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Abstract: The peptide hormone bradykinin (BK) (Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-Phe8-
Arg9) and its shorter homolog BK1–5 (Arg1-Pro2-Pro3-Gly4-Phe5) were labeled with the extrinsic
fluorescent probe ortho-aminobenzoic acid (Abz) bound to the N-terminal and amidated in the
C-terminal carboxyl group (Abz-BK-NH2 and Abz-BK1–5-NH2). The fragment des-Arg9-BK was
synthesized with the Abz fluorescent probe attached to the 3-amino group of 2,3-amino propionic
acid (DAP), which positioned the Abz group at the C-terminal side of BK sequence, constituting the
peptide des-Arg9-BK-DAP(Abz)-NH2. The spectral characteristics of the probe were similar in the
three peptides, and their fluorescent properties were monitored to study the interaction of the
peptides with anionic vesicles of dimyristoylphosphatidylglycerol (DMPG). Time-resolved fluores-
cence experiments showed that the fluorescence decay of the peptides was best described by
double-exponential kinetics, with mean lifetimes values around 8.0 ns in buffer pH 7.4 that
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increased about 10% in the presence of DMPG vesicles. About a 10-fold increase, compared with
the values in aqueous solution, was observed in the steady-state anisotropy in the presence of
vesicles. A similar increase was also observed for the rotational correlation times obtained from
time-resolved anisotropy decay profiles, and related to the overall tumbling of the peptides.
Equilibrium binding constants for the peptide–lipid interaction were examined monitoring anisot-
ropy values in titration experiments and the electrostatic effects were evaluated through Gouy–
Chapman potential calculations. Without corrections for electrostatic effects, the labeled fragment
Abz-BK1–5-NH2 presented the major affinity for DMPG vesicles. Corrections for the changes in
peptide concentration due to electrostatic interactions suggested higher affinity of the BK fragments
to the hydrophobic phase of the bilayer. © 2002 Wiley Periodicals, Inc. Biopolymers 65:
336–346, 2002

Keywords: bradykinin; ortho-aminobenzoic acid; dimyristoylphosphatidylglycerol vesicle; steady-
state and time-resolved fluorescence anisotropy; peptide–lipid interaction

INTRODUCTION

Bradykinin (BK) is a peptide hormone with the amino
acid sequence Arg1-Pro2-Pro3-Gly4-Phe5-Ser6-Pro7-
Phe8-Arg9. It is involved in several physiological pro-
cesses, including inflammation, vasodilation, pain,
and symptoms associated with the common cold.1–4

Two types of G-protein coupled receptors, B1 and B2,
interact with BK and related kinins: While B2 medi-
ates most of the BK actions, B1 recognizes and binds
mostly to the BK fragment des-Arg9-BK5,6. Previous
studies using circular dichroism (CD) and nuclear
magnetic resonance (NMR) showed that BK, in aque-
ous medium, has a large degree of structural flexibil-
ity,7,8 but in organic solvents, or in the presence of
amphiphilic aggregates, displayed some preferential
folded conformation.9–13 Recently, a study using
electron spin resonance (ESR) spectroscopy of spin
labels intercalated in the lipid bilayer demonstrated
that BK and some of its fragments (des-Arg9-BK,
des-Arg1-BK, and BK1–5) interact with anionic vesi-
cles of dimyristoylphosphatidylglycerol (DMPG).14

Different spin label molecules, with the paramagnetic
center at different depths of the hydrocarbon chain,
indicated that BK and fragments penetrate the bilayer,
making it less fluid in the lipid liquid crystal phase. In
the gel phase, the peptides also decrease the bilayer
fluidity, and it was found that BK displays a stronger
interaction with the membrane when compared with
the fragments. The experimental data were interpreted
as a result of not only the presence or two positively
charged Arg in BK, which would increase the local
peptide concentration at the anionic vesicle surface,
but also due to the occurrence of the hydrophobic
residue Phe in positions 5 and 8 of the amino acid
sequence. The results suggested that the peptide’s
biologic activity could be correlated with the extent of
their interaction with vesicles, supporting the hypoth-

esis of an active role of the membrane as a catalyst for
ligant–receptor interactions.15,16

Although BK has two fluorescent residues, Phe5

and Phe8, their short excitation wavelength, where
high light scattering occurs, and their low quantum
yield are the major drawbacks for the use of fluores-
cence spectroscopy in the study of this peptide. Re-
ports in the literature were limited to monitoring the
Phe fluorescence to obtain information about the in-
teraction of BK with micelles of cerebroside sulfate,
phosphatidylinositol, and sodium dodecyl sulfate.17

