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Abstract Caveolins (cavl-3) are essential membrane
proteins found in caveolae. The caveolin scaffolding
domain of cav-1 includes a short sequence containing a
CRAC motif (VI4TKYWFYR101) at its C-terminal
end. To investigate the role of this motif in the caveolin—
membrane interaction at the atomic level, we performed
a detailed structural and dynamics characterization of a
cav-1(V94-L102) nonapeptide encompassing this motif and
including the first residue of cav-1 hydrophobic domain
(L102), in dodecylmaltoside (DM) or dodecylphosphocho-
line (DPC) micelles, as membrane mimics. Cav-1(V94-
L102) partitioned better in DPC and in DM/anionic lipid
micelles than in DM micelles, as shown by fluorescence
titration and CD. NMR data revealed that this peptide fol-
ded as an amphipathic helix located in the polar head group
region of DPC micelles. The two tyrosine side-chains,
flanked by arginine and lysine residues, are situated on one
face of this helix, whereas the phenylalanine and tryptophan
side-chains are located on the opposite face. Fluorescence
studies showed significant Trp subnanosecond rotations, the
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presence of several rotamers, and a heterogeneous location
within the water/micelle interface. NMR studies of the
shorter cav-1(V94-R101) peptide and of the homologous
sequence of cav-2(I79SKYVMYKF87) allowed the
description of the effect of L102 and of the amino acid
variations occurring in cav-2 on the structure and locali-
zation in DPC micelles. Based on the topological model of
caveolins, our results suggest that the cav-1 and cav-2
nonapeptides studied form interfacial o-helix membrane
anchors in which the K/RhhhYK/Rh motif, also found in
cav-3, may play a significant role.
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Abbreviations

BrDM 7,8-Dibromododecylmaltoside

BrUM 10,11-Dibromoundecanoylmaltoside

cmc Critical micellar concentration

CD Circular dichroism

CRAC Cholesterol recognition/interaction amino
acid consensus

cav-n Caveolin-n withn = 1,2 or 3

DM n-Dodecyl--p-maltoside

DMPA 1,2-Dimyristoyl-sn-glycero-3-phosphate

DMPC 1,2-Dimyristoyl-sn-glycero-3-
phosphocholine

DMPG 1,2-Dimyristoyl-sn-glycero-3-[phospho-
rac-(1-glycerol)]

DMPS 1,2-Dimyristoyl-sn-glycero-3-phospho-L-
serine

DPC Dodecylphosphocholine

DSS Dimethylsilapentane-sulfonic acid

FWHM Full width at half maximum
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HSQC Heteronuclear single quantum correlated
spectroscopy

MALDI/TOF Matrix-assisted laser desorption ionization
time of flight

MEM Maximum entropy method

N-MAD N-terminal membrane attachment domain

NATA N-acetyltryptophanamide

NOESY Nuclear Overhauser effect spectroscopy

POPC 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine

POPS 1-Palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-L-serine]

POPG 1-Palmitoyl-2-oleoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)]

TOCSY Total correlated spectroscopy

Introduction

Caveolins (1-3) are major protein components of caveolae,
microdomains of the plasma membrane involved in a large
number of biological functions, including signal transduc-
tion, cholesterol homeostasis, and transport (Cohen et al.
2004; Parton and Simons 2007 and references therein).
Caveolin-1 and caveolin-2 (cav-1 and cav-2) are found in
most cell types, including adipocytes, small muscle cells,
endothelial cells, epithelial cells, and fibroblasts, whereas
caveolin-3 (cav-3) is specific to muscle. Cav-1 and cav-3
can form invaginated caveolae independently, whereas
cav-2 requires colocalization with cav-1. There are many
lines of evidence to suggest that caveolins are not only
structural elements of caveolae but also interact with sig-
naling proteins transiently sequestered in these microdo-
mains, modulating their activity (Liu et al. 2002). Essential
interaction networks involving sterols, lipids, and proteins
clearly exist within caveolae, and investigations of their
molecular basis are required to understand the structure and
multifunctional role of these membrane microdomains.

A series of biochemical studies have led to a consensus
topological model for cav-1, the best characterized member
of the caveolin protein family. This model comprises a
hydrophobic intramembrane domain, L.102-1134, flanked at
its N- and C-termini by two amphipathic cytosolic seg-
ments: D82-R101 and K135-1150 (Cohen et al. 2004;
Parton et al. 2006 and references therein). The two
amphipathic regions probably constitute in-plane mem-
brane anchors, known as N- and C- attachment domains
(N-MAD and C-MAD, respectively; Cohen et al. 2004;
Schlegel et al. 1999). N-MAD, which is also known as the
caveolin scaffolding domain, has been identified as an
essential element for the interaction between caveolin and
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proteins involved in signal transduction (Schlegel et al.
1999). The amino acid sequences of cav-1 and cav-3 are
very similar and differ slightly from that of cav-2: the
human cav-1 and cav-3 sequences are about 85% similar,
whereas the human cav-1 and cav-2 sequences are about
58% similar. However, the level of similarity between the
human cav-1 and cav-2 sequences is as high as 73% for the
corresponding central intramembrane domains (R-L102-
I134-K in cav-1 and K-F87-V119-K in cav-2).

Ten years ago, Li and Papadopoulos noticed that the
C-terminal sequence of the cav-1 N-MAD, V94-T-K-Y-W-
F-Y-R101 (Fig. 1), matched the cholesterol recognition/
interaction amino acid consensus (CRAC) pattern [i.e.
VIL—X(1-5)-Y—X(1-5)—R/K, where X(1-5) represents
from one to five residues of any amino acid], highlighting a
possible role for this sequence in the binding of the protein
to cholesterol-rich membranes (Li and Papadopoulos
1998). A sequence resembling the CRAC motif of cav-1
is present in cav-2, I79-S-K-Y-V-M-Y-K86 (Fig. 1);
however, V is replaced by I and the two central aromatic
residues of the cav-1 sequence (WF) are replaced by two
aliphatic residues in cav-2 (VM). These amino acid
sequences directly precede the hydrophobic domains of
caveolins.

In 2002, Woodman et al. showed that a sequence shorter
than that of the cav-1 CRAC motif comprising only six
residues, K96-Y-W-F-Y-R101, was able to bind to mem-
branes, as shown by GFP-fusion experiments (Woodman
et al. 2002). However, this motif neither targeted the pro-
tein to the cholesterol-rich domain characteristic of cave-
olae (Woodman et al. 2002) nor promoted the formation of
such domains in liposomes (Epand et al. 2003). We
recently showed, by CD and NMR measurements, that a
peptide comprising the N-MAD (D82-R101) of cav-1 plus
the Leul02-1le109 hydrophobic stretch adopted a helical
conformation that was particularly stable towards its
C-terminal end in the presence of dodecylphosphocholine
(DPC) micelles (Le Lan et al. 2006). A limited number
(six) of the residues of this peptide detected the presence of
small amounts of phosphatidylserine (POPS) solubilized
in DPC micelles, through chemical shift variations, in
agreement with the study of Arbuzova et al. (2000). Five of
these residues belong to the CRAC motif: V94 and the
doublets K96-Y97 and Y100-R101.

