores-
cence emission spectra, corresponding to the band pass of the opti-
cal filters used in the emission channel of the stopped flow
equipment. When L-BABP was bound to POPG membranes, corre-
sponding to kinetic experiment in system I, the spectrum was
red-shifted the area was larger than for the free protein in solution.
We have not studied the origin of this effect, but it can be proposed
that it was due both to de-quenching of Trp6 fluorescence and to
changes in the dielectric and dynamic properties of the environ-
ment surrounding Trp6. Met107 is near to Trp6 in the native struc-
ture. The distance between the sulfur atom and the plane of the
indole ring is 4.5 Å [6]. Met107 is probably attenuating the fluores-
cence of Trp6 in the native structure [7]. The average distance be-
tween these residues should increase in an unfolded or partly
unfolded state, producing an increase in the fluorescence intensity
of Trp6. Also, the change in the dielectric constant of Trp6 environ-
ment, when the native protein moves from the aqueous solution to
the membrane interface, could have influence on the fluorescence
intensity.

To understand the behaviour of system II we measured the
Stern–Volmer constant for the quenching with acrylamide. This
quenching depends on the exposure of the indole group to the
aqueous environment. Fluorescence steady-state measurements
yielded Stern–Volmer constants (Ksv) 2.09 and 2.00 M�1 for the na-
tive protein in solution and partly unfolded membrane-bound pro-
tein, respectively. L-BABP can acquire partly unfolded
conformations in acidic solutions [3]. The Stern–Volmer constant
for the quenching with acrylamide in these species was
Ksv = 10 M�1. Considering that L-BABP is partly unfolded in the
interface, the absence of an increased quenching in the mem-
brane-bound protein indicated that Trp6 was buried to some ex-
tent into the membrane, in agreement with the results of our
Molecular Dynamic simulations [8].

Binding of L-BABP to the anionic lipid membrane containing 5%
of NBD-PE, corresponding to the kinetic experiment in system III,
produced a decrease of 16% in the fluorescence intensity as com-
pared to the protein in solution, and of 26% related to the protein
bound to the anionic membrane in the absence of NBD. Quenching
of Trp6 fluorescence occurred together with the increase in the
fluorescence emission of NBD at 530 nm (not shown) indicating
that the quenching of Trp6 fluorescence was due to the resonance
energy transfer process [9]. No quenching by energy transfer was
observed when L-BABP was not bound to the membrane, which
is in the presence of zwitterionic lipid membranes containing 5%
NBD-PE. We calculated a Förster distance Ro = 1 nm for the couple
indole-NBD [10]. Considering this value, the efficiency of energy
transfer that we measured is in agreement with a localization of
the indole within the plane of NBD probes in the lipid head group
[11].
inding and conformational change of L-BABP, Biochem. Biophys. Res. Com-
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Differential detection of protein binding and unfolding. Kinetics
measurements

To discriminate between the processes of binding and unfolding
we compared the time dependence of the fluorescence intensity in
the three systems. As a general case, we can postulate the existence
of several states of L-BABP with different contribution to the fluo-
rescence intensity. The time dependence of fluorescence intensity
after mixing in the system I can be expressed as:

FoðtÞ ¼
X

i

Fi
o½Pi�ðtÞ ð1Þ

[Pi](t) are the concentrations of protein in the states i, Fi
o coefficients

are the fluorescence intensities of the sample when the whole
amount of protein is in the state i. If the mixture is made in the
presence of a concentration [Q] of soluble quencher (system II),
the coefficients Fi

o are decreased by a factor 1/(1 + Ki
SV [Q]), where

Ki
SV are the Stern–Volmer constant for the protein in the state i.

The time dependence of the fluorescence intensity in this case is:

FSV ðtÞ ¼
X

i

Fi
o

1þ Ki
SV ½Q �

½Pi�ðtÞ ¼
X

i

Fi
SV ½Pi�ðtÞ ð2Þ

When L-BABP binds to lipid membranes containing NBD-PE (system
III), the time dependence of fluorescence is described by

FETðtÞ ¼
X

i

Fi
o

Ki
ET

½Pi�ðtÞ ¼
X

i

Fi
ET ½Pi�ðtÞ ð3Þ

where Ki
ET are factors that take into account the decrease in fluores-

cence intensity due to energy transfer to NBD.
After mixing the protein with anionic lipid membranes (system