Alternatively, ortho-aminobenzoic acid (Abz) has
been proposed as an extrinsic fluorescent probe for
peptides. Abz’s high quantum yield, 0.6 in ethanol,18

small size, a structure comparable to those of natural
amino acids, and the possibility of connecting the
molecule to the N� amino group of peptides without
any significant change in its spectroscopic character-
istics19 qualifies it as a good extrinsic fluorescent
probe for peptides. The only exception was found
with the Abz bound directly to proline, due to the
formation of pyrrolobenzodiazepine-5, 11-dione.20

Properties of Abz-labeled peptides were studied in
aqueous medium and in the presence of sodium do-
decyl sulfate (SDS) micelles.21 Abz has also been
used as a convenient donor group in peptide se-
quences that are substrates for proteolytic enzymes,
forming a donor–acceptor pair with N-[2,4-dinitro-
phenyl]ethylenediamine (EDDnp).22,23 More re-
cently, the Abz–EDDnp pair was used to study the
conformational dynamics of BK-related peptides us-
ing Förster resonance energy transfer (FRET).24 From
time-resolved fluorescence decay profiles, end-to-end
distance distributions in water and in trifluoroethanol
(TFE) were determined, showing that a larger number
of conformational states are present in aqueous me-
dium compared to the occurrence of just one folded
conformation in equilibrium with one extended con-
formation stabilized in that organic solvent.24
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Abz has low affinity for lipids and can be used as
a probe to monitor the peptide lipid affinity. In the
present work, we investigated the use of Abz to mon-
itor the interaction of BK and some fragments with
DMPG lipid vesicles, with the aim of investigating
the importance of the lipid phase for the peptide–
membrane receptor interaction, thinking about the
possible consequences to the peptide’s biologic activ-
ity. The peptides studied were the BK native se-
quence, Abz-BK-NH2, and a fragment with charge
�1, Abz-BK1–5-NH2 (Abz-Arg1-Pro2-Pro3-Gly4-
Phe5-NH2), both having the Abz probe bound to their
N-terminal. Another fragment, des-Arg9-BK-
DAP(Abz)-NH2, was studied, with net charge �1 and
having the Abz probe bound close to the C-terminal,
attached to the peptide through the diaminopropionic
acid (DAP). The carboxy group of all peptides were
amidated. This is the first report of a peptide having
the extrinsic fluorescent probe, Abz, bound near to the
C-terminal to monitor the peptide interaction with
amphiphilic aggregates.

MATERIALS AND METHODS

Peptide Synthesis

All peptides were obtained in an automated bench-top si-
multaneous multiple solid-phase peptide synthesizer (PSSM
8 system from Shimadzu) using the solid-phase synthesis by
the Fmoc procedure. The final deprotected peptides were
purified by semipreparative high-performance liquid chro-
matography (HPLC) using an Econosil C-18 column (10
�m, 22.5 � 250 mm) and a two-solvent system: (1) triflu-
oroacetic acid (TFA)/H2O (1:1000) and (2) TFA/acetoni-
trile (ACN)/H2O (1:900:100). The column was eluted at a
flow rate of 5 mL/min with a 10 (or 30)–50 (or 60)%
gradient of solvent B over 30 or 45 minutes. Analytic HPLC
was performed using a binary HPLC system from Shimadzu
with an SPD-10AV Shimadzu uv-vis detector and a Shi-
madzu RF-535 fluorescence detector, coupled to an Ultras-
phere C-18 column (5 �m, 4.6 � 150 mm) that was eluted
with solvent systems A1 (H3PO4/H2O, 1:1000) and B1

(ACN/H2O/H3PO4, 900:100:1) at a flow rate of 1.7 mL/min
and a 10–80% gradient of B1 over 15 minutes. The HPLC
column eluates were monitored by their absorbance at 220
nm and by fluorescence emission at 420 nm following
excitation at 320 nm. The molecular weight and purity of
synthesized peptides were checked by MALDI-TOF mass
spectrometry (TofSpec-E, Micromass) and/or peptide se-
quencing using protein sequencer PPSQ-23 (Shimadzu, To-
kyo, Japan).

Materials

The sodium salt of the phospholipid DMPG (1,2-dimyris-
toyl-sn-glycero-3-phospho-rac-glycerol) was purchased

from Avanti Polar Lipids (Birmingham, AL). The HEPES
(4-(2-hydroxyethyl)-1-piperizineethanesulfonic acid) and
SDS, used without additional purification, were obtained
from Sigma Chemical Co. (St. Louis, MO). The HEPES
buffer, adjusted with NaOH to pH 7.4, was used at 0.01M
concentration.

Vesicles Preparation
Lipid vesicles were prepared by the method of extrusion25

A lipid film was formed from a chloroform solution of
lipids, dried under a stream of N2, and left under reduced
pressure for a minimum of 2 hours to remove all traces of
the organic solvent. The film was resuspended in Hepes
buffer by vortexing to a concentration of 2 mM. The sus-
pension was then extruded through polycarbonate mem-
branes at 30°C, above the DMPG gel-to-fluid phase transi-
tion.26 The extrusion final step consisted in the use of
0.1-�m pore diameter polycarbonate membranes, resulting
in large unilamellar vesicles (LUVs).