Cav-1(94-102) VTKYWEYRL

Cav-2(79-87) ISKYVMYKF

Cav-3(67-75) VSKYWCYRL

Fig. 1 Amino acid sequence of the cav-1 and cav-2 studied peptides
and the homologous sequence in cav-3
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Considering the role of this atypical membrane attach-
ment sequence and the incomplete structural information
gained from it in our previous work on the cav-1 (D82-
1109) peptide, we decided to focus on small peptides
encompassing this amino acid sequence, adopting the same
strategy as Epand et al. (2005).

The first amino acid of the hydrophobic amino acid
stretch downstream from the cav-1 CRAC motif is a highly
conserved hydrophobic residue (L102). In line with our
strategy based on favoring peptide attachment to mem-
branes (Le Lan et al. 2006), we included hydrophobic
residues at the C-terminus of the designed cav-1 and cav-2
peptides: V94-T-K-Y-W-F-Y-R-L102 and 179-S-K-Y-V-
M-Y-K-F87, respectively.

We report here the structure and dynamic properties of
the cav-1(94-102) peptide in aqueous solution and in
interaction with various membrane models. To obtain this
information at the atomic level, we chose DPC micelles as
membrane mimics because they were already shown to be
adequate for such studies, including NMR, primarily due to
their small sizes and to the detergent head group being
similar to that of phosphatidylcholine (Beswick et al. 1999;
Lauterwein et al. 1979; Zhang et al. 2008; see also, e.g.,
Nanga et al. 2008; Neumoin et al. 2007; Schibli et al. 2006
for recent studies). We also chose DM, a widely used
detergent in membrane protein studies, as it often preserves
their activities well (Lund et al. 1989; Rosevear et al. 1980)
and allows some membrane protein crystallization (Boc-
quet et al. 2009; Roche et al. 2006). DM was also shown, in
CD and fluorescence studies, to be appropriate for peptide
folding (Coic et al. 2005; Sjogren et al. 2005; Vincent et al.
2007; Wimmer et al. 2006).

The interaction of the peptide with these detergents and
phospholipid-detergent (DM) micelles was investigated by
steady-state fluorescence and circular dichroism studies.
The location of the single Trp residue W98 in DM and
DPC micelles was assessed by fluorescence quenching with
brominated DM analogs and acrylamide. We studied pep-
tide dynamics in buffer, DM, and DPC micelles, by W98
time-resolved fluorescence. The structure of cav-1(94-102)
in DPC micelles was determined by NMR. The structural
characteristics of cav-2(79—-87) and cav-1(94-101) in DPC
micelles were also studied for comparison.

Materials and methods
Solutions and chemicals
n-Dodecyl-f-p-maltoside (DM) was obtained from Calbio-
chem. Its brominated derivatives, 7,8-dibromododecyl-

maltoside (BrDM) and 10,11-dibromoundecanoylmaltoside
(BrUM), were synthesized as previously described (de Foresta

et al. 1996, 1999). DPC and DPC-d;g were purchased
from Anatrace and Cortecnet, respectively. N-acetyltryp-
tophanamide (NATA), acrylamide, and azide were
purchased from Sigma—Aldrich. 1,2-Dimyristoyl-sn-gly-
cero-3-phospho-L-serine (DMPS; sodium salt), 1,2-dimyr-
istoyl-sn-glycero-3-phosphate (DMPA; monosodium salt),
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]
(DMPG; sodium salt) were obtained from Avanti Polar lipids
(AL, USA).

Preparation of DM/phospholipid mixed micelles

The mixed micelles were prepared at a 9:1 (DM:
phospholipid) molar ratio in buffer with 180 mM DM and
20 mM DMPS, DMPG, DMPC, or DMPA. Powdered
phospholipids were added to the DM solution, and the
mixture was vortexed for 2 min and sonicated in a soni-
cation bath at 30°C for 3 min.

Peptide synthesis

The cav-1 peptides (94-102 and 94—-101) and the cav-2(79-
87) peptide were synthesized by Ansynth Service (LE
Roosendaal, NL). They were acetylated at their N-termini
and amidated at their C-termini. All peptides were delivered
at a purity >95% (HPLC, MALDI/TOF). For fluorescence
and CD experiments, a stock solution of cav-1(94-102)
was prepared in water at a concentration of 1 mM with
0.016% azide.

Circular dichroism

Far UV circular dichroism spectra were recorded on a
Jobin—Yvon CD6 spectropolarimeter calibrated with d-10-
camphorsulfonic acid. Measurements were performed at
room temperature, using 0.5 mm path length quartz cuv-
ettes (Hellma) for 100 pM cav-1(94-102) peptide solubi-
lized in 10 mM sodium phosphate buffer, pH 7.5, alone or
in the presence of either 4 mM DPC or DM or DM/lipid
(9:1). Spectra were recorded at room temperature in the
185 to 260 nm wavelength range, at 0.5 nm resolution
steps, an integration time of 2 s, and a bandwidth of 2 nm.
Spectra were averaged over four scans and corrected for
background. Concentration was determined by measuring
UV absorbance at 280 nm, using an extinction coefficient
at 280 nm of 8,250 M~! cmfl, calculated from the amino
acid composition of the peptide (Pace et al. 1995).

Steady-state fluorescence measurements

Fluorescence emission spectra for the cav-1(94-102) pep-
tide (5 pM) solubilized in 10 mM sodium phosphate
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buffer, pH 7.5, alone or in the presence of either 4 mM
DPC or DM or 6 mM DM/phospholipid (9:1) were recor-
ded in a thermostatically controlled cell-holder on a Spex
Fluorolog spectrofluorimeter. For reference, a similar
experiment was carried out with NATA in 10 mM sodium
phosphate buffer, pH 7.5. /., was set at 280 nm. Slit widths
were 1.25 mm (bandwidths ~5 nm). Spectra were recor-
ded after a short period of equilibration (2-3 min). Emis-
sion spectra were normalized. For experiments in which
fluorescence was quenched with acrylamide, a stock solu-
tion of 5 M acrylamide in water was prepared. Buffers
were filtered through Millex-HA filters (0.45 puM pore size;
Millipore).

