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Abstract FRET (Förster Resonance Energy Transfer) was
applied to study structural properties of heparin-binding pep-
tides containing the sequence XBBBXXBX where ‘X’ repre-
sents hydropathic or uncharged and ‘B’ represents basic ami-
no acids. Internally quenched fluorogenic peptides were syn-
thesized containing the fluorescent donor oaminobenzoic acid
(o-Abz) and the acceptor dinitrophenyl ethylenediamine
(Eddnp) group. Using the CONTIN computational package,
distance distributions were recovered from time resolved fluo-
rescence data, associated to end-to-end distances of the pep-
tides. The peptides containing three or four repeat units have
random structure in aqueous medium, and the interaction with
low molecular weight heparin stabilized short end-to end
distances. Experiments in water/trifluoroethanol (TFE) mix-
tures showed changes in distance distributions compatible

with compact conformations stabilized above 40 % volume
content of TFE in the mixture. Similar changes in distance
distributions were also observed for the peptides in interaction
with SDS micelles in aqueous suspensions and circular di-
chroism data revealed alpha-helix formation in the peptides in
interaction with heparin, SDS micelles or the co-solvent TFE.
The process is dependent on electrostatic and hydrogen bond
interactions and the end-to-end distances obtained are smaller
than expected for the peptides in linear α-helix conformation,
indicating the occurrence of structural arrangements leading to
additional decrease in the distances.

Keywords Glycosaminoglican .Cardinmotif peptides .Time
resolved fluorescence . Forster resonant energy transfer .

Intramolecular distance . Internally quenched fluorogenic
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Introduction

Glycosaminoglycans (GAGs), linear polysaccharides
consisting of a repeating disaccharide unit, bind to a large
number of proteins, playing an essential role in the regulation
of various physiological processes [1]. Heparin, a glycosami-
noglycan, is a linear polymer consisting of repeating units of
1-4-linked pyranosyluronic acid and glucosamine, widely
used as an anticoagulant drug based on its ability to accelerate
the rate at which antithrombin inhibits serine proteases throm-
bin and factor Xa in the blood coagulation cascade [2–5].
Undesirable side effects of heparin, such as heparin-induced
thrombocytopenia (HIT) led to the development of low-
molecular-weight (LMW) heparin fractions [6–8].

Protamine, a heterogeneous, sometimes toxic protein mix-
ture is commonly used to neutralize the anticoagulant activity
of heparin in humans [9, 10]. Research on synthetic heparin-
binding peptides aimed to neutralize the effects of heparin as
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an alternative to protamine has been tried because of the side
effects of this mixture of arginine-rich basic peptides [11–14].
Verrechio and co-workers [15] described the design and char-
acterization of high affinity heparin binding peptides synthe-
sized based in the heparin-binding consensus sequences
XBBXBX and XBBBXXBX (where ‘X’ represents hydro-
pathic or uncharged amino acids, and ‘B’ represents basic
amino acids) [16]. Spectroscopic studies using CD and
NMR techniques showed structural changes in peptides con-
taining XBBBXXBX sequences from random coil to α-helix
conformation due to interaction with heparin as well as in the
presence of cosolvents like trifluoroethanol (TFE) [17] or lipid
aggregates [18]. It was observed that arginine and lysine rich
peptides have high affinity to heparin, and structural changes
are associated to ionic interactions and hydrogen bond forma-
tion [19, 20]. Molecular modeling and computational simula-
tions stressed that the spatial arrangement of charged residues
have important role in the interaction between peptides and
heparin [19, 21].

Among the several fluorescence spectroscopy techniques,
those based on energy transfer have been employed to study
biomacromolecules and processes involving internal structure
of proteins. Peptides containing a fluorescent group (donor) at
one end and a quencher group (acceptor) at the other end have
been synthesized and used as substrates for protease assays,
examining the increase in fluorescence with the progression of
enzymatic hydrolysis due to the elimination of donor-acceptor
intramolecular energy transfer [22, 23]. Ortho-Aminobenzoic
acid (o-Abz) is a small fluorescent probe, with size and
structure comparable to those of natural amino acids, and
has been used as a convenient donor group, forming a
donor-acceptor pair with N-[2,4-dini t rophenyl]-
ethylenediamine (EDDnp) in internally quenched fluorogenic
(IQF) peptides, employed for example in the investigation of
proteases as human tissue kallikrein [24, 25]. The spectro-
scopic characteristics of o-Abz bound to amino acids and
small peptides have been studied in aqueous medium [26]
and in different solvents [27, 28], as well as in interaction with
amphiphilic aggregates like micelles and vesicles [29–31].

