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Abstract

We studied the interaction of the peptide AAMQMLKETINEEAAEWDRVHPVHAGPIA from the HIV-1 p24 protein in the presence of
SDS (anionic) and CTABr (cationic) micelles at pH 7.0 by circular dichroism, fluorescence, and electron spin resonance (ESR). The micelles
induced secondary structure as well as a blue shift in the tryptophan fluorescence emission, indicating an interaction between the peptide and
the micelles. However, different contents of secondary structure elements were found when the peptide interacts with SDS or CTABr micelles.
Steady-state anisotropy indicates a constraint on the rotational mobility of the tryptophan residue of the peptide upon interaction with micelles.
ESR studies pointed to different locations for the peptide in either micelle. Our results suggested that at least part of the peptide might be
located at the hydrophobic core of the CTABr micelles, probably at the C-terminal region, while it is more inserted into the SDS micelles.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recent discussions about initial infection and virus
dissemination processes involving HIV-1 virus have focused
on proteins from the viral envelope [1]. Although they play
a key role in viral infection, it has been shown that proteins
from the inner core of the HIV-1 are also involved in
relevant processes such as assembly or disassembly of the
capsid protein, maturation, and life cycle of the virus [2,3].

Abbreviations: HIV-1, human immunodeficiency virus, type 1; CD,
circular dichroism; ESR, electron spin resonance; Fmoc, 9-fluorenyl-
methoxycarbonyl; SDS, sodium dodecylsulfate; CTABr, hexadecyltrime-
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acetate buffer; cmc, critical micelle concentration; CAT-16, 4-(N,N-
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iodide; 5-SASL, 5-doxyl stearic acid; 12-SASL, 12-doxyl stearic acid.

* Corresponding author. Tel.: +55 21 2562 6760, fax: +55 21 2270
1635.

E-mail address: bianconi@biogmed.ufij.br (M.L. Bianconi).

0301-4622/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bpc.2004.08.006

Capsid assembly, in turn, is crucial for viral infectivity as
shown for HIV-1 p24 protein [4] and for hepatitis B virus
[5]. The interactions between viral proteins and host cells
are generally affected by biomolecules incorporated in the
phospholipid framework of the membrane, which can be
studied directly in vivo and indirectly in vitro using
biomimetic models such as vesicles (multilamellar and
unilamellar) and micelles [6-8].

The proteins from the capsid and matrix of HIV-1, p24
and pl7, are also important in diagnosing and in monitoring
the infection since antibodies against p24 have been
detected in the plasma of infected patients [9]. However,
how the host-cell defense system recognizes these proteins
is still the object of speculation [10].

The most relevant capsid protein, p24, plays a structural
role in both the expression and in the mature forms of the
gag gene [11]. This protein consists of two alpha helical
domains: the N-terminal (seven «-helices) and the C-
terminal (four a-helices) interconnected by a flexible linker
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[12]. Mutations and deletions within the C-terminal domain
generally impair or abolish viral assembly, whereas muta-
tions on the amino-terminal core domain often give rise to
viruses that can assemble and bud, but are non-infectious
and typically do not form a normal capsid [13]. Capsid
assembly is crucial for viral infectivity [11]; consequently,
the use of peptides from p24 is a promising approach for
structural studies towards understanding the life cycle of the
virus as well as elucidating the viral transfection mecha-
nism. This approach has been applied in studies of synthetic
peptides derived from specific protein sequences. The main
goals were to investigate the role of peptide sequences in
protein structure, their interaction with biomimetic systems,
and their involvement in several biological processes such
as immune response analysis, bioaffinity, inhibition of cell
adhesion and binding to infectious elements.

In the analysis of synthetic peptides containing minimal
size epitopes from HIV-1 p24 protein derived from the gag
gene product, Tonarelli et al. [14] showed that the antibody
recognition may be improved by adding more residues at the
N- and C-terminal ends of the peptide. This strategy can also
introduce structural elements in the polypeptide chain in
order to constrain its flexibility. The tendency to form
secondary structures has been observed for some immuno-
genic and antigenic peptides [15,16], and long peptides (15
or more residues) may indeed mimic the natural conforma-
tions [17,18]. On the other hand, when free peptides bind to
structured molecular complexes, these interactions can
promote structural changes in both the peptide and the
molecular complex. In this sense, the interactions of
peptides with biomimetic systems can be the first step to
understanding the mechanisms underlying the peptide—
macromolecular assemblies interactions. One kind of
structured molecular complex largely used as a biomimetic
system has been the micelles of ionic surfactants. Despite
the inherent simplifications of this model, micelles are also
of interest in biological systems, owing to the similarity
between the micellar core and cell membrane interior [19].