Partitioning of cav-1(V94-L102) between buffer
and various pure or mixed detergent micelles

We studied the partitioning of cav-1(94-102) in various
micelles by monitoring the changes in fluorescence inten-
sity of the peptide with increasing detergent concentration,
at a fixed emission wavelength (332 nm) on the Spex
instrument, essentially as previously described (Coic et al.
2005). Briefly, we sequentially added aliquots of DM,
DPC, or mixed DM/phospholipid stock solutions to a 5 uM
cav-1(94-102) solution in 10 mM sodium phosphate
buffer, pH 7.5, in the fluorescence cuvette at 20°C at 100-s
intervals with continuous stirring. Fluorescence was con-
tinually recorded, as stated in the figure legends. The
fluorescence intensities obtained at each detergent con-
centration were corrected for background (detergent or
DM/phospholipid in buffer) and plotted as a function of
total detergent concentration.

The interaction of cav-1(94-102) with pure detergent or
mixed phospholipid-detergent micelles was analyzed with
a partitioning model making no assumption about the
mechanism underlying the interaction. A molar partition
coefficient, K (Ben-Tal et al. 1996; Murray et al. 1998;
Peitzsch and McLaughlin 1993; Santos et al. 2003; Seelig
2004; Tamm 1991), can be defined (for an excess of
detergent over peptide) as the ratio between the molar
concentrations of the peptide within the micellar phase and
in the bulk aqueous phase:

K = ([Pl,y/[D],) / ([Ply,0/ [H20]) (1)

where [P],, and [P]g,0 are the peptide concentrations in
each phase and [D],, and [H,O] are the concentrations of
detergent in the micellar phase and water molarity,
respectively. When [P],, = [P]u20, then K = [HyO)/[D]i1/2,
where [D],,,1/» is the detergent concentration in micelles for
half-partitioning.

It can be shown that the ratio of bound to total peptide
concentrations is related to K by:
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[P],/[Pl,= K[D],,/ ([H20] + K[D],,) (2)

where [P]; is the total peptide concentration.

If bound and free peptides have different quantum
yields, then [P],/[P], is related to the fluorescence intensity
by:

[Plo/[Pli= (I = Io) / (Imax — 1o) (3)

where I and I,,,,, are the fluorescence intensities in the absence
and presence, respectively, of a detergent concentration
resulting in complete peptide binding. Combining Egs. 2 and
3 gives

I'=Io + (Imax — 10)K[D],,, /([H20l+K[D],;) (4)

with [D],, = [D]; — cmc, where [D]; is the total deter-
gent concentration and cmc is the critical micellar
concentration.

Data points are the means of duplicate measurements for
DM and DM/phospholipid (with DMPC and DMPS as a
lipid). K was determined by fitting the binding curve,
using Eq. 4, for detergent concentration above the cmec.
The partitioning free energy, AG, was calculated using the
formula AG = —RTInkK.

Spectral decomposition of steady-state fluorescence
emission spectra

The steady-state fluorescence spectra were analyzed with
two-four-parameter log-normal functions (a skewed
Gaussian equation) of the following form (Burstein et al.
2001; Burstein and Emelyanenko 1996):

1(v) = Inexp{—(In2/In* p) x In*[(a —v)/(a — vw)]}
(at v<a)
I(v)=0 (atv>a)

Here, I, = I(v,,) is the maximum fluorescence intensity,
Vm 1S the wavenumber of the band maximum (peak),
p=On—v)WVy —v, is the band asymmetry
parameter, v, and v_ are the wavenumber positions of
left and right half-maximum amplitudes, a is the function-
limiting point: a = v,, + FWHM pl(p* — 1), and the full
width at half-maximum (FWHM) = v, — v_.

We fitted a linear combination of this analytical model
to the emission spectra by the least squares regression
method (KaleidaGraph, Synergy Software, PA, USA).

Analysis of the data for fluorescence quenching
with acrylamide and brominated detergents

Fluorescence was quenched with acrylamide, essentially
as previously described (Tortech et al. 2001). Peptide
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quenching in detergent micelles was analyzed with the
classical Stern-Volmer equation (for reviews, see Eftink
1991; Lakowicz 1999):

Fo/F =1+ K[0]

where F, and F are the fluorescence intensities in the
absence and presence of quencher, respectively, Ky, is the
Stern—Volmer quenching constant, and [Q] is the quencher
concentration. Kj, is related to the bimolecular quenching
constant kq by the following formula:

Ky = quO

where 1 is the lifetime, in the absence of quencher, of the
fluorophore.

In our case, where the intensity decays are multiexpo-
nentials, 7, was replaced by the intensity average lifetime
<t>¢calculated as <t > =Y ;77 /> 047, according to
Sillen and Engelborghs (1998).

For NATA, taken as a reference, and peptide in buffer
we used the nonlinear Stern-Volmer equation:

F()/F = (1 + KW[Q])CXPV[Q]

where V can be considered as a sphere of action around the
fluorophore in which the presence of a quencher molecule
results in instantaneous (static) quenching.

Fluorescence quenching experiments were carried out
with cav-1(94-102) solubilized in mixed micelles of DM
with a brominated analog (BrDM or BrUM), essentially as
previously described (de Foresta et al. 2002). Data were
analyzed with a lattice model of quenching (East and Lee
1982; London and Feigenson 1981; Powl et al. 2005). This
model was originally designed to describe the quenching of
membrane fluorophores (e.g., protein Trp) by spin-labeled
or brominated phospholipids. It considers two populations
of fluorophores: one completely inaccessible to the
quencher and responsible for the residual fluorescence F;,
(e.g., Trp embedded in a protein), whereas in the other
population, each fluorophore has n neighbors (phospho-
lipids) and fluorescence is completely quenched if one (or
more) of these sites is occupied by a modified phospholipid
(corresponding to a quenching efficiency of 100% upon
contact). It is assumed that phospholipids do not change
position during the lifetime of the fluorophore. If X is the
molar fraction of quenchers in the membrane, then (1 — X)"
is the probability that none of the # sites is occupied by a
quencher. The fluorescence ratio is therefore given by:
FIFy = (1 — Frnin/Fo)(1 — X)" + Fin/Fo.

In a micellar environment, unlike in lipid bilayers, the
“lattice parameter” n is not expected to give an exact
determination of quenchers around Trp because some
dynamic quenching may occur in addition to static
quenching (de Foresta et al. 1999, 2002) and because the
transverse inaccessibility of Trp is not taken into account

directly in the model. The parameter n is, however,
correlated with the accessibility of this residue to bro-
minated alkyl chains. We previously described variations
of n with Trp depth from quenching curves, with BrDM
and BrUM, for a set of six model peptides (P,) with Trp
at various positions in the sequence (positions 3, 5, 7, 9,
and 13 in the 25-amino acid sequence; de Foresta et al.
2002). These data were used as the reference in this
study.