Time-resolved fluorescence data were used in FRET stud-
ies to obtain intramolecular distances. The conformacional
flexibility of IQF peptides was investigated through the anal-
ysis of the complex decay kinetics of peptides labeled with
donor and acceptor groups, and the program CONTIN was
developed to recover donor-acceptor distance distribution f(r)
[32–35]. In studies about the heparin binding peptides, IQF
peptides were synthesized base on the sequence published by
Verrechio and co-workers [15] and their interaction with
LMW heparin was studied by different spectroscopic tech-
niques, including time resolved fluorescence [36]. Among the
peptides investigated, the one with sequence o-
Abz-(ARKKAAKA)4-Q-EDDnp (hereafter written as RKK-
4) showed higher affinity to LMW heparin compared to the

shorter peptide with sequence o-Abz-(ARKKAAKA)3-Q-
EDDnp (hereafter called RKK-3). It was observed by circular
dichroism spectroscopy that the conformation of the long
peptide changed from random coil in buffer to 89.6 % alpha-
helix content after addition of LMW heparin [36].

In this work we investigated the conformational changes in
the IQF peptides RKK-4 and RKK-3 induced by interaction
with heparin, by time-resolved fluorescence spectroscopy.
The decay kinetics of the peptides was fitted to multi-
exponential curves and the program CONTIN was employed
to recover the donor-acceptor distance distribution f(r) from
the experimental decays, both in buffer solution as in interac-
tion with LMW heparin. In order to evaluate the contribution
due to electrostatic interactions, experiments were performed
also in the presence of anionic micelles of sodium dodecyl
sulfate (SDS) and the influence of hydrogen bond formation
was investigated in buffer solution containing tri-
fluoroethanol as co-solvent. We observed that the conforma-
tional changes in the interaction of peptides with heparin are
dependent on electrostatic and hydrogen bond interactions,
with further occurrence of structural arrangements in the
peptide-heparin complexes, leading to additional decreases
in the intramolecular distances.

Materials and Methods

Reagents

Low-molecular-mass (LMW) heparin (4500 Da, modal mass)
was purchased from Aventis (Parsippany, NJ, U.S.A.). All
chemicals used were from Sigma-Aldrich (St. Louis, MO,
U.S.A.) or from Calbiochem (San Diego, CA, U.S.A.).

Synthetic Substrates

All the IQF peptides contained EDDnp attached to glutamine,
a necessary result of the solid-phase peptide synthesis strategy
employed, as described previously [37]. An automated bench-
top simultaneous multiple solid-phase peptide synthesizer
(PSSM 8 system, from Shimadzu) was used for the solid-
phase synthesis of all the peptides using the fluoren-9-
ylmethoxycarbonyl (‘Fmoc’) procedure. The final deprotected
peptides were purified by binary semi-preparative HPLC
using an Econosil C-18 column (10 μm, 22.5 mm×
250 mm) and solvents A [trifluoroacetic acid/H2O(1:1000,
v/v)], and B [trifluoroacetic acid/acetonitrile/H2O
(1:900:100, by vol.)]. The column was eluted at a flow rate
of 5 ml/min with a 10±60 % gradient of solvent B over the
course of 30 to 45 min, depending on the sequence. Analytical
HPLC was performed using a binary HPLC system from
Shimadzu with a SPD-10AV Shimadzu UV-visible light de-
tector and a Shimadzu RF-10AXL fluorescence detector,
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coupled with an Ultrasphere C-18 column (5 μm, 4.6 mm×
150 mm) that was eluted with solvent systems A and B at a
flow rate of 1 ml/min and a 10–80 % gradient of B over
20 min. 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 mass and
purity of synthesized peptides were checked by matrix-
assisted laser-desorption-time-of-flight (MALDI-TOF) MS
(TofSpec-E, Micromass, Manchester, U.K.) and/or peptide
sequencing using a protein sequencer PPSQ-23 (Shimadzu
Tokyo, Japan).