Measurements
Optical absorption measurements were performed using an
HP 8452 A diode array spectrophotometer. For steady-state
fluorescence experiments, we employed a Fluorolog 3 Jobin
Yvon–Spex spectrometer. Excitation and emission slits of
1- or 2-nm bandpass were used depending on the fluores-
cence intensity of the sample. The steady-state fluorescence
anisotropy was measured at a wavelength emission of 418
nm, with excitation in 310 nm, using Glan Taylor polarizers
in an L-format configuration. The values of the fluorescence
anisotropy were the averages of three measurements. The
temperature was controlled with a refrigerated circulating
bath.

Time-resolved experiments were performed using an
apparatus based on the time-correlated single-photon count-
ing method. The excitation source was a Tsunami 3950
Spectra Physics titanium–sapphire laser, pumped by a 2060
Spectra Physics argon laser. The repetition rate of 5-ps
pulses was set to 400 kHz using the Pulse Picker 3980
(Spectra Physics). The laser was tuned to give an output at
930 nm, and a third harmonic generator BBO crystal
(GWN-23PL Spectra Physics) gave the 310-nm excitation
pulse that was directed to an Edinburgh FL900 spectrome-
ter. The emission wavelength was selected by a monochro-
mator and emitted photons were detected by a refrigerated
Hamamatsu R3809U microchannel plate photomultiplier.
The FWHM of the instrument response function was typi-
cally 45 ps, determined with a time resolution of 6.0 ps per
channel. Measurements were made using a time resolution
of 12 or 24 ps per channel. Software provided by Edinburgh
Instruments was used to analyze the decay curves and the
adequacy of the exponential decay fitting was judged by
inspection of the plots of weighted residuals and statistical
parameters such as reduced chi-square.

Analysis of Peptide–Lipid Interaction
Considering an infinite number of available sites for a
ligand, the partition of noninteracting molecules between
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the aqueous and lipid phases can be analyzed in a simple
manner, just allowing for the volumes of the two phases:

KP �
nM/VM

nH2O/VH2O
�

CM

CH2O
(1)

where Kp is the so-called partition coefficient, nM and nH2
O

are the numbers of ligand moles in the membrane and water,
respectively, and VM and VH2

O are the membrane and water
volumes, respectively. For diluted samples, VH2

O is as-
sumed to be equal to the total sample volume (Vt).

Equation (1) can be rewritten as a function of the bound
(Pb, in the membrane), free (Pf in aqueous medium), and
total (Pt � Pb � Pf) ligand (peptide) concentration:

Kp �
�Pb�

�Pf�

Vt

VM
; hence �Pb� �

Kp�Pt�VM

�KpVM � Vt�
(2)

If the molecule (peptide) is a fluorophore, displaying
different fluorescence anisotropy values in the aqueous and
lipid phases, A0 and Amax, respectively, the fluorescence
anisotropy measured for a given sample will be

A �
�Pb�

�Pt�
Amax �

�Pf�

�Pt�
A0 (3)

Equations (2) and (3) can be put together to yield an
expression for the variation of the peptide fluorescence
anisotropy as a function of the lipid concentration [Lt]:

A

A0
�

Kp�Lt�Mw/�

1 � �Kp�Lt�Mw/�� �Amax

A0
� 1� � 1 (4)

where Mw and � are the lipid molecular weight and density
(� was assumed to be 1 kg/L), respectively, and the equality
VM/Vt � �Lt] (Mw/�) was used.

Alternatively, in the case of a limited number of avail-
able sites for noninteracting ligands in the membrane, the
ligand/macromolecule binding model that leads to the Scat-
chard equation can be used27:

�Lb�/�Mt�

�Lf�
�

m

k
�

�Lb�/�Mt�

k
(5)

but adapted to the peptide membrane/aqueous partition
problem: [Lb] and [Lf], are, respectively, changed to [Pb]
and [Pf]; the total macromolecule concentration, [Mt], is
changed to total amphiphilic aggregates concentration (ves-
icles or micelles), [Aggt]; m becomes the number of avail-
able sites in the aggregate (and not in the macromolecule);
and k is the microscopic dissociation constant for the pep-
tides in the aggregates. Considering that N0, the number of
lipids per aggregate (vesicle), can be written as N0 � mn,
where n is the number of lipids per binding site,

�Lb�/�Mt� � �Pb�/�Aggt� � �Pb�/��Lt�/N0�

Therefore, Eq. (5) can be written as

�Pb�No

�Lt��Pf�
�

m

k
�

�Pb�No

�Lt�k

and considering N0 � mn

�Pb�

�Lt��Pf�
�

1

nk
�

�Pb�

�Lt�k
(6)