Time-resolved fluorescence measurements

Fluorescence intensity and anisotropy decays were
obtained by the time-correlated single-photon counting
technique from the polarized I,,(f) and I,,(f) components.
Most experiments were performed as previously descri-
bed (Vincent et al. 2005), except that a light-emitting
diode (PLS 295, from Picoquant, Berlin-Adlershof, Ger-
many; maximum emission at 298 nm) was used as an
excitation source and a Hamamatsu photomultiplier
(model R3235-01) was used for detection. As previously
described, fluorescence intensity I(f) and anisotropy
decays r(f) were analyzed as sums of 150 or 100 expo-
nential terms, respectively, by the maximum entropy
method (MEM; Livesey and Brochon 1987), using mul-
tiexponential models: I(r) = Y aexp(—t/t;), where o; is
the normalized amplitude of the lifetime 7; and
r(t) = >_pexp(—t/0;), where f5; is the contribution to the
anisotropy of the rotational correlation time 6. In this
second analysis, we assumed that each lifetime 7; is
associated with all rotational correlation times ;. MEM
does not impose any particular number of significant
parameters for the decay. The Skilling-Jaynes entropy S
was subjected to a ;(2 constraint (Brochon 1994) to ensure
that the recovered distribution was consistent with the
data.

According to Perrin (Perrin 1936), the Brownian rota-
tional correlation time () is proportional to the hydrated
volume of the particle (V},) and to the viscosity/temperature
factor (y/T) such that 6 = Vy,n/RT.

NMR experiments

Peptides were dissolved at a concentration of 3.5 mM in
90/10 (v/v) H,O/D,0O, containing 100 mM perdeuterated
DPC-dsg for cav-1(94-102) and for cav-2(79-87). The
DPC concentration used corresponds to that needed to
obtain a plateau in titration curves of proton chemical shifts
as a function of DPC concentration (data not shown). DPC
titrations were performed by adding small aliquots of an
800 mM DPC stock solution to a 3.5 mM peptide solution
(90/10 H,O/D,0). For cav-1(94-101), a higher DPC
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concentration (400 mM) was required. The pH was
adjusted to 5.5 in all experiments.

Spectra were recorded at 20 and 30°C on a DRX
Brucker spectrometer operating at 600 MHz or at
500 MHz 'H frequency, equipped with a cryoprobe and an
X-'H inverse probehead, respectively. Chemical shifts
were expressed with reference to internal standard dime-
thylsilapentane-sulfonic acid, sodium salt (DSS). Standard
two-dimensional total correlated spectroscopy (TOCSY)
and nuclear Overhauser effect spectroscopy (NOESY)
spectra were recorded with mixing times of 70 ms (TOC-
SY) and 150 and 300 ms (NOESY). Signals were assigned
with the standard protocol (Wiithrich 1986). For the 3¢
chemical shift assignments, natural abundance 'H-3¢C
HSQC (heteronuclear single quantum correlation) spectra
were recorded.

We localized the cav-1(94-102 and 94-101) and
cav-2(79-87) peptides in DPC micelles on the basis of
intermolecular NOEs with the DPC signals. For this, we
compared NOESY spectra (500 ms mixing time) of peptide
solutions in perdeuterated DPC-d3g micelles with or with-
out protonated DPC (10%) in D,0.

The accessibility to solvent of the amide backbone
protons was determined by proton/deuterium exchange
studies. We prepared samples by solubilizing 3.5 mM
cav-1(94-101) and cav-1(94-102) in 400 mM and
100 mM DPC-dsg, respectively, in H,O, pH 5.5, and
further freeze-drying the mixture. Series of 1D NMR
spectra were recorded just after solubilization of the
peptide/DPC samples in D,0. Solvent accessibility was
monitored by following the disappearance of the amide
proton signal.

Molecular modeling of cav-1(94-102)

The structure of cav-1(94-102) in the presence of
100 mM DPC-dsg was determined from NOESY spectra
recorded at 20°C with a mixing time of 100 ms. Sybyl
version 7.1 (Tripos, St. Louis, MO, USA) was used for
modeling. The Tripos force field with electrostatics was
used for minimization and dynamics. Interresidue dis-
tance ranges derived from NOE data were entered as
constraints. Based on NOE intensities, the upper limit of
proton-proton distance ranges was set to 3, 4, or 5 A and
the lower limit to 1.8 A. No hydrogen bond was imposed.
The molecule was then subjected to simulated annealing
from 800 to 0 K for 5 ps. One hundred cycles were run.
Ten structures with significantly lower energy than the
others were selected. They were then minimized by
alternating short low-temperature dynamics (2 ps, 20 K)
and minimization runs until the potential energy remained
stable.
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Results

Cav-1(94-102) interaction with pure detergent or lipid-
detergent micelles: titration by steady-state fluorescence
intensity measurements

The interaction of cav-1(94-102) with DM and DPC
micelles results in significant Trp (i.e., W98) fluorescence
changes, such as a blue-shift of the fluorescence emission
spectrum, together with an increase in fluorescence inten-
sity. Interaction with the micelles was studied by moni-
toring the increase in fluorescence intensity, at a fixed
emission wavelength, as a function of total detergent
concentration (Fig. 2a). For DPC, the titration curve had a
sigmoid shape, with fluorescence intensity starting to
increase at ~0.5 mM DPC and reaching a plateau at
detergent concentrations greater than 2 mM. The midpoint
of the curve was close to the cmc value of pure DPC
(~1.1 mM; Brown et al. 1981; Lauterwein et al. 1979),
indicating that peptide—detergent interaction occurred even
below the concentration required for pure detergent micelle
formation. By contrast, the titration curve obtained with
DM (Fig. 2a) displayed a continuous slight increase in
fluorescence intensity, which reached only half the value
corresponding to the plateau obtained with DPC at the
highest DM concentration used (6 mM), which was well
above the cmc of DM (~0.18 mM; le Maire et al. 2000).
This absence of plateau in the presence of DM, as com-
pared to DPC indicates that cav-1(94-102) interacts more
strongly with DPC than with DM micelles. If we assume a
simple model of cav-1(94—-102) partitioning into detergent
micelles (without specific interaction), the titration curve
obtained with DM as the detergent corresponds to an
estimated molar partition coefficient K of 5.5 x 103, a
value at least one order of magnitude lower than that
estimated with DPC (K > 50 x 10° taking K > [H,0)/
[Dlmi ~ 55/cmc, see “Materials and methods”).