Measurements

Stock solutions of peptides were prepared in water. Measure-
ments were made diluting the stock solution with phosphate
buffer 10 mM, pH 7.4, or TFE to final peptide concentrations
between 2×10−5 M and 4×10−5 M. In TFE/water mixture
experiments, pH was adjusted to 7.4 with addition of NaOH.

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
fluorescence intensity of the sample. o-Abz emission quan-
tum yield was determined using as reference the value of
0.60 reported for the fluorophore in ethanol [38]. The
temperature was controlled using a Forma Scientific 2006
thermal bath. Time-resolved experiments were performed
using an apparatus based on the time-correlated single
photon counting method. The excitation source was a Tsu-
nami 3950 Spectra Physics titanium-sapphire laser,
pumped by a 2060 Spectra Physics argon laser. The repeti-
tion rate of the 5 ps pulses was set to 400 or 800 kHz using
the pulse picker 3980 Spectra Physics. The laser was tuned
to give output at 930 or 888 nm, and a third harmonic
generator BBO crystal (GWN-23PL Spectra Physics) gave,
respectively, the 310 or 296 nm excitation pulses that were
directed to an Edinburgh FL900 spectrometer. The L-
format configuration of the spectrometer allowed detection
of the emission at a right angle from the excitation, and for
anisotropy measurements it was employed a Glan Thomp-
son polarizer in the emission beam and a Soleil Babinet
compensator in the excitation beam. The emission wave-
length was selected by a monochromator, and emitted pho-
tons were detected by a refrigerated Hamamatsu R3809U
microchannel plate photomultiplier. The FWHM of the
instrument response function was typically 45 ps, deter-
mined with a time resolution of 6.0 ps per channel, and
measurements were made using time resolution of 12 ps per
channel. Software provided by Edinburgh Instruments was
used to analyze the decay curves, and the adequacy of the
multi-exponential decay fitting was judged by inspection of
the plots of weighted residuals and by statistical parameters
such as reduced χ2.

λ

Fig. 1 Spectral superposition of KK-Q absorption (white circle) and KK-
A emission (black square), with excitation at 310 nm, in phosphate buffer
10 mM, pH 7.4, 20 °C, containing equimolar concentration of heparin
30 μM. Spectra are normalized to unity at absorption or emission peaks

Table 1 Typical values of refractive index (n), quantum yield (ϕd),
superposition integral (J) and Forster distance (R0) for the pair donor
(KK-A, 30μM) and acceptor (KK-Q, 30μM) in phosphate buffer pH 7.4,
in buffer solution containing with equimolar concentration of heparin or
SDS 30mM, and in TFE. Estimated errors in J value, 5 % and in Ro, 10%

n ϕd J (M−1 cm3) R0 (Å)

Phosphate buffer 1.334±0.001 0.30±0.01 5.13×10−15 25.7

LMW heparin 1.334±0.001 0.35±0.01 4.93×10−15 25.8

SDS 1.334±0.001 0.32±0.01 4.48×10−15 25.4

TFE 1.291±0.001 0.34±0.01 7.36×10−15 28.0
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Fig. 2 Fluorescence decay curves for RKK-3 peptide 30 μM in (a)
Phosphate Buffer, (b) TFE and (c) LMW heparin. Curve (d) shows the
decay, in phosphate buffer, of the peptide KK-A containing the donor
group without acceptor
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Computation

In the Förster resonant energy transfer (FRET) the donor (D)
emission is quenched by the presence of an acceptor (A)
molecule, in a process originated from dipole-dipole interac-
tion between the dipole moments of the two chromophores.
The energy transfer adds a non-radiative path for the
deexcitation of the donor emission and the decay rate gains
an additional term with rate constant (kFret), dependent on the
D-A distance (r), given by

kFRET ¼ 9000 ln10ð Þκ2ϕd

128π5n4N0r6τd

Z
0

∞

Fd λð Þεa λð Þλ4dλ ð1Þ

where τd is the lifetime without FRET, n is the refractive index
of the medium Φd is the quantum yield of the donor, No is
Avogadro’s number and κ is the orientational term dependent
on the relative angles between dipoles moments from donor
and acceptor. A mean value for the orientational term was set
equal to 2/3 and the integral present in the equation represents
the spectral superposition between donor’s emission Fd(λ)
and acceptor’s extinction coefficient for absorption εa(λ).