We investigated micelle-induced conformational changes
on a p24-1 peptide (sequence AAMQMLKETINEEAAEW-
DRVHPVHAGPIA), initially obtained from the gag gene
product [9], which corresponds to the region 64-92 in the
N-terminal domain of p24 HIV-1 protein [20]. The peptide—
micelle interactions were studied by circular dichroism
(CD), fluorescence and electron spin resonance (ESR), and
the results were used to build up a structural model for the
docking of the peptide on the biomimetic system.

2. Experimental
2.1. Peptide synthesis
A peptide corresponding to the sequence 64-92 of the

p24 HIV-1 was synthesized as C-terminal carboxamides by
solid phase with the 9-fluorenyl-methoxycarbonyl (Fmoc)

strategy, and purified according to Tonarelli et al. [14]. The
peptide solution was prepared from a stock of 1 mg/l in
water and final concentrations of dilutions were corrected
using the optical density (at 280 nm) and molar extinction
coefficient (1.769 M~" cm™") estimated from its amino acid
composition according to Gill and von Hippel [21].

2.2. Micelle preparation

The solutions of hexadecyltrimethylammonium bromide
(CTABr) and sodium dodecylsulfate (SDS) were prepared
in 10 mM sodium phosphate, boric acid, sodium acetate
buffer (PBA), pH 7.0. The critical micelle concentration
(cmc) of these surfactants was determined by isothermal
titration calorimetry according to Paula et al. [22] by using
a MCS-ITC calorimeter from MicroCal (Northampton,
MA). In the conditions used here (PBA buffer at 25 °C),
the cmc values were 2.4 mM for SDS and 0.35 mM for
CTABTr (data not shown). In order to have either monomers
or micelles in solution the final concentrations of surfac-
tants used were, respectively, 0.5 and 8.0 mM of SDS, and
0.01 and 1.0 mM for CTABr. The micelles were also
prepared with 1 mol% of the following spin labels: 4-(N,N-
dimethyl-N-hexadecyl) ammonium-2,2,6,6-tetramethylpi-
peridine-1-oxyl iodide (CAT-16), 5-doxyl stearic acid (5-
SASL) or 12-doxyl stearic acid (12-SASL). Incorporation
of spin labels was done by adding the desired amount of
detergent solution to a film obtained after drying the stock
chloroform solution of the spin label in speed-vac for 10
min, followed by vortexing and 30 min incubation at room
temperature. The surfactants and spin labels were purchased
from Sigma (St. Louis, MO, USA) and used without further
purification.

2.3. Far-UV circular dichroism and secondary structure
content

Far-UV CD spectra (190-250 nm) were recorded at 25
°C in a Jasco J715 (Jasco, Japan) using a cylindrical quartz
cells (1 mm path length), with 53 uM p24-1 in PBA, either
in the absence or in the presence of surfactants. The spectra
were recorded after accumulation of 16 runs. The CD
spectra of surfactant solutions were subtracted to eliminate
background effects due to monomers or micelles. Quanti-
tative prediction of the secondary structure was performed
by deconvolution of the CD spectra using the Selcon
program [23], developed by Sreerama et al. [24], with a root
mean square (RMS) lower than 1% for all deconvolutions.

2.4. Steady-state fluorescence

Steady-state fluorescence spectra (295-450 nm) of 25
uM p24-1 in PBA were obtained at 25 °C in ISS K2
spectrofluorimeter (ISS, Illinois, USA) using rectangular
quartz cuvettes (1 cm path length) and at optical density less
than 0.07-0.08 to avoid inner filter effects. The interaction
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with micelles was studied by the changes in tryptophan
fluorescence of the peptide with excitation at 280 nm. The
fluorescence spectra of detergent solutions were subtracted
to eliminate scattering due to micelles.