We carried out additional cav-1(94-102) partitioning
experiments with various DM/phospholipid mixed micelles
to investigate further the possible role of specific interac-
tions of the peptide with polar head groups that might
account for the differences in behavior of these two
detergents and contribute to peptide interaction with bio-
logical membranes. These micelles contained small
amounts of either zwitterionic or anionic phospholipids
(DM/phospholipid = 9:1, mol/mol), bearing an acyl chain
similar in length to that of the detergents. As shown in
Fig. 2b DMPC, a zwitterionic lipid with the same polar
head group as DPC, had no significant effect on the titra-
tion curve of the cav-1 peptide with mixed micelles,
whereas the anionic lipid DMPS strongly favored parti-
tioning, which was already complete at concentrations
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Fig. 2 Binding of cav-1(94-102) to various pure detergent micelles
(a) or mixed micelles of DM/lipid (b). a We added 5 pM cav-1(94—
102) to 10 mM sodium phosphate buffer, pH 7.5, at 20°C. Aliquots of
DM (squares) or DPC (circles) were then added sequentially.
Fluorescence was recorded continuously with Z.x and ., set at 280
and 332 nm, respectively (slit width = 1.25 mm for both excitation
and emission). Detergent cmcs are indicated as a dotted line for DPC
and a dashed line for DM. A curve was fitted to the data as described
in “Materials and methods”. Theoretical scales of micellar detergent
[D];, (see “Materials and methods”) for DM and DPC are represented
below the [Detergent] scale. b The experiment was performed as for
a with mixed micelles of DM/lipid (9:1, mol/mol), including DM/
DMPC (triangle), DM/DMPS (dashed line), DM/DMPG (diamond),
or DM/DMPA (circle), which were compared with DM alone
(square). The cmc for DM is indicated as a dashed line. Curves
were fitted to the DM and DM/DMPC data as described in “Materials
and methods.” As in a, a theoretical scale of [D],, is shown

close to the cmc of DM. Thus, based on an analysis similar
to that described above, we can estimate that K was greater
than 275 x 10°. DMPA and DMPG were equally efficient
at increasing the partitioning of the peptide in DM
micelles. In addition, increases in ionic strength (with
150 mM NacCl) decreased the partitioning of the peptide in
mixed DM/DMPS micelles (data not shown). Interpretation
of these results in terms of DPC and DM micelle properties
and of nonspecific electrostatic interactions is further dis-
cussed below.

Change in the polarity of the microenvironment of W98
upon the interaction of cav-1(94-102) with pure
detergent or lipid-detergent micelles: steady-state
fluorescence emission spectra

In buffer, the maximum emission wavelength A,.. of
cav-1(94-102) was 348 nm, close to that of NATA
(Zmax = 353 nm) and indicative of a highly polar envi-
ronment for Trp (Fig. 3a). By contrast, in the presence of
4 mM detergent (DM or DPC), we observed a strong
blue shift of the spectra, with A.,,, = 332 and 333 nm in
DPC and DM, respectively, indicative of a more hydro-
phobic Trp environment. Consistent with this change in
polarity, these blue shifts were correlated with increases
in maximum fluorescence intensity by factors of 3.5 and
1.7 in DPC and DM, respectively. The decomposition of
these emission spectra into log-normal Gaussians yielded
only one spectral component for the peptides in buffer.
By contrast, in both detergents, the same procedure
yielded two spectral components with maxima at 324-—
326 and 342-344 nm (Table 1). These two elementary
spectra characterize two environments with very differ-
ent polarities. The data for DPC micelles, in which
peptide partitioning was more favorable, suggest that
the W98 residue was present at two locations within
micelles: one more exposed to the aqueous solvent, at the
water/micelle interface, and the other more deeply
embedded in the micelle. The higher proportion of the
more ‘“polar” spectrum in DM micelles than in DPC
micelles is consistent with the incomplete partitioning of
the peptide into micelles in these conditions, as described
above.

Figure 3b shows a comparison of the fluorescence
spectrum for cav-1(94-102) in DM-DMPS mixed micelles
and DM micelles. The presence of DMPS resulted in a
6 nm blue-shift of the emission spectrum (from A, =
333 nm in DM micelles to Apn.c = 327 nm in DM/DMPS
mixed micelles) together with a 1.7-fold increase in max-
imum fluorescence intensity, consistent with a considerable
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Fig. 3 Fluorescence emission spectra for the cav-1(94-102) peptide
in various pure micelles (a) or mixed micelles of DM/lipid (b).
a Normalized emission spectra for cav-1(94-102) peptide (5 uM) in
10 mM sodium phosphate buffer, pH 7.5, alone (dotted line) and
supplemented with 4 mM DPC (medium dashed line) and DM (solid
line), at 20°C. For reference, a similar experiment was performed
with NATA in 10 mM sodium phosphate buffer, pH 7.5 (line of short
dashes). J.x was set at 280 nm (slit width = 1.25 mm for both
excitation and emission). b The experiments were performed as for a,
with mixed micelles of DM/DMPS (9:1, mol/mol, 6 mM total
concentration; dashed dotted line) and DM micelles (solid line)

strengthening of peptide binding in the presence of DMPS,
as described above. Decomposition of the experimental
fluorescence emission spectrum yielded two elementary
spectra, both significantly blue-shifted with respect to that
of pure DM micelles (Table 1).

Cav-1(94-102) conformation in pure detergent
and in mixed micelles: CD study

We investigated the secondary structure of the cav-1(94-
102) peptide by carrying out a far-UV CD study of this
peptide in phosphate buffer in the presence and absence of
DPC and DM micelles (Fig. 4a). The aromatic side chains
of four of the nine amino acids of the sequence contribute
to the far UV CD of the peptide, but it was nonetheless
possible to do a qualitative evaluation of the presence of
secondary structures (Krittanai and Johnson 1997; Rogers
and Hirst 2004). The spectrum of the cav-1 peptide solu-
bilized in buffer displayed a broad negative peak at about
195 nm, consistent with a predominantly random coil-like
conformation. The CD spectrum of the cav-1 peptide was
radically altered in the presence of DPC micelles, indi-
cating the occurrence of structural changes following
interaction with zwitterionic micelles. The negative CD
ellipticity around 195 nm observed for the peptide in buffer
disappeared with the concomitant increase in a CD band
centered at ~ 191 nm and the appearance of two negative
bands centered at ~208 and ~ 222 nm. This CD spectrum
is characteristic of a predominantly helical conformation.
In the presence of DM micelles, the negative ellipticity
observed at ~ 191 nm in buffer was smaller and the neg-
ative ellipticity at 222 nm was greater. These spectral
characteristics suggested that the proportion of the peptides
in the o-helical state was larger in DM than in buffer.
However, the percentage of peptides in the x-helical state
was lower in DM than in DPC. The structural changes
induced by these detergents are consistent with the