I, Fig. 1A) the fluorescence increased in a way that can not be de-
scribed with a single exponential, indicating the existence of a
multistep process. This single curve can not reveal which is the
process that takes place after mixing. The increase in fluorescence
can reflect both a change of environment due to the translocation
to the membrane of a native protein and a de-quenching due to a
local unfolding process. This increase occurs simultaneously with
the binding to the interface (see below, system III). The same mix-
ing experiment, but in the presence of a soluble quencher, system
II, was of major importance to understand the binding-conforma-
tional change mechanism: Fig. 1B shows a lag time of about
5–10 s in which the fluorescence was not increasing. Within this
time span, an increase in the fluorescence intensity was observed
in the absence of acrylamide (Fig. 1A), and the fluorescence was
quenched by the probe anchored to the membrane (system III
Fig. 1C). Therefore, we concluded that L-BABP increased the expo-
sure of Trp6 to the aqueous environment at the same time that it
was bound to the membrane. The compensation of the fluores-
cence changes due to these processes resulted in a steady value
of fluorescence during the first portion of the curve in Fig. 1B. After
the lag-time, the fluorescence intensity in system II increased, indi-
cating that the Trp6 was removed from the contact with the aque-
ous medium. We propose that this shielding is due to partial or
total burial of the residue into the lipid membrane. Mixing of L-
BABP with anionic lipid membranes containing 5% of NBD-PE pro-
duced a decrease in the fluorescence intensity as shown in Fig. 1C.
Because the energy transfer depends only on the distance between
the donor and the plane of acceptors, we can associate this de-
crease with the binding process and location within the lipid polar
head group independently of the protein conformation. These
observations led us to propose the existence of two locations in
the interface for an unfolded or partly unfolded state, U, according
to the following kinetic model:

Ns!
k1 Uint!

k2 Umemb
Please cite this article in press as: V. Galassi et al., Kinetics of lipid-membrane b
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Ns is the native protein in the aqueous phase, Uint is a partly un-
folded protein located in the interface, within the lipid polar head
group region, in a place in which the protein is still in contact with
the aqueous face. The existence of this state, populated during the
first 5–10 s, is revealed by the observation that the protein was
bound to the interface according to Fig. 1C and had an increased
accessibility to acrylamide, as depicted in Fig. 1B and D. Umemb is
a partly unfolded state in which Trp6 is further penetrating into
the polar head group region, segregating Trp6 from the contact with
the aqueous medium. This state is evidenced by the increase in fluo-
rescence intensity in system II, after a lag time of about 5–10 s.

The solutions of the differential equations for this model are
[12]:

½Ns�ðtÞ ¼ ½Ns�0e�k1t ð4Þ

½Uint�ðtÞ ¼ ½Ns�0
k1

k2 � k1
ðe�k1t � e�k2tÞ ð5Þ

½Umemb�ðtÞ ¼ ½Ns�0 1� ðk2e�k1t � k1e�k2tÞ
k2 � k1

� �
ð6Þ

To fit the experimental curves, we introduced these time-depen-
dent concentrations in (1)–(3). For system I, the resulting equation
is

FoðtÞ ¼ FNS
o ½Ns�0e�k1t þ FUI

o ½Ns�0
k1

k2 � k1
ðe�k1t � e�k2tÞ

þ FUM
o ½Ns�0 1� ðk2e�k1t � k1e�k2tÞ

k2 � k1

� �
þ fsc ð7Þ

where ½Ns�0 is the analytical concentration of the protein. FNS
o , FUI

o

and FUM
o are the fluorescence coefficients of the three species con-

tributing to the mechanism. fsc is the contribution from scattered
light.

The resulting equation to fit the curve corresponding to system
II was

FSV ðtÞ ¼
FNS

o

1þKNS
SV ½Q �

½Ns�0e�k1t þ FUI
o

1þKUI
SV ½Q �

½Ns�0
k1

k2� k1
ðe�k1t � e�k2tÞ

þ FUM
o

1þKUM
SV ½Q �

½Ns�0 1�ðk2e�k1t �k1e�k2tÞ
k2�k1

� �
þ fsc ð8Þ

where [Q] is the concentration of soluble quencher. KNS
SV , KUI

SV , and KUM
SV

are the Stern–Volmer constants for the three proposed species. It
must be noted that if the different states of the protein had the same
degree of exposure to the aqueous solvent, that is the same values of
KSV, the terms containing the Stern–Volmer constants would factor
out of the summation in Eq. (2) and the ratio between the curves
described by Eqs. (1) and (2) should be constant as a function of time.
On the other hand, if the different states had different exposure to the
aqueous environment, a time-dependent value of Fo(t)/FSV(t) would
be expected along with time-dependent changes in the populations
of states. This is clearly the case as can be observed in the ratio
between these curves shown in Fig. 1D. Measurements made with
system III were fitted according to