As expected, the final Eq. (6) does not depend on N0 or m,
as the problem considered here is the partitioning of a
molecule into two phases, a lipid and an aqueous phase,
with the former having a limited number of available sites.
Taking that equation together with Eq. (3), it is possible to
write an expression for the variation of the peptide fluores-
cence anisotropy as a function of the total concentration of
lipids for a limited number of available sites in a membrane:

A

A0
�

��Amax/Ao� � 1�

2�Pt�n
�b � �b2 � 4�Pt��Lt�n�1/2� � 1 (7)

where b � [Lt] � [Pt]n � nk.
For the usual linear Scatchard plot, Eq. (3) was rewritten

as

�Pf� � �Pt�
Amax � A

Amax � A0
(8)

For each lipid concentration [Lt], and the corresponding
measured A value, the values of [Pf] and [Pb] � [Pt] � [Pf]
were calculated. The plotting of [Pb]/[Lt][Pf] v. [Pb]/[Lt]
should be a straight line, allowing the calculation of k and n
[Eq. (6)].

Electrostatic Correction

The electrostatic effect on peptide–membrane interaction
can be examined using procedures based on the Gouy–
Chapman theory.28 The binding of positively charged pep-
tides results in a partial neutralization of negatively charged
membrane, decreasing the surface charge density and, con-
sequently, the surface potential. The vesicle surface charge
density (�) is given by28

� � e0�zLXL � zpXb�/aL�1 � Xbap/aL� (9)

where e0 is the elementary charge, XL is the mole fraction of
charged lipids (of charge ZL), Zp is the charge of the peptide,
aL and ap are the surface areas of lipid and peptide, respec-
tively, and Xb is X/0.56, and X � [Pb]/[Lt]. Here, only the
outer membrane surface is involved in the electrostatic
attraction and the factor 0.56 accounts for the fractional
concentration of lipids in the outer surface of the vesicles
with a 100-nm diameter.29 In the calculations, we used 60
Å2 for aL

30 and �0.6 for zLXL to take into account the
Na�-PG association constant.26 The value of ap used for
Abz-BK-NH2 and des-Arg9-BK-DAP(Abz)-NH2 was 200
Å2 and for Abz-BK1–5-NH2 100 Å2, following values pro-
posed in the literature.30
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The surface charge density � generates a surface poten-
tial that, in the high potential approximation, can be written
as

	0 � �
kBT

e0
ln

�2

2		0kBT � ci
(10)

where kB is the Boltzmann constant, 	 is the medium di-
electric constant, 	0 is the permittivity of free space, 
ci is
the total bulk ionic strength (in M/L) and T is the absolute
temperature. The charged membrane influences the distri-
bution of charged molecules in the medium. The cationic
peptide concentration at the membrane surface [Pm] and in
the bulk phase [Pf] will be related through the Boltzmann
equation:

�Pm� � �Pf�e�Zp	o	okBT (11)

The concentration of peptides at the membrane surface
[Pm] were then used in Scatchard plots [Eq. (6)] to analyze
the electrostatic effects in the peptide–membrane interac-
tion.

RESULTS AND DISCUSSION

Spectroscopic Properties in Aqueous
Solution

The optical absorption and fluorescence emission
spectral characteristics of the Abz-labeled BK frag-
ments are similar to those observed for the peptide
Abz-BK-NH2.24 The optical absorption band associ-
ated to the IA3 Lb transition,31 which occurs in 310
nm in free Abz in buffer pH 7.4, is also displaced to
316 nm in the fragments Abz-BK1–5-NH2 and des-
Arg9-BK-DAP(Abz)-NH2. The maximum of the flu-
orescence emission of the peptides is at 418 nm (Fig-

ure 1), red shifted compared to the emission of free
Abz in water, which is located at 396 nm. The binding
of Abz to the DAP group in the C-terminal of the
peptide des-Arg9-BK-DAP(Abz)-NH2 resulted in
spectral characteristics similar to those observed when
the fluorophore was bound to the N-terminal of ami-
noacids and peptides.19,21

The time-resolved fluorescence decay of the three
peptides was also examined (Figure 2). We observed
that in peptides with Abz bound to the N-terminal,
Abz-BK-NH2 and Abz-BK1–5-NH2, the decay kinet-
ics, in buffer pH 7.4, were practically monoexponen-
tial, dominated by lifetimes of 8.03 and 7.99 ns,
respectively, accounting for 98% of the total emission
(Table I). Those values are smaller than the lifetime of
8.4 ns obtained from the monoexponential decay of
free Abz in aqueous solution and comparable to 8.1 ns
previously measured for Abz-Arg-NHCH3,19 indicat-
ing some quenching effect in the Abz emission due to
its binding to the Arg residue. There was also some
contribution (2% of the total emission) from a short
lifetime component around 0.50 ns with normalized
preexponential factor of circa 0.20 (Table I). The
presence of the short component was necessary to
adequately fit the experimental decay curve, and sug-

FIGURE 1 Optical absorption (a) and fluorescence emis-
sion (b) spectra of Abz-BK-NH2 (10�5M) in Hepes buffer,
0.01M, pH 7.4, at 30°C.