Table 1 Parameters of the

. Sample Raw Log-normal Gaussian #1 Log-normal Gaussian #2
log-normal Gaussian
ts of the steady-state spectrum
Cﬂ?;:rics)zzlllze emissi;)n spec:tra Amax (M) Anae FWHM  Spectrum Amax FWHM  Spectrum
—1 . -1 .
of cav-1(94-102) in various (nm) (cm™ ) peak height (%) (nm) (cm ) peak height (%)
detergent micelles and buffer NATA
Phosphate buffer 352.5 352.5 4,826 100 _ _ _
Cav-1(94-102)
Phosphate buffer 347 347 4,869 98 _ _ _
. DPC micelles 332 342 4,610 33 326 4,459 67
The spectra are presented in
Fig. 3. The steady-state DM micelles 333 344 4,780 43 324 4,827 57
fluorescence spectra were DM/DMPS
analyzed as described in Mixed micelles 327 32 499% 52 319 4428 48

“Materials and methods”
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Fig. 4 Far UV CD spectra of cav-1(94-102) peptide in various pure
detergent micelles (a) and mixed micelles of DM/lipid (b). a Spectra
were registered with 100 pM cav-1(94-102) in 10 mM sodium
phosphate buffer, pH 7.5, (dashed line) and in the presence of 4 mM
DPC (continuous line) and DM (dashed dotted line). Further details
are provided in “Materials and methods.” b Spectra were registered
as for a, with mixed micelles of DM/lipid (9:1, mol/mol), DMPA
(short dotted line), DMPG (solid thick line), DMPS (dotted line), and
DMPC (dashed line) as the lipid. The CD spectrum in DM (solid thin
line) was added for comparison

differences in peptide partitioning into DM and DPC
micelles inferred from W98 fluorescence measurements.

In the presence of anionic lipids, we observed an
increase in the band of positive CD centered at ~191 nm
and a decrease in the two negative bands centered at ~208
and ~222 nm with respect to what was observed with DM
alone (Fig. 4b). These results suggest that a larger pro-
portion of the peptides were in an o«-helical state in these
conditions. Moreover, zwitterionic lipid DMPC had no
significant structuring effect.

These CD results, together with the fluorescence data,
indicate that peptide partitioning into the various mixed
lipid-detergent micelles is coupled with changes in peptide
structure.

! 1 1 | ! 1 1 1 !

0
0.00 0.05 0.10 0.15 0.20 0.25
[Acrylamide], M

Fig. 5 Stern-Volmer plots of the quenching by acrylamide of cav-
1(94-102) peptide fluorescence in various media. The experiments
were performed with cav-1(94-102; 5 pM) in 10 mM sodium
phosphate buffer, pH 7.5, at 20°C in the absence (closed circles) or
presence of 4 mM DPC (closed squares) or DM (closed triangles).
Aliquots of acrylamide were added sequentially, and Trp fluorescence
intensity was recorded with A, set at 295 nm (slit width 1.25 mm)
and /., at 340 nm (slit width 2.5 mm). For reference, a similar
experiment (but with A, set at 353 nm) was performed with NATA
(5 uM) in water (open circles). Data analysis was performed as
described in “Materials and methods”

Location of the W98 residue of cav-1(94-102)
in DM and DPC micelles: fluorescence quenching
by acrylamide and brominated detergents

We evaluated the depth at which the single Trp residue was
located within the micelles by carrying out quenching
experiments with both acrylamide, as a water-soluble
quencher, and two brominated analogs of DM, i.e., BrDM
and BrUM (brominated at positions 7-8 and 10-11 of the
acyl chain, respectively), as lipid-soluble quenchers.

The Stern-Volmer plots of fluorescence quenching by
acrylamide obtained for cav-1(94-102) in micelles were
linear, yielding the Stern-Volmer quenching constant
K,, (Fig.5). By comparing the calculated bimolecular
quenching constant k, (Table 2; taking into account the
lifetime values measured in similar conditions, see below),
we showed that W98 in the peptide in buffer was highly
accessible to the water-soluble quencher as compared to
NATA, but that accessibility to solvent decreased to
~30% in the presence of either DM or DPC micelles.

With brominated detergents as quenchers, the fluores-
cence intensity of W98 in cav-1(94-102) was determined
as a function of the molar ratio of BrDM or BrUM in DM-
BrDM or DM-BrUM mixed micelles. The curves were
fitted with Lee’s lattice model, as previously described
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Table 2 Parameters of cav-1(94-102) fluorescence quenching by
acrylamide

Fluorophore Medium <t>¢ K,y kq \%
() MH MsTH M
(%)
NATA Water 30 185 6.17 x 10° 1.76
(100%)
cav-1(94-102) Phosphate buffer 2.70 109 4.03 x 10° 1.6
(65%)
DPC micelles 462 8.02 1.74 x 10° _
(28%)
DM micelles 417 670 1.61 x 10° _
(26%)

For the peptide, the intensity average lifetimes <t>¢ were calculated

ot -
as<tT > = %y r with «; and 7; values from Table 3. <t> for NATA
was as reported by Rouviere et al. (1997). K, and V were obtained
from Fig. 5, and kq was calculated as explained in “Materials and

methods”

(see “Materials and methods”; East and Lee 1982; London
and Feigenson 1981; Powl et al. 2005; Fig. 6). We found
that 70% of the peptide fluorescence was quenched in the
presence of pure brominated detergent micelles, consistent
with incomplete binding of peptide to these micelles (in
4 mM detergent), as observed for DM micelles. The shape
of the quenching curve, characteristic of the properties of
the bound peptide, yielded lattice parameters n (3.7 and 4.4
in BrDM and BrUM, respectively) in the range of that
obtained for o-helical transmembrane model peptides,
P, (de Foresta et al. 2002).

By comparison with the data for these P, model peptides
in DPC and DM (de Foresta et al. 2002; Vincent et al.
2007), the quenching data of cav-1(94-102) by acrylamide
in DPC and DM and by brominated DM in mixed DM/
brominated DM micelles are consistent with the W98
residue of the bound peptide being located in the head
group region of DPC or DM micelles, as also suggested by
the fluorescence spectra.