FET ¼
FNS

o

KNS
ET

½Ns�0e�k1t þ FUI
o

KUI
ET

½Ns�0
k1

k2 � k1
ðe�k1t � e�k2tÞ þ FUM

o

KUM
ET

þ ½Ns�0 1� ðk2e�k1t � k1e�k2tÞ
k2 � k1

� �
þ fsc ð9Þ

In this system, the traces of the stopped-flow experiment showed
an irreproducible dependence with the time after 30 s. We have
no explanation for this behaviour and decided to use only the repro-
ducible part of the curves in system III, that is up to 22 s. The inten-
sities were corrected for the inner filter effect due to NBD.

The curves obtained with the three set-ups were fitted simulta-
neously using Eqs. (7)–(9) (see Materials and methods). The values
inding and conformational change of L-BABP, Biochem. Biophys. Res. Com-



Fig. 1. Florescence of Trp6 in L-BABP as a function of time after mixing with SUVs. (A) Pure L-BABP was mixed with POPG LUVs. (B) L-BABP in the presence of 0.545 M
acrylamide was mixed wit POPG LUVs in the presence of 0.545 M acrylamide. (C) Pure L-BABP was mixed with POPG LUVs containing 5% of NBD-PE. (D) The ratio between the
curves in A and B. Concentrations in the cell after mixing were 1 mM lipid and 10 lM protein. Dark traces are the experimental results. Grey traces are the curves resulting
from the fitting process. Error bars are the standard deviation of the experimental data. The insets in panels A, B, and D are the amplification of the first portion of the
corresponding curves. Residuals: grey lines are the differences between the simulated and the experimental curves, black lines are the range of the experimental error.
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of FNS
o , FUM

o , KNS
SV , KUM

SV , KNS
ET , KUM

ET , and fsc were measured experimen-
tally and used as initial values. They were allowed to vary within
a restricted range around the experimentally measured values in
the fitting procedure. The values reached at convergence are
shown in Table 1. As a result of the fitting process we obtained
the spectroscopic parameters that characterize the intermediate
state Uint (Table 1), and the values of the kinetic constants:
k1 = (0.80 ± 0.05) s�1 and k2 = (0.017 ± 0.001) s�1. The value ob-
tained for the intrinsic fluorescence of Uint was larger than for
the native protein in solution, Ns, and similar to the bound protein
in the final state Umemb. Probably, this effect was due to the release
of Trp6 fluorescence quenching by Met107. The Stern–Volmer con-
stant for the intermediate in the interface, Uint, indicates that Trp6
Table 1
Intrinsic fluorescence intensities, Fi , Stern–Volmer quenching constants, Ki

SV , and
fluorescence attenuation factors due to energy transfer, Ki

ET , for the native protein in
dolution, Ns, partly unfolded state in the interface, Uint, and in the membrane Umemb.

Ns Uint Umemb

Fi
0 (�10�5 a.u.) 0.243 ± 0.003 0.264 ± 0.003 0.270 ± 0.005

Ki
SV (M�1) 1.96 ± 0.04 2.40 ± 0.07 1.87 ± 0.05

Ki
ET 1 1.37 ± 0.02 1.35 ± 0.04

Please cite this article in press as: V. Galassi et al., Kinetics of lipid-membrane b
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is more exposed to the aqueous medium than in the native protein
in solution and in the final Umemb state. As expected, Trp6 in Uint is
less exposed to the aqueous medium than in the acidic, partly un-
folded states in solution. Finally, the fitting procedure produced the
same values of KET for Uint and Umemb, suggesting that subtle differ-
ences in location of these states can not be discriminated by NBD
anchored to the membrane. The overall good quality of the curve
fitting, including the capacity to reproduce the lag in the increase
of fluorescence intensity in system II, strongly support the mecha-
nism proposed.

We conclude that L-BABP binds to anionic lipid membranes in a
single fast step simultaneously with a conformational change that
leads the protein to a partly unfolded state located in the mem-
brane interface. Both processes, binding and conformational
change, can be driven by electrostatic forces according to previous
results [2,8]. In a second slower step, Trp6 is shielded from the con-
tact with the water solvent, probably due to further penetration
within the polar head group region. Our Molecular Dynamics sim-
ulations show that penetration of L-BABP within the polar head
group region occurs with release of water molecules from contact
with the protein and the lipid head group [8]. It can be proposed
that this dehydration process contributes to the energetic barrier
between the species Uint and the further penetrated Umemb.
inding and conformational change of L-BABP, Biochem. Biophys. Res. Com-
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