FIGURE 2 Fluorescence decay curves of Abz-BK-NH2

(a) in aqueous solution and (b) in the presence of 0.5 mM of
DMPG at 30°C. The decay was fitted with a double-expo-
nential function (data in Table I). The quality of the fit is
indicated by the weighted residual and the autocorrelation
function shown in the upper panels.
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gests that part of the fluorophore population is sub-
jected to a different quenching process. A mean life-
time �
� for the decay was calculated as a simple
weighted average value, from the individual lifetimes

i, and the corresponding normalized preexponential
factors �i. The values obtained for Abz-BK-NH2 and
Abz-BK1–5-NH2 were slightly below 8.0 ns, a typical
value for Abz bound to amino acids and peptides.19,21

The decay of the peptide having Abz bound to the
C-terminal, des-Arg9-BK-DAP(Abz)-NH2, was dom-
inated by a long lifetime of 8.52 ns, with some con-
tribution (7% of the total emission) from a 3.72-ns
component (Table I). The calculated mean lifetime
was 8.16 ns, higher than those found for the two other
peptides, indicating that Abz bound to diaminopropi-

onic acid is not affected by the quenching effects
present when Abz is bound to the Arg residue.

The steady-state anisotropy of Abz in aqueous
solution was 0.005  0.005, and the time-resolved
anisotropy decay was fitted to a monoexponential
function with rotational correlation time equal to 44
ps, indicating a fast and isotropic movement for the
molecule in aqueous medium. The three peptides in
buffer presented low and similar values for the steady-
state anisotropy, around 0.012  0.005.

At least two exponentials were required to fit the
data for the time-resolved anisotropy decay (Figure 3
and Table II): one short time ranging from 46–113 ps,
and a longer one, between 330 and 420 ps. Biexpo-
nential anisotropy decay is commonly observed in

Table I Time-Resolved Fluorescence Parameters for the Peptides in Solution and in the Presence of DMPG, in
HEPES Buffer, 0.01M, pH 7.4, 30°C

System 
1 (ns) 
2 (ns) �1 P1 �
� �2

Abz-BK-NH2 8.03 0.46 0.79 98 7.95 1.09
� 0.5 mM DMPG 9.24 4.52 0.79 89 8.72 0.99

Abz-BK1–5-NH2 7.99 0.56 0.82 98 7.87 1.07
� 0.5 mM DMPG 8.81 4.25 0.78 88 8.27 1.06

des-Arg9-BK-DAP(Abz)NH2 8.52 3.72 0.85 93 8.16 1.04
� 0.5 mM DMPG 9.64 4.75 0.76 87 9.02 0.98


i, fluorescence lifetimes; �1, normalized preexponential factor for the long component; P1 percentile contribution of the long component;
�
�, mean lifetime. Excitation wavelength was 316 nm and emission 418 nm. The standard errors in the values of 
 and � were 0.01 ns and
0.01, respectively. The �2 values for the fits are also shown.

FIGURE 3 Fluorescence anisotropy decay of Abz-BK1–5-NH2 (a) in aqueous solution and (b) in
the presence of 0.9 mM of DMPG at 30°C. Excitation and emission wavelengths were 310 and 420
nm, respectively. The decay was fitted with a double-exponential function (data in Table II).
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peptides and proteins, and the short correlation time is
usually ascribed to the local probe motion while the
long correlation time is related to the overall tumbling
of the whole peptide.24,32 Considering that both short
and long correlation times were longer for Abz bound
to BK, it seems that, in the native hormone, the local
movement is slower and the peptide as a whole is also
tumbling slightly slower, as expected for a larger
molecule compared with the fragments.

Spectroscopic Properties in Lipid
Medium

Experiments on the interaction of peptides with lipids
were carried out adding small amounts of concen-
trated lipid vesicle dispersion to the peptide solution,
maintaining the peptide concentration approximately
constant (10�5M). At lipid concentrations such that
the peptides supposedly were completely bound to
DMPG vesicles (see titration curves as discussed be-
low), we observed that the fluorescence emission
spectrum of Abz-BK-NH2 was shifted to lower wave-
lengths (412 nm). The change in the spectral position
can be attributed to transfer of Abz from the aqueous
medium to the vesicle hydrophobic microenviron-
ment, similar to that observed for the intrinsic fluo-
rescent probe tryptophan, present, for instance, in
melanotropins.33,34 The results are in agreement with
measurements made with Abz-BK-NH2 in trifluoro-
ethanol and ethanol, solvents less polar than water,
where a blue shift was observed in the Abz emission
spectrum.24 A same blue shift was also observed in
the interaction of Abz-BK-NH2 with anionic micelles
of SDS (results not shown).