2.5. Steady-state anisotropy

Anisotropy measurements were carried out at 25 °C in 1
cm path length quartz cuvettes with L-format. The same
samples measured in fluorescence experiments were used
and excitation occurred at 280 nm. Anisotropy values (7)
were calculated according to Lakowicz [25]: r = 11“‘:2[11 ,
where 7 and /, are the parallel and the perpendicular
components.

In order to eliminate the background, 7 and 7, of the
buffer and micelles were measured and subtracted from

those of the peptide solutions.

2.6. ESR experiments and simulations

Room temperature ESR measurements were performed
with a Varian E-109 spectrometer. Each sample (1.50 mM of
p24-1 in CTABr or 0.4 mM of p24-1 in SDS micelles) was
drawn into a quartz flat-cell, which was in turn placed in the
rectangular cavity. A field-modulation of 1.0 G and micro-
wave power of 10 mW were used. The spectra were
collected over a range of 100 G.

The ESR spectra were simulated by means of a non-
linear least-squares program developed by Freed et al. [26—
28]. This program is based on the stochastic Liouville
equation and allows the quantitative characterization of the
dynamic structure of vesicles. The dynamics of the model
system is characterized by the rotational diffusion rate (R ;)
of the nitroxide radical around an axis perpendicular to the
mean symmetry axis for the rotation. This symmetry axis is
also the direction of preferential orientation of the spin label
moiety [27]. For chain labels (5-SASL and 12-SASL), R,
accounts for the wagging motion of the long axis of the
stearic acid chain. For the label CAT-16, it represents the
wagging motion of the headgroup region. The hyperfine and
g-tensors components used in the simulations were obtained
from Ge et al. [29].

3. Results and discussion
3.1. Secondary structure

The CD results showed that p24-1 adopts a random
structure in buffer only as expected for a small peptide in
solution. The deconvolution of the p24-1 spectrum in buffer
confirmed the high content of unordered structure (94%),
consistent with the CD minimum at 200 nm (Fig. 1). This
large content of unordered structure required the use of a
special reference set of 48 proteins, which included spectra
from denaturated proteins for deconvolution [30].
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Fig. 1. CD spectra of p24-1 in buffer (solid), SDS (dashed) and CTABr
(dotted) solutions at concentration above (A) and below (B) the cmc. The
final concentrations were 8 and 1 mM for micellar, and 0.5 and 0.01 mM
for monomeric solutions (SDS and CTABE, respectively), and 0.05 mM for
p24-1, in 10 mM PBA buffer, pH 7.0.

The addition of SDS or CTABr micelles induced folded
secondary structure in p24-1 (Fig. 1A). The CD spectrum of
p24-1 in SDS micelles showed two negative minima, one at
206 nm and a weaker one at about 220 nm, with a maximum
at 191 nm, mainly associated to the transitions found in
helical structures [31]. Similar CD spectrum was observed
in the presence of CTABr micelles. The CD spectra were
deconvoluted with a reference set of 33 proteins [32], which
was adequate to achieve the convergence of the results. SDS
and CTABr micelles were able to stabilize the p24-1
secondary structure, leading to helical structure contents of
23% for SDS- and 13% for CTABr-bound peptide. The
induction of beta structure fractions by either micelle was
somewhat different (20% in SDS, and 26% in CTABr),
while the unordered fractions were similar in both cases
(54% in SDS, and 58% in CTABY).

Since above the cmc, micelles and monomers co-exist in
solution, we also checked the effects of monomeric
surfactants in the CD spectrum of p24-1 (Fig. 1B). In this
case, the p24-1 CD spectra were essentially the same as that
in buffer (Fig. 1B). Thus, monomers only were not able to
stabilize a secondary structure in p24-1 showing that the
macromolecular assembly is important to inducing secon-
dary structure. The differences in the intensity (about 20%)
observed in the CD spectra of p24-1 in the absence and in
the presence of monomeric CTABr and SDS are probably
due to scattering effects [33].
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The helical contribution on micelle-bound p24-1 secon-
dary structure is only about 20% in SDS micelles, in contrast
to what is usually observed for some other peptides [34],
where it may correspond to ca. 60% of the total secondary
structure content. In the case of CTABr micelles, the
secondary structure of the peptide is probably more extended
due to the higher beta content, suggesting that micelles with
different charges in the headgroups stabilize different
conformations. The helical structure content is probably the
result of a conformational change in residues within seg-
ments 1 to 18. This supposition is based on results from two
secondary structure prediction programs. The first, based on
computation neural networks that consider the secondary
structure of a particular residue to be a function of the residue
and its environment, named GOR4 [35], predicted about
38% of helical structure between residues 7 and 17. The
second, NNPREDICT [36], calculates the secondary struc-
ture for each residue in an amino acid sequence, and showed
about 50% of helical between the residues 3-8 and 9-18.
Therefore, upon interaction with the micelles, the N-terminal
region of the peptide is most likely to be assuming a helical
structure. In addition, the two Pro residues, which are rarely
present in helical forms [37], found in the C-terminus suggest
that the 20-29 segment on the peptide is probably forming
loops or unordered structures.