The fluorescence decay of the donor, becomes faster in the
presence of the acceptor and the intensity decay in the case of
a fixed D-A distance is written

I tð Þ ¼ I0exp −
1

τd
−

R6
0

τdr6

� �
t

� �
ð2Þ

where the Förster distance Ro is calculated from

R6
0 ¼

9000 ln10ð Þκ2ϕd

128π5n4N 0

Z
0

∞

Fd λð Þεa λð Þλ4dλ ð3Þ

However, this equation fails to fit the experimental decay
when more than one distance is present during the time decay
of the fluorophore. If the distance distribution can be repre-
sented by f(r), it can be recovered from the experimental data
by the use of the CONTIN program [39] that inverts general
systems of linear algebraic equations of the type

y tkð Þ ¼
Z

a

b

f rð ÞK r; tkð Þdr þ
X

j¼1

NL

β jL j tkð Þ; k ¼ 1;……Ny

ð4Þ

In this work, y(tk) corresponds to the experimentally ob-
served intensity of fluorescence at the instant tk. The distance
distribution function f(r) is recovered within a chosen interval
for r, initially set between R0/2 and 2R0, divided in N equally
spaced intervals, and the integral is converted, by numerical
integration, to a summation in rj. The function inside the
integral is then written as K(rj, tk) and corresponds to Eq. (2)
written for the instant tk deconvoluted from the instrument
response function, and assumed to be valid for each distance rj
within the chosen interval. The second term in Eq. (4) ac-
counts for impurities that may be present contributing to the
decay profile. The program recovers the parameter βj corre-
sponding to the contribution Lkj of the jth impurity to the
fluorescence intensity at the instant tk. In the analysis we also
imposed the constraint of non-negativity for the distribution
function. The best solution was found using the weighted
least-squares method with the employment of a regularizer
based on the principles of parsimony [39].

Table 2 Fluorescence decay parameters for 30 μM peptide KK-A in
phosphate buffer pH 7.4, in buffer solution containing with equimolar
concentration of heparin or SDS 30 mM, and in TFE. Excitation 310 nm,

emission 420 nm, temperature 25oC. <τ>, mean lifetimes calculated as a
simple weighted average value from the individual lifetimes (τi) and the
corresponding normalized pre-exponential factors (ai). Deviations in ai: ±0.01

τ1(ns) τ2(ns) τ3(ns) a1 a2 a3 <τ>(ns)

Buffer 8.6±0.1 3.10±0.05 – 0.83 0.17 – 8.2±0.1

LMW heparin 9.3±0.1 3.57±0.05 – 0.76 0.24 – 8.6±0.1

SDS 10.0±0.1 4.56±0.05 0.37±0.01 0.65 0.12 0.23 9.5±0.1

TFE 8.8±0.1 4.47±0.05 0.92±0.05 0.69 0.16 0.15 8.2±0.1

Table 3 Values of quantum yield (ϕd), superposition integral (J) and
Forster distance (R0) for the pair donor (KK-A) and acceptor (KK-Q) in
phosphate buffer pH 7.4 with equimolar concentration (Cp) in solution
containing heparin at different concentrations (Ch). Estimated errors in J
value, 5 % and in Ro, 10 %

Ch/Cp Ch(μM) Cp(μM) ϕd J(M−1cm3) R0 (Å)

0.00 0.00 34.00 0.30±0.01 5.13E-11 25.7

0.15 5.00 32.45 0.23±0.01 4.97E-11 24.5

0.47 15.00 31.68 0.34±0.01 5.01E-11 26.3

0.65 20.00 30.91 0.36±0.01 4.99E-11 26.1

0.83 25.00 30.14 0.34±0.01 4.85E-11 26.4

1.02 30.00 29.36 0.38±0.01 4.93E-11 26.1

1.44 40.00 27.82 0.35±0.01 4.92E-11 25.4
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Results and Discussion