Conformational heterogeneity and dynamics
of cav-1(94-102) peptide in buffer, DM,
and DPC micelles: time-resolved fluorescence study

Fluorescence intensity decays yield Trp fluorescence life-
time distributions, which are sensitive indicators of ground-
state heterogeneity (such as conformer distribution; Moors
et al. 2006; Pan and Barkley 2004) and reactions involving
the excited state (energy transfers, dipolar relaxation;
Vincent and Gallay 1995). In buffer, a classic lifetime
distribution was observed for W98 fluorescence, with an
even distribution into three lifetime components (~ 0.6,
1.7, and 3.9 ns; see Table 3 and Supplementary Material
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Fig. 6 Quenching of cav-1(94-102) fluorescence in mixed micelles
of BrDM/DM (a) or BrUM/DM (b). Independent measurements of
cav-1(94-102; 5 uM) fluorescence intensities were made in 10 mM
sodium phosphate buffer, pH 7.5, supplemented with various mixtures
of BrDM and DM (a), or BrUM and DM (b), at a final total detergent
concentration of 4 mM at 20°C. The intensities were plotted as a
function of X, the molar fraction of the brominated detergent. /., was
set at 280 nm and /., at 333 nm (slit width = 1.25 mm for both
excitation and emission). A curve was fitted to the data as described in
“Materials and methods.” The insets show the calibration curves of n
with Trp position, obtained with six model peptides in BrDM (a) and
BrUM (b) (de Foresta et al. 2002). The horizontal lines represent the
n values obtained for cav-1(94-102) with BrDM and BrUM

Fig. 1). By contrast, in the presence of DPC micelles, the
distribution was characterized by a major long-lifetime
component (~ 5 ns), with two minor shorter lifetimes. This
long lifetime component may indicate the presence of one
major conformer of the Trp side chain (Bouhss et al. 1996;
Willis et al. 1994), consistent with the high o helix content
observed on CD. The profile in the presence of DM
micelles was more complex, with four lifetime populations,
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Table 3 Parameters of the fluorescence intensity decays of cav-1(94-102) peptide in various media

2

Solvent o o o3 oy 71 (ns) T, (ns) 73 (ns) T4 (n8s) <t>, (ns) y
Phosphate 0.28 0.47 0.25 _ 0.57 1.68 3.88 _ 1.92 1.07
buffer (£0.05) (£0.02) (£0.04) (£0.10) (£0.17) (£0.18) (£0.01) (£0.02)
DPC micelles 0.20 0.21 0.59 _ 0.62 1.88 5.13 _ 353 1.06
(£0.03) (£0.02) (£0.03) (£0.09) (£0.28) (£0.09) (£0.06) (£0.02)
DM micelles  0.12 0.27 0.33 0.28 0.15 0.85 2.50 5.58 2.63 1.05
(£0.03) (£0.01) (£0.02) (£0.02) (£0.04) (£0.09) (£0.18) (£0.15) (£0.07) (£0.02)

Cav-1(94-102) peptide was used at concentrations of 150, 50, and 100 pM in buffer, in 40 mM DPC, and in 40 mM DM respectively.
Aem = 347, 330, and 333 nm in buffer, DPC, and DM, respectively, with 1., centered at 298 nm. The temperature was 20°C. ; is the normalized
area and t; the barycenter of each peak of the lifetime distribution obtained in the MEM analysis. The amplitude average lifetime <t>, is
calculated as <t>, = Y «;7;. Data are mean values (£SE) over four experiments

Table 4 Parameters of the fluorescence anisotropy decays of cav-1(94—102) peptide in various media

Solvent B p> 0, (ns) 0, (ns) =0 P

Phosphate buffer 0.100 (£0.008) 0.142 (£0.001) 0.09 (£0.01) 0.59 (£0.01) 0.247 (£0.002) 1.34 (£0.03)
DPC micelles 0.028 (£0.015) 0.129 (£0.014) 2.27 (£1.43) 10.9 (£0.6) 0.157 (£0.005) 1.11 (£0.05)
DM micelles 0.007 (£0.007) 0.133 (£0.003) 1.1 (£1.1) 14.6 (£1.4) 0.139 (£0.010) 1.10 (£0.01)

Experimental conditions were as described in Table 3. The anisotropy f3; is the area and the rotational correlation time 0; is the barycenter of peak
i of the rotational correlation time distribution. r, is the anisotropy at time zero, with r,—o = >_f;. Data are mean values (£SE) over two to three

experiments

as in previous experiments (de Foresta et al. 2002). In
addition to the various Trp conformations, a heterogeneous
environment surrounding Trp in the presence of DM
micelles may account for this result (see above). Moreover,
the amplitude of the longest lifetime (~30%) is smaller
than that in DPC micelles (~60%), again consistent with
structural data. As a result, the amplitude average lifetimes
<1>, for cav-1(94-102) peptide fluorescence were highest
in DPC, lower in DM, and lowest in buffer. As expected,
this trend resembles that for steady-state maximum fluo-
rescence intensities (ratio 3.5/1.7/1 with buffer as refer-
ence, although measured in slightly different experimental
conditions).

Fluorescence anisotropy decays can be used to charac-
terize the rotational dynamics of the systems studied
(Table 4). In buffer, we observed a major rotational cor-
relation time in the subnanosecond range (6, ~ 0.6 ns),
corresponding to the Brownian motion of the peptide. A
shorter correlation time (6, = 100 ps) was also observed,
describing the fast local motion of the Trp side-chain
around the Co—Cf—Cy bonds. In DM and DPC micelles,
both correlation time values were about one order of
magnitude higher, reflecting the incorporation of the pep-
tide into detergent micelles. The longer correlation times
(11 and 15 ns for DPC and DM, respectively) were in the
range expected for these detergent micelles, indicating that
peptide-detergent complexes and pure micelles are similar
in size.

Structure of the cav-1(94-102) peptide in deuterated
DPC micelles, as determined by NMR

CD spectroscopy showed that the cav-1(94-102) peptide
was mostly folded as an «-helix in DPC micelles. This
folding was characterized in greater detail by 'H and '°C
NMR spectroscopy. In H,O, the H, index profile of the
peptide (data not shown) displayed weak negative values
(—=0.1 ppm < AdH, < —0.2 ppm), typical of an unstruc-
tured conformation. The addition of deuterated DPC
micelles had a major effect on the peptide spectra, indi-
cating an interaction between DPC molecules and the
peptide within mixed micelles, resulting in a change in
peptide conformation. Most of the proton and carbon res-
onances of cav-1(94-102) spectra were assigned. The 13C1
chemical shift indices, defined as differences in the ' C,
chemical shifts between observed and random coil values,
were used to identify the secondary structure (Wishart et al.
1995). '3C,, chemical shifts are known to be particularly
sensitive to the backbone structure of the polypeptide
chain, whereas H, chemical shifts tend to be more strongly
influenced by ring current and sequence effects. The long
series of positive 13C,, indices (ASC, > 0.7 ppm; Fig. 7a)
provided evidence for a predominantly helical conforma-
tion. Surprisingly, these values were very large (up to
2.2 ppm) for such a small peptide (nine residues), revealing
a stable helical conformation. The lower ' C, indices for
R101 and L102 indicate some fraying at the C-terminal end
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Fig. 7a, b NMR analysis of
cav-1 and cav-2 peptides in
DPC micelles. a '*C, chemical 4
shift indices (A0C,) for
cav-1(94-102) (dark gray bar),
cav-1(94-101) (gray bar), and
cav-2(79-87) (striped gray bar)
solubilized in DPC micelles.
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See “Materials and methods”
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of the helix. The presence of intense sequential ANN(, i + 1) face the buffer