3.2. Steady-state fluorescence spectrum and anisotropy

The effect of SDS and CTABr in the monomeric and
micellar states on the fluorescence spectra of p24-1 can be
seen in Fig. 2. The p24-1 has a single Trp residue in the
sequence at position 17. The emission maximum (1055 of
p24-1 in buffer is 350 nm, which is consistent with the
exposition of the tryptophan residue in the aqueous medium.
However, when the peptide interacts with SDS or CTABr
micelles there is a blue shift of the tryptophan emission
spectrum, decreasing to 338 and 339 nm in SDS and CTABr
micelles, respectively. A significant increase in the fluo-
rescence intensity was also observed for the samples
containing CTABr micelles and p24-1, indicating a transfer
of the tryptophan moiety from an exposed environment (the
aqueous phase) to a partially buried environment within the
micelles [38]. It has been proposed that the tryptophan
indole ring in SDS micelles is localized near or at the
micelle/water interface [39]. Additionally, the Trp-17 blue
shift found in SDS micelles is not as intense as than that
observed for a Trp residue located at the center of a bilayer
[40], and for a peptide in the SDS micelle/water interface
[41]. This indicates that the Trp-17 is not deeply inserted,
but still localized in the hydrophobic core close to the
headgroup region. This discussion could be extended to
CTAB-r micelles, in which case, the blue shift was similar to
SDS.

In addition, for CTABr micelles, there was a significant
increase of the Trp fluorescence intensity as shown in Fig.
2A. This evidence suggests that different local conforma-
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Fig. 2. Fluorescence spectra of p24-1 in buffer (solid) or in the presence of
SDS (dashed) or CTABr (dotted) solutions in concentrations above (A) and
below (B) the cmc. The excitation wavelength was 280 nm, and the
emission was scanned from 300 to 450. The final concentrations were 8 and
0.5 mM for micellar and monomeric SDS, 1 and 0.01 mM for micellar and
monomeric CTABr. Peptide concentration was 0.05 mM in 10 mM PBA
buffer, pH 7.0.

tions in p24-1 structure are induced by either micelle as
already found by CD. The peptide interaction with CTABr
micelles indicates an annulment of a quenching effect by the
side chains of p24-1 most likely from Glu-16 and Asp-18
neighboring residues [42]. It is possible that in CTABr
micelles the Trp fluorescence is not suppressed by the natural
quenchers due to a conformational change. In contrast, there
is no significant change in the fluorescence intensity of p24-1
in SDS micelles although a conformational change was
observed by CD (Fig. 1A). In this case, the Trp residue
probably remains quenched by the acidic side chains, thus
having similar intensity to that observed for the peptide in
buffer. The location of those moderated quenchers in p24-1
sequence (Glu-16 and Asp-18) strongly supports the
hypothesis of internal suppression effect that will cause or
not the quenching of the Trp-17 fluorescence depending on
the conformational state induced by either micelle.

In agreement with the CD studies, the p24-1 spectra with
monomeric surfactants (Fig. 2B) were very similar to that
observed in buffer, showing that p24-1 only interacts with
the surfactant in the micellar state.

Table 1 shows the fluorescence anisotropy values for
p24-1 in buffer only and in the presence of micelles. The
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anisotropy of p24-1 in buffer indicates the maximum
rotational freedom of molecular motion for the Trp residue
in this peptide. Addition of SDS micelles caused an increase
in the anisotropy indicating constraint on the rotational
mobility of this residue, which corroborates with the
previous findings of its insertion into the micelles. However,
the increase in anisotropy observed with CTABr micelles
was markedly higher than that in SDS micelles suggesting
that the Trp-17 residue is in an environment of more
restricted rotational motion.