The spectral characteristics of o-Abz and EDDnp free and
bound to peptides have been previously studied [33–35].
Internally quenched fluorogenic peptides Abz-(AKKARA)n-
Q-EDDnp and Abz-(ARKKAAKA)n-Q-EDDnp, where n
varied from 1 to 4, containing o-Abz as donor and EDDnp
as acceptor, were studied by Pimenta and co-workers [36].
The emission of the peptide containing only the donor (Abz-
AKKARAAKKARAAKKARAQ-NH2, hereafter named
KK-A), shows spectral superposition with the absorption of
t h e p e p t i d e c o n t a i n i n g o n l y t h e a c c e p t o r
(AKKARAAKKARAAKKARAQ-EDDnp, hereafter named
KK-Q) (Fig. 1). The superposition integral (Eq. 1) was calcu-
lated in the various experimental conditions described in this
work. In the experiments we also measured the refractive
index n and the quantum yield Фd, for the calculation of the
Forster distance R0 in phosphate buffer, in buffer solution
containing heparin or SDS micelles, and in buffer/TFE mix-
tures (Table 1). Fast movement of both donor and acceptor
groups was assumed during the excited state lifetime, so that
the orientational parameter κ2 was set equal to 2/3. This
assumption was on the basis of time-resolved fluorescence
anisotropy results presented by Pimenta and co-workers [36].
An estimate for the error under such assumption was made by
Kulinski et al. [32] in the galanin peptide labeled with DNS or
DNP as acceptor of the energy transferred from the tryptophan
residue, where deviations in Ro could amount to circa 20 %.
The lifetime of o-Abz is considerably longer than tryptophan

and the number of configurations spanned by the donor and
acceptor groups is higher, so that we estimate circa 10 %
deviation in the calculated values of Ro.

Time-Resolved Fluorescence of Donor

Due to donor to acceptor energy transfer, fluorescence emis-
sion decay of internally quenched peptides becomes faster,
compared to the decay of the peptide without acceptor
(Fig. 2). The decay of the donor group, represented in this
work by the peptide KK-A, in phosphate buffer (curve d of
Fig. 2) is best fitted to a bi-exponential curve, dominated by a
lifetime of 8.6 ns with normalized pre-exponential factor 0.83
(Table 2), responsible for more than 93 % of the total fluores-
cence emission. The best fit to the experimental curve includes
a shorter lifetime of 3.1 ns, which accounts for 7 % of the total
emission. As verified by Takara et al. [28], two rotamers can
be stabilized, in derivatives of o-Abz, which differ by 180o

rotation of carboxyl group around its bond to the benzyl ring.
Average lifetime, calculated from the usual definition of mean
values, is equal to 8.2 ns.

When heparin or SDS micelles are added to the buffer
solution both long and short lifetimes presented a small in-
crease, and in SDS the fit included a fast component, lower
than 1.0 ns. Similar observation was verified in the decay of
the peptide in TFE, and in the presence of heparin or SDS the
calculated mean lifetimes increased, compared to the value
obtained in buffer (Table 2).

a 

b 
90 Å 

39 Å 
Fig. 3 Comparison between two possible conformations of peptide RKK-3, determined bymolecular modeling using HyperChem software (Hypercube
Inc., Gainesville, FL, U.S.A., http://www.hyper.com) extended conformation (a), (b) all α-helix conformation
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Heparin-RKK-3 Interaction

The presence of heparin has small effect in the lifetimes for the
donor (KK-A) as observed in Table 2. The superposition
integral J was determined for several concentrations of hepa-
rin added to a solution containing 30 μM of the peptide. The
values remained in the interval between 4.85 and 5.13×
10−11 M−1 cm3 and the Forster distance fluctuates around
25.8±0.4 Å (Table 3).