The decay kinetics of the peptides in the presence
of lipid vesicles was also best fitted to a biexponential
function (Table I) and the preexponential factors in
water and lipid media were similar, indicating the
absence of interconversion between the two different

species that could be originating the different life-
times. For all peptides, the Abz longer lifetime 
1

slightly increased in the presence of lipid vesicles.
Moreover, for Abz-BK-NH2 and Abz-BK1–5-NH2 the
short lifetime raised significantly, from 0.5 to more
than 4.0 ns. The short lifetime for des-Arg9-BK-
DAP(Abz)-NH2 was already relatively large in aque-
ous solution (3.72 ns), so only a small increase to 4.75
ns was observed in the presence of DMPG vesicles.
The long lifetime for this BK fragment attained the
highest value among the peptides studied. Hence, for
the three peptides studied here the Abz mean lifetime
increased in the presence of lipid vesicles and that
increase, compared to the values obtained in aqueous
solution, suggests the peptides’ penetration into the
lipid bilayer, which would reduce the nonradiative
decay process driven by the fluorophore–water inter-
action.

The steady-state fluorescence anisotropy (A) of the
Abz-labeled peptides in the presence of saturating
amount of lipids showed a significant increase com-
pared with the values measured in aqueous solution.
We observed an increase from 0.012 presented by the
peptides in water to 0.129 for Abz-BK-NH2, 0.091 for
des-Arg9-BK-DAP(Abz)-NH2, and 0.084 for Abz-
BK1–5-NH2 in the presence of DMPG vesicles (Table
II). Therefore, the anisotropy data also indicates that
the Abz group inserts into the membrane, having its
mobility significantly reduced. It is interesting to
point out that the restriction to movement is more
pronounced in the labeled native peptide Abz-BK-
NH2 as compared to the fragments, suggesting a more
effective interaction of the labeled native peptide with
the lipid vesicles.

Typical anisotropy decay of Abz-BK1–5-NH2 in
solution and in the presence of DMPG vesicles are
shown in Figure 3. The parameters resulting from the
fits to exponential curves are presented in Table II for
the three peptides in the presence of a lipid saturating

Table II (A) Steady-State Anisotropy (�i) Rotational Correlation Times, and (�i) Preexponential Factors for the
Peptides in Solution and in the Presence of DMPG, in HEPES Buffer, 0.01M, pH 7.4, 30°C

System A �1 (ns) �2 (ns) �1 �2 �2

Abz-BK-NH2 0.013 0.113  0.015 0.42  0.04 0.190 0.126 0.986
�DMPG [0.64 mM] 0.129 0.36  0.03 6.93  0.45 0.126 0.124 1.080

Abz-BK1–5-NH2 0.012 0.065  0.01 0.33  0.02 0.162 0.170 1.016
� DMPG [0.92 mM] 0.084 0.23  0.01 4.25  0.20 0.128 0.095 1.045

des-Arg9-BK-DAP(Abz)NH2 0.011 0.046  0.01 0.34  0.03 0.225 0.161 0.972
�DMPG [0.5 mM] 0.091 0.14  0.02 4.2  0.3 0.114 0.095 1.066

Errors in preexponential factors (�i) ranged between 5 and 10%.
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concentration and compared with the values obtained
in aqueous solution. Like in aqueous solution, in the
presence of DMPG the anisotropy decays were also
best fitted to biexponential functions, but with a sig-
nificant increase in both short and long rotational
correlation times. For Abz-BK-NH2 in the presence of
0.65 mM of DMPG, we observed an increase in the
short component (113 ps in solution and 360 ps in
DMPG) and a more significant increase in the long
component (0.42 ns in solution and 6.93 ns in
DMPG). As mentioned before, the biexponential an-
isotropy decay is interpreted as resulting from the
local motion of the probe (fast decay component) and
the overall tumbling of the whole peptide (slow decay
component). The results in the presence of lipid ves-
icles can also be compared to the values of 280 ps and
1.34 ns of the short and long rotational correlation
times, respectively, obtained for Abz-BK-NH2 in tri-
fluoroethanol,24 a solvent with viscosity significantly
higher than that of water. Thus, the increase in both
rotational correlation times is consistent with the in-
sertion of the probe in the viscous environment of the
lipid bilayer. That increase for Abz bound to the
fragments was also significant but less pronounced
than observed in Abz-BK-NH2. This result is in ac-
cord with that obtained with steady-state fluorescence
anisotropy, suggesting that Abz-BK-NH2 penetrates
deeper in the bilayer than the fragments. It is also
possible that electrostatic effects contribute to the
higher degree of restriction to movement of that pep-
tide. The interaction of the negative charges of the
vesicle surface with the two positively charged Arg
residues of Abz-BK-NH2 should be stronger than the
interaction with the single charged fragments.