3.3. Electron spin resonance

In order to obtain information on the location of the
peptide in the micelles, we carried out ESR experiments
using spin labels with the nitroxide group at different
positions along the stearic acid chain (CAT-16, 5-SASL, and
12-SASL). The labels were incorporated into SDS and
CTABr micelles and the spectra are shown in Figs. 3 and 4,
respectively. The relative polarity of the spin label environ-
ment can be related to the isotropic hyperfine splitting
constant (ag), which is calculated as one-half the difference
in the resonance field of the high- and low-field lines.

Table 2A shows the dependence of @, on nitroxide
position inside the micelles. The CAT-16 nitroxide group is
located at the headgroup region of the micelles and exhibits
relatively high values for a( in both SDS and CTABEH, close
to those found for a similar spin label in SDS micelles [43].
As expected for the other two spin labels, where the
nitroxide group is located down the stearic acid chain, a
values indicate a decreased polarity inside the micelles. The
addition of p24-1 to SDS micelles does not change a at the
polar headgroup but causes a decrease in polarity at n=5 and
n=12 positions (Table 2A). On the other hand, the peptide
causes a decrease in polarity at the polar headgroup and
n=12 position when added to CTABr micelles, without a
significant change in the polarity of the n=5 environment.

Table 2B presents the best-fit rotational diffusion rates
(R 1) obtained from NLLS simulations. In the presence of
p24-1, the R, values in SDS micelles are reduced by a
factor of 1.2, 1.5, and 2.1 for CAT-16, 5-SASL and 12-
SASL, respectively. Hence, motion becomes more hindered
as the label locates deeper in the SDS micelles upon peptide
binding. As for the CTABr micelles, the effect of the
peptide on the R, values is most pronounced in the
headgroup region, where the motion is slowed down by a
factor of ca. 3.

The dynamics of the surfactant chains in SDS and CTABr
micelles are somehow affected in different ways in the

Table 1
Steady-state anisotropy values for p24-1 fluorescence at pH 7.0

Condition Anisotropy (%)
Buffer only 0.028£0.004
With SDS micelles 0.039£0.005
With CTABr micelles 0.062+0.002

(A)

SDS/CAT-16

SDS/CAT-16 + p24-1

(B)

SDS/5-SASL

SDS/5-SASL + p24-1

(©)

SDS/12-SASL

SDS/12-SASL + p24-1

T T T T T T T T T T
3340 3360 3380 3400 3420
Magnetic Field (Gauss)

Fig. 3. ESR spectra of CAT-16 (A), 5-SASL (B) and 12-SASL (C) in SDS
micelles in the absence and in the presence of 0.4 mM p24-1 in 10 mM
PBA buffer, pH 7.0. The final concentration of SDS was 8 mM, containing
1 mol% of each spin label. Solid lines: experimental spectra; dashed lines:
calculated spectra obtained by NLLS simulations.

presence of the peptide p24-1. The fluidity of SDS micelles is
progressively decreased from the headgroup down to the
n=12 position, whereas in CTABr it is observed a severe
reduction in mobility at the headgroup region. The ESR
results thus suggest that the peptide interacts differently with
cationic and anionic micelles, most likely adopting a distinct
conformation in each case, which is in agreement with the
above results from CD and fluorescence spectroscopy.

3.4. Concluding remarks

The CD, ESR, and fluorescence experiments in samples
containing p24-1 peptide and micelles (SDS and CTABr)
revealed significant interactions between them. Different
contents of secondary structure were induced by either
micelle: a lower helical content is observed with CTABr
upon micelle/peptide interaction. As a consequence, in this
system the p24-1 shows a higher content of beta structures
as compared to the SDS micelles.