The most striking feature of the fluorescence decay of
internally quenched peptide is the fastening promoted by
energy transfer between the donor group, o-Abz, and the
acceptor EDDnp, as can be seen comparing curve (a) and
curve (d) in Fig. 2. We analyzed the experimental decay under

the assumption that the distance between donor and acceptor
is not fixed, as is usually found in peptides in aqueous medi-
um. The CONTIN program was used to recover a distance
distribution f(r) from the decay curve, without any a priori
hypothesis concerning the distances r or the shape of the
distribution curves. In buffer solution, pH 7.4, we obtained
an end-to-end distance distribution centered at 32.4 Å, and a
small population (3 %) of peptides with shorter end-to-end
distances, near to 20 Å. Some contribution of very long or
very short distances also were recovered however as the
distances are larger than 2Ro or shorter than Ro/2 they are
hardly discerned from experimental deviations in the decay
profiles. From molecular modeling simulations using
HyperChem software (Hypercube Inc., Gainesville, FL,
U.S.A., http://www.hyper.com), it could be estimated end-to-
end distances as large as 90 Å (Fig. 3) for the peptide RKK-3
in extended all trans conformation and the results indicate that
the peptide is structured in a more compact conformation.
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Fig. 4 (a) End-to-end distance distributions recovered from intensity
decays for the peptide RKK-3 (concentration around 30 μM) in interac-
tion with heparin. Ratio heparin/peptide concentration: 0.00 (black
square), 0.83 (white circle), 1.02 (white up-pointing triangle) e 1.44
(white down-pointing triangle). (b) Fluorescence decay curve (dashed
line) for RKK-3 peptide 30 μM in phosphate buffer solution pH 7.4
containing equimolar concentration of heparin and fit (solid line) to the
distance distribution model using the CONTIN program

Table 4 Position of peaks of end-to-end distance distribution (Pi), full
width at half maximum (Li) and relative population (Ai) of the distribu-
tions for RKK-3 in interaction with heparin. Ch/Cp – heparin-peptide
concentration relation. From the fit using CONTIN, deviations are 0.5 Å
in the distances and 0.01 in the relative populations. The sum of relative
populations is not 1.0, when there are contributions from short distances

Ch/Cp P1 (Å) P2 (Å) L1 (Å) L2 (Å) A1 A2

0.00 19.7 32.4 2.1 5.1 0.03 0.97

0.15 18.7 28.9 3.3 4.8 0.17 0.83

0.47 17.8 24.0 3.0 4.3 0.32 0.54

0.65 18.6 24.9 4.2 6.7 0.38 0.62

0.83 18.8 24.7 4.1 6.8 0.19 0.71

1.02 19.1 26.0 4.1 6.5 0.34 0.63

1.44 19.2 25.9 2.8 4.3 0.33 0.62

Fig. 5 Circular dichroism spectra of RKK-3 peptide 30 μM in phosphate
buffer solution pH 7.4 containing equimolar concentration of heparin
(white square) or SDS 30 mM (white up-pointing triangle). Also shown
spectra measured in TFE (white circle)
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When heparin is present in the medium the fluorescence
intensity decay becomes faster, as seen by comparison of
curves (a) and (c) in Fig. 2. The interaction of RKK-3 with
heparin promotes conformational changes, shortening the
length of the peptide, reflected by the fastening of the
intensity decay. When heparin is added in concentrations
between 5.0 μM to 40.0 μM (or heparin:peptide molar ratio
between 0.15:1.0 and 1.4:1.0), the distance distribution
recovered using CONTIN reveals the presence of two main
populations, centered typically around 19 and 25 Å (Fig. 4
and Table 4). As cited above, in the fluorescence intensity
decay very short component with large deviation was also
observed, originating the recovery of short distances in the
distribution, below Ro/2, inadequate to be considered in
FRET formalism. Circular dichroism spectra of the peptide
in buffer solution are indicative of a transition from random

coil to α-helix secondary structure due to interaction with
heparin (Fig. 5). As the end-to-end distances obtained here
are shorter than estimated for RKK-3 in α-helix conforma-
tion (around 39 Å) (Fig. 3), the results suggest that the
heparin molecule also has structural modifications in order
to assume more compact conformation. However, alterna-
tive heparin conformations that may wrap around the a-
helix to facilitate a greater number of ionic contacts with the
peptide are energetically unfavorable [20]. Circular dichro-
ism spectra of the peptide in buffer solution indicated in-
creased degree of α-helicity due to interaction with heparin,
however in lower extent compared to the result in TFE
(Fig. 5). Thus the distances recovered are representative
of peptides only partially arranged in α-helix after interac-
tion with heparin.