Peptide Aqueous/Membrane Partition

To measure the peptide partition into the lipid phase,
small amounts of a concentrated lipid vesicle suspen-
sion were added to the peptide solution and changes in
different Abz fluorescence parameters were exam-

ined, like spectral position, intensity, anisotropy, and
lifetime. Among them, we chose to monitor the lipid–
peptide interaction by following the changes in the
steady-state fluorescence anisotropy of Abz, as this
parameter gave the most reproducible results. The
experimental lipid titration curves for the three pep-
tides are presented in Figure 4. They were analyzed
considering the two models discussed in Materials
and Methods. The best fittings (applying a least-
square procedure) obtained considering an infinite
number of available sites for the peptides in the mem-
brane [broken lines in Figure 4 correspond to Eq. (4)]
are obviously distant from the experimental data for
the three peptides. However, the data could be well
fitted with Eq. (7) (solid lines in Figure 4), which
models a membrane with a restricted number of avail-
able sites. The number of bound lipids per peptide
(the size of the binding site) and the microscopic

FIGURE 4 Relative increase in fluorescence anisotropy
of (Œ) Abz-BK-NH2, (�) des-Arg9-BK-DAP(Abz)-NH2,
and (F) Abz-BK1–5-NH2 in the presence of DMPG vesicles.
Excitation is at 316 nm and emission fixed at 420 nm.
Peptide concentration 10�5M, in 0.01M Hepes buffer, pH
7.4, 30°C. A0 represents the fluorescence anisotropy without
lipid. The lines represent the theoretical fittings obtained
with Eq. (4), broken lines, and Eq. (7), solid lines.

Table III Binding Parameters of Peptides to DMPG Vesicles in 0.01M Hepes Buffer, pH 7.4, 30°C

Peptides

Fit Eq. (7) Scatchard Plot Scatchard Correcteda

k (�M) n k (�M) n k (mM) n

Abz-BK-NH2 0.18  0.05 17  1 0.15  0.02 17  1 220  20 17  1
des-Arg9-BK-DAP(Abz)-NH2 1.1  0.3 7  1 0.9  0.3 8  1 1.3  0.4 7  1
Abz-BK1-5-NH2 0.09  0.07 30  2 0.25  0.11 26  2 0.49  0.5 26  2

Results obtained from fit to Eq. (7) and from Scatchard plot Eq. (6).
a Electrostatic corrected values were obtained from the Scatchard plot, making the corrections presented in Eqs. (8), (9), and (10).
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dissociation constant are presented in Table III for the
three peptides.

The fitting according to Eq. (7) can be compared to
the usual linear Scatchard plot (see Material and
Methods). The values of the dissociation constant and
the number of lipids bound per peptide determined
from the plot of X/[Lt] vs. [Pb]/[Lt], where X � [Pb]/
[Pf] [Figure 5(a)], are comparable to those resulting
from the fitting of the titration curves (Table III).
Large uncertainties are present in the dissociation
constants for Abz-BK1–5-NH2 obtained from both
procedures.

From the values of k and n, we can observe that the
fragment des-Arg9-BK-DAP(Abz)-NH2 presents the
higher dissociation constant (lower membrane affin-
ity) and the affinities of the two other peptides for
DMPG vesicles are roughly similar. However, the
number of lipid molecules involved in the interaction
with the small fragment is much higher than the
values obtained for the other peptides (see Table III).
This is contrary to the expectation that a smaller
number of lipid molecules should be interacting with
the small peptide, a result that merits further investi-
gation.

FIGURE 5 Scatchard plot (X/[Lt] vs [Pb]/[Lt], where X � [Pb]/[Pf]), for the binding of (Œ)
Abz-BK-NH2, (�) des-Arg9-BK-DAP(Abz)-NH2, and (F) Abz-BK1–5-NH2 to DMPG vesicles in
0.01M Hepes buffer, pH 7.4, 30°C (a). Plots in (b) (X � [Pm]/[Pf]) are from concentrations corrected
for electrostatic interactions. The inset allows better visualization of data for Abz-BK-NH2 (Œ).
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Electrostatic Effects

The electrostatic effect on the binding of Abz-BK-
NH2 (with two positives charges), des-Arg9-BK-
DAP(Abz)-NH2, and Abz-BK1–5-NH2 (both with
only one positive charge) to DMPG was examined
using procedures based on the Gouy–Chapman the-
ory,28 largely employed in the literature to evaluate
the electrostatic effect on the binding of charged pep-
tides to acidic lipids33–36 and explained in Materials
and Methods.