The steady-state fluorescence experiments suggest that
the Trp residue is located at the Stern layer of either
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(A)

CTABI/CAT-16

CTABr/CAT-16+p24-1 |

(B)

CTABI/5-SASL

CTABI/5-SASL+p24-1

(€)

CTABI/12-SASL

CTABI/12-SASL+p24-1

\ \ \ \ \
3340 3360 3380 3400 3420
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Fig. 4. ESR spectra of CAT-16 (A), 5-SASL (B) and 12-SASL (C) in
CTABr micelles in the absence and in the presence of 1.5 mM p24-1 in 10
mM PBA buffer, pH 7.0. The final concentration of CTABr was 1 mM,
containing 1 mol% of each spin label. Solid lines: experimental spectra;
dashed lines: calculated spectra obtained by NLLS simulations.

micelle. Changes in Trp fluorescence are widely used
since this chromophore is very sensitive to the polarity of
the environment, being characterized by an emission
maximum between 355 and 308 nm as the polarity
decreases. In aqueous medium, the Trp-17 seems to be
highly dynamic due to lack of structure in the peptide,
with the emission maximum at 350 nm. The 11-12 nm
blue-shift on Trp-17 fluorescence indicates that this
portion of the peptide is located in a more hydrophobic
environment upon interaction with the micelles. This blue
shift is similar to that observed by Hsu et al. [44] for the
interaction of a 20-amino acid fusion peptide from
Influenza virus Hemagglutinin with SDS micelles. How-
ever, it is indicative that the Trp-17 from p24-1 is not
located in the core of the micelles since in lipid
membranes tryptophan-containing peptides show an emis-
sion maximum around 318-320 nm. Therefore, the Stern
layer, which contains not only the hydrophilic headgroups
and water molecules but also some hydrophobic domains
from the surfactant tails, is the probable location for the

Trp-17. It is interesting to note that although a similar
red-shift was observed, the Trp residue is in an environ-
ment of more restricted rotational motion in the case of
CTABr. Furthermore, with CTABr micelles the Trp-17
fluorescence intensity increases, probably because it is
not suppressed by the natural quenchers closely located
in the sequence (Glu-16 and Asp-18). This is not
observed with SDS micelles, suggesting that this region
of the p24-1 is in a different conformation when
interacting with either micelle. It is also possible that
these natural quenchers are neutralized by electrostatic
interactions with the positive charges at the CTABr polar
headgroups. This, however, does not explain why the
red-shift in the emission maximum is similar with both
micelles since SDS presents negatively charged head-
groups which could cause a repulsion of the Glu-16 and
the Asp-18, although the proximity to the headgroups can
cause a change in the apparent pK, of either residue. The
fact that the ESR experiments show that the peptide
interacts with the core as well as with the polar
headgroups of the surfactants in CTABr micelles while
it seems to be more inserted into the SDS micelles,
suggests that the p24-1 is in a more extended con-
formation in CTABr than in SDS micelles. This
hypothesis is corroborated by the CD experiments since
in CTABr micelles p24-1 presents a higher content of
beta structures that are more extended than alpha-helix.

The hydrophobic sequence in the C-terminus (VHP
VHAGPIA) suggests that this end of the peptide is more
inserted in the core of the micelles. The interaction
between this portion of the peptide and the micelles may
be causing the different rearrangement of the peptide in
each micelle, favoring the stabilization of an unordered
structure. This suggestion is not only based on our results
but also on those from Dixon et al. [45], where the
addition of isoleucine residues to the C- and N-terminal
ends of a short peptide (IICNNPHII) from an antibody-
binding region of hemagglutinin A promoted the inter-
action with detergent micelles, and stabilized the for-
mation of a type IIII hairpin turn.

Table 2
Isotropic hyperfine values a, measured as one-half the distance between
the low- and high-field lines in the ESR spectra along with the best-fit
parameters of R, from NLLS analysis for ESR spectra of CAT-16, 5-
SASL, and 12-SASL in pure surfactant micelles and peptide-containing
micelles

Parameter Spin-label SDS micelles CTABr micelles
Only +p24-1 Only +p24-1
(A) ao (Gauss) CAT-16 16.3 16.3 16.0 15.5
5-SASL 15.1 14.7 14.5 14.3
12-SASL 15.5 14.7 15.0 14.5
B)RL (10°s™Yy  CAT-16 2.09 1.82 2.40 0.78
5-SASL 1.45 0.94 1.05 1.01
12-SASL 2.23 1.06 1.61 0.95

The least-squares estimated errors in R ; is +5%.
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