Fig. 7 Fluorescence parameters obtained at several TFE:water volume
ratios: (black square) mean lifetime of KK-A calculated from intensity
decay curves; (white circle) Förster distance (Å) calculated for the donor-
acceptor pair
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Fig. 8 (a) Distance distribution recovered from intensity decay profiles
of RKK-3 in TFE:water (%) mixtures using CONTIN. 0 % TFE (black
square), 20 % TFE (black circle), 40 % TFE (white square) and 100 %
TFE (white circle).(white down-pointing triangle). (b) Fluorescence de-
cay curve (dashed line) for RKK-3 peptide 30 μM in TFE and fit (solid
line) to the distance distribution model using the CONTIN program
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Fig. 6 Fluorescence decay curves for (a) KK-A peptide 30 μM in 40 %
TFE/water, RKK-3 peptide 30 μM in (b) 40 % TFE/water and (c) 100 %
TFE/water
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RKK-3 and RKK-4 in TFE

TFE is a solvent known as inductor of α-helix in peptides, for
the hydrophobic groups of TFE can associate with each other,
and with the hydrophobic groups of peptide residues [40]. The
stabilization of hydrophobic clusters leads to the stabilization
of intramolecular hydrogen bonds, to the detriment of the
intermolecular H-bonds with water. The intensity decay of
KK-A, the peptide labeled with o-Abz without the acceptor
group, was examined in several TFE:water volume ratio
(Fig. 6). The mean lifetime gradually increased with increase
in TFE content, attaining a maximum value of 9.05 ns at 40 %
TFE (Fig. 7), a volume ratio where the peptide experiences an
environment with predominance of TFE. From that point,
with further addition of TFE the water molecules are contin-
uously excluded from the neighborhood of the peptide and at
100 % TFE the lifetime decreases to 8.2 ns (Fig. 7). A more

pronounced decrease in lifetime, to 5.4 ns, for the isolated
probe o-Abz in TFE was previously reported [27]. However
the derivative with methylated amino, o-Abz-NHCH3, pre-
sented lifetime value around 8.0 ns in TFE [28], stressing the
role of hydrogen bond involving the carboxy and amino
groups of the probe. In fact, in the methylated compound, or
in Abz-peptides, the amino nitrogen has decreased possibility
to do hydrogen bond with the solvent, and intra-molecular
hydrogen bond is favoured, stabilizing the excited state and
increasing the mean lifetime [28].

The propensity ofα-helix formation due to interaction with
heparin was already reported for RKK-4 peptide [36] and
circular dichroism spectra of RKK-3 in TFE confirms the
occurrence of the α-helix conformation in the shorter peptide
(Fig. 5). Fluorescence experiments were performed in inter-
nally quenched RKK-3 (Fig. 6) and RKK-4 in water/TFE
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Fig. 10 Fluorescence decay curves for (a) KK-A, (b) RKK-4 and (c)
RKK-3 peptides 30 μM in SDS
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Fig. 11 (a) Distance distribution recovered from intensity decay profiles,
using CONTIN, for RKK-3 in phosphate buffer pH 7.4 (white square),
and in buffer solution containing 30 mM SDS (white circle). (b) Fluores-
cence decay curve (dashed line) for RKK-3 peptide 30 μM in SDS
30 mM and fit (solid line) to the distance distribution model using the
CONTIN program

Fig. 9 Peak position of the distance distribution recovered from fluores-
cence decay of RKK-3 (white circle) and RKK-4 (black square) in TFE:
water mixtures
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mixtures. The values of refractive index, quantum yield, life-
time and superposition integral were determined in each TFE:
water volume ratio, and the values of the calculated Förster
distances remained between 26 Å and 28 Å (Fig. 7). The
intensity decay curves were analyzed using CONTIN, and
the recovered distance distribution for RKK-3 showed
that the population with end-to-end distances below
24 Å gradually disappeared and above 40 % volume
TFE the distribution stabilized around a single peak cen-
tered at 33 Å (Fig. 8). This distance should correspond to
the α-helix conformation observed in CD spectrum mea-
sured in TFE (Fig. 5). The same FRET experiment was
conducted with the peptide RKK-4 in water/TFE mixtures
and above 40 % TFE, the end-to-end distance recovered
using CONTIN also stabilized in a single distribution
around 38 Å (Fig. 9). The values are compatible with
expected end-to-end distances for α-helix conformation
of the peptides, estimated from molecular modeling sim-
ulations using HyperChem software.