As for uncorrected data, Scatchard analysis was
performed taking into account electrostatic effects
using the concentration of peptides at the membrane
surface [Pm] calculated according to Eqs. (9), (10) and
(11). The use of [Pm] instead of [Pf] means that the
binding of the peptides to the membrane is determined
considering the interaction between lipids in the bi-
layer and peptides accumulated near to the vesicle
surface due to the electrostatic effects. The net charge
considered in the calculations was �1 for lipids, �2
for Abz-BK-NH2, and �1 for the BK fragments,
des-Arg9-BK-DAP(Abz)-NH2 and Abz-BK1–5-NH2.

The values of k and n obtained from electrostatic
corrected Scatchard plots [Figure 5(b)] for the frag-
ments with net charge �1 are three orders of magni-
tude higher than those calculated without considering
the electrostatic effects (Table III). However, the
number of bound lipids per peptide, n, is not affected
by the electrostatic correction that accounts just for
the increase in the concentration of peptides close to
the surface of the vesicles. Therefore, the awkward
large number of bound lipids obtained for the frag-
ment Abz-BK1–5-NH2 does not change with electro-
static corrections only.

Electrostatic interaction is responsible for the in-
crease in the concentration of cationic peptides near
the surface of anionic vesicles and the effect should be
more pronounced for Abz-BK-NH2, which has two
positive charges. In fact, in Figure 5(b) the numbers
for Abz-BK-NH2 in the vertical axis are two orders of
magnitude lower than those for the other peptides.
Despite this, the inset in Figure 5(b) shows that the
plot for the native peptide is linear. The value of the
corrected dissociation constant is higher for that pep-
tide compared to the results obtained for the labeled
fragments that present charge �1. Thus, corrections
for the changes in peptide concentration due to elec-
trostatic interactions lead to indications of higher af-
finity of the fragments to the hydrophobic phase of the
bilayer. The effective charge of BK could possibly be
lower than �2, as found for other cationic peptides,
but even using a somewhat smaller nominal charge
the Abz-BK-NH2 lipid affinity is still lower than that

presented by the fragments. For example, using a
charge of �1.5 for BK the dissociation constant is
6.78 mM, still higher than the values obtained for the
fragments.

CONCLUSIONS

In this articles we examined BK and derived peptides
labeled with the fluorescent probe Abz. In BK and
BK1–5, the probe was bound to the nitrogen atom from
the amino terminal group of the peptide, while in
des-Arg9-BK it was bound to the amino nitrogen of
the DAP group attached to the carboxy terminal of the
peptide. In both cases, we observed that the absorp-
tion band of the free probe in water solution shifted
from 310 to 316 nm and the fluorescence emission
displaced from 396 to 420 nm. In aqueous solutions,
lifetimes for the probe in the three peptides were also
similar, around 8.0 ns. Steady-state anisotropy gave
information about rotational movement of the probe
and the peptide as a whole, and no differences could
be detected among the peptides in water solution.
From time-resolved anisotropy, we verified that Abz
bound to the native hormone has a somewhat slower
movement than that bound to the fragments. The
results as a whole indicated that the general spectral
characteristics of the probe seem independent of the
binding position in the peptide chain.

Interaction of the labeled peptides with DMPG
vesicles was ascertained by examination of emission
peak displacements, changes in lifetime, and anisot-
ropy upon addition of vesicles to the peptide solution.
The increase in steady-state anisotropy and rotational
correlation times obtained from anisotropy decay pro-
files are more pronounced for Abz-BK-NH2. Within
experimental errors, anisotropy results for the two
fragments are similar, indicating that they present
higher mobility in the membrane compared with the
labeled native peptide. Taking into account the cor-
rections due to the vesicle surface potential, and,
consequently, to the peptide concentration near the
vesicles, the dissociation constant is higher for Abz-
BK-NH2 than for the fragments. Compared to Abz-
BK-NH2, the lipid–water partition equilibrium of the
labeled fragments is more effectively displaced to the
hydrophobic phase of the bilayer.

The fluorescence measurements indicated that the
three peptides studied here penetrate into the lipid
phase of DMPG vesicles and that is certainly related
to the changes in the membrane fluidity observed
using ESR probes.14 It is interesting to note that
fluorescence experiments detect differences in the be-
havior of the peptides interacting with the fluid phase
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of DMPG vesicles, which were not observed using
ESR to monitor the effects of the interaction in the
membrane fluidity. The greater affinity of the B2-type
receptor for BK can be associated to regions of the
protein with negative charges, increasing the degree
of interaction of the hormone. The loss of Arg9 resi-
due reduces the electrostatic effects and favoring the
interaction with hydrophobic regions of the B1-type
receptor, can contribute to the consequent receptor
selectivity to that fragment.

The authors thank the Brazilian agencies FAPESP and
CNPq for financial support. R.F.T. thanks FAPESP for a
fellowship.
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