RKK-3 and RKK-4 in Interaction with SDS Micelles

According to previous reports, o-Abz labeled peptides interact
with amphiphilic aggregates, and lifetimes above 8 ns were
observed in the presence of SDS micelles [29, 31]. We ob-
served that the emission from the KK-A peptide is sensitive to
the presence of anionic amphiphilc aggregates. When the
surfactant SDS is added in concentration above its CMC, the
fluorescence decay of KK-A micelles in phosphate buffer has
a long lifetime close to 10.0 ns as the main component. The
decay profile is best fitted with the inclusion of an intermedi-
ate lifetime of 4.56 ns, and a short component of 0.37 ns
(Table 2), and the calculated mean lifetime was 9.25 ns.

From fluorescence parameters of the peptides labeled with
donor only or with acceptor only, Forster distances in the
presence of SDS micelles were calculated as 25.4 Å (Table 1).
As expected, the internally quenched peptides RKK-3 and
RKK-4 decay faster than non-quenched KK-A (Fig. 10), and
the curves, fitted to tri-exponential decay present mean life-
times below 8.0 ns in the presence of SDS. The intensity
decay curves were analyzed using CONTIN, and the recov-
ered distance distribution for RKK-3 showed that the presence
of two populations, the less populated with end-to-end dis-
tance centered in 22 Å and the most populated (79 % of the
total) centered in 29 Å (Fig. 11). Two populations were also
recovered for RKK-4 in SDS, the most populated (84 %) with
distances around 28 Å and the other at 44 Å. The CD spectra
of both peptides measured in the presence of SDS (as shown
in Fig. 5 for RKK-3) are characteristic of α-helix conforma-
tion, and should correspond to the long distance populations
described here. The minor population with short distances
represents compact arrangement stabilized by the electrostatic
interactions with the anionic surfactant.

Conclusions

Cardin motif peptides RKK-3 and RKK-4 labeled with the
donor group o-Abz and the acceptor EDDnp can be conve-
niently examined within the framework of Förster resonant
energy transfer process. The distance distribution recovered
from experimental fluorescence decay profiles show that in
phosphate buffer RKK-3 peptides are not in all trans extended
conformation for the end-to-end distances obtained are con-
siderably shorter than expected from elementar modeling
simulations.

Gradual addition of low molecular weight heparin (15 kD)
promotes shortening of donor-acceptor distances, and at con-
centrations around equimolar peptide/heparin ratio, we have
two populations of peptides, one (65 % populated) with end-
to-end distances around 26 Å and the other (35 % populated)
around 19Å. The results obtained for RKK-3 are in agreement
with previous observations with peptides RKK-4 and KK-4.

The formation of α-helix secondary structure was evaluat-
ed in water/TFE mixtures. The time-resolved florescence de-
cay of the reference peptide KK-A, as well as the values of the
Förster distances showed gradual modifications with increase
in TFE content of mixtures, attaining a maximum at 40 %
TFE/water volume ratio. At this ratio the α-helix is stabilized
and the donor-acceptor distances in internally quenched pep-
tides are described by a single population with end-to-end
distances centered in 33 Å in RKK-3 and 38 Å in RKK-4.
The correspondence with α-helix structure is ascertained by
CD spectra of the peptides, and the results show that in the
interaction with heparin additional turning in the glycosami-
noglycan promotes decrease in the end-to-end distance.

The interaction with SDS anionic micelles stress the im-
portance of electrostatic effects in the interaction. Like hepa-
rin, the anionic surfactant organized in micellar aggregates
promotes arrangements of peptides in two populations. The
combination of electric interactions and hydrogen bond for-
mation results in structuration asα-helix, and additional short-
ening of end-to-end distances of RKK-3 and RKK-4.
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