NOEs and (i, i + 3)/(i, i + 4) correlations provides further
evidence of the existence of a helical conformation along the
entire length of the peptide (Fig. 7b, left panel). We then
carried out molecular modeling of cav-1(94-102), using
NOE:s as distance constraints. As expected from the charac-
teristic NOE network, the structures obtained from simulated
annealing and minimization cycles had a helical conformation
from V94 to L102 (Fig. 8). The average positions of specific
side chains in peptide modeling were of particular interest.
The two tyrosine residues (97 and 100) were on the same face
of the helix and were surrounded by the two charged residues,
Argl01 and Lys96, whereas the aromatic residues Trp98 and
Phe99 were located on the opposite face of the helix. This side-
chain positioning is typical of an amphipathic helix.

NMR comparison of the structural properties
of the cav-2(79-87) and cav-1(94-102) peptides
in DPC micelles

The C-terminal sequences of the N-terminal attachment
domains of cav-2 and cav-1 (residues 79—87 and 94-102,

@ Springer
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Fig. 8 NMR model of cav-1(94-102) peptide. The structure of cav-
1(94-102) in the presence of 100 mM DPC-d38 was determined from
NOESY spectra (100 ms mixing time, 20°C). The dashed line allows
visualization of the most probable orientation of the helix. The most
recent version of Sybyl (version 7.1; Tripos, St. Louis, MO) was used
for modeling. The Tripos force field with electrostatics was used for
minimization and dynamics. Further details are provided in “Mate-
rials and methods”

respectively) differed, as shown in Fig. 1. In particular, the
two central aromatic residues (W-F) of the cav-1 sequence
were replaced by two aliphatic residues (VM) in cav-2. We
compared the structural properties of these two amino acid
sequences by carrying out an NMR study of the cav-2(79—
87) peptide under the same experimental conditions as used
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Fig. 9 Aromatic residues of
cav-1(94-102), cav-1(94-101),
and cav-2(79-87) peptides
involved in NOEs with DPC
methylene protons. Aromatic
residues are shown in bold. The
methylene protons of the polar
head group of DPC are shown in
bold italic and the aliphatic
chain protons of DPC are shown
in bold typeface. a corresponds
to the resonance overlap
between H*"* of Y82 and H*"/*?
of Y85 of cav-2(79-87)

polar headgroup aliphatic chain
- Y4
DPC (CH,) ;-N*-CH,-CH,-0- (PO,”) ~O-CH,-CH,- (CH,) ,~CH,
C2 C3 C4 C5
Cav-1(94-102) V- T-K-Y-W-F-Y-R-1
3 '
C3 €3 cC3
C4 C4 C4
C5 C5 G5
Cav-1(94-101) V-T-K-Y-W-F-Y-R
A 2 2
C4 C2 C5 cC2
C4 C3
CS Cc4
Cav-2(79-87) I-S-K-Y-V-M-Y-K-F
‘e e '
c2 Cc2 Cc3
Cc3 c3 C5
C4 C4
C5 (82)

for cav-1(94-102). A long series of large positive '°C,
chemical shift indices (A0C,) was observed for all but the last
two residues (Fig. 7a). The presence of a large number of
intense (i, i + 3) NOEs (Fig. 7b, middle panel) indicated that
the peptide adopted a helical conformation from I79 to K87.
Indeed, the 13CO( chemical shift indices for residues 79-85
were particularly large (up to 4 ppm), and larger than those
obtained for cav-1(94-102). These results suggest that
cav-2(79-87) has a more stable helical conformation than
cav-1(94-102). In addition, dNN (i, i + 3) NOEs connecti-
vities were observed only for cav-2(79-87), and daN (i, i + 3)
NOEs were also more intense for this peptide.

We compared the localization of the cav-2(79—-87) and
cav-1(94-102) peptides in DPC micelles by analyzing
intermolecular NOEs with the DPC signal (Fig. 9 and
Table 1 of the Supplementary Material). For this purpose,
NOESY spectra of the peptides solubilized in deuterated
DPC micelles were compared in the presence and absence
of protonated DPC (10%) in D,O. Unfortunately, the
intense signals of protonated DPC made the reliable
observation of intermolecular NOEs between protonated
DPC and the aliphatic protons of the peptide impossible.
However, many intermolecular NOEs between the DPC
methylene protons on either side of the anionic phosphate
group and peptide aromatic protons could be observed (see
Fig. 9 and Table 1 of the Supplementary Material). All
aromatic protons of cav-1(94-102) other than Y97, W98,
F99, and Y100 gave rise to intermolecular NOEs with DPC
signals corresponding to the C3, C4, C5 methylene protons,
but not the C2 methylene protons.

In addition, intermolecular NOEs between the aromatic
residues of cav-2(79-87) Y82 and/or Y85 and F87 and the
C2, C3, C4, C5 DPC methylene protons were observed.
The intermolecular NOEs observed between the tyrosine
aromatic protons and DPC methylene protons remained
ambiguous due to resonance overlaps involving the aro-
matic protons of Y82 and Y85.

The intermolecular NOEs therefore indicate that both
peptides—cav-1(94-102) and cav-2(79-87)—are located in
the polar head group region of the DPC micelles, encom-
passing the first two methylene groups of the DPC acyl chain.

NMR comparison of the structural properties
of cav-1(94-101) and cav-1(94-102)

Finally, we investigated the role of the C-terminal hydro-
phobic residue in the structure and membrane attachment
of the cav-1(94-102) peptide by studying the structural
properties of the shorter CRAC motif—the cav-1(94-101)
octapeptide. This motif displayed a lower level of binding
to DPC micelles, as shown by the higher DPC concentra-
tion required to obtain a plateau region in titration curves
of proton chemical shifts as a function of DPC concen-
tration [100 mM for cav-1(94-102) and 400 mM for cav-
1(94-101); data not shown]. A series of positive 3¢,
chemical shift differences between observed and random
coil values exceeding 0.7 ppm was observed for residues
Val94 to Trp98 (Fig. 7a). The three C-terminal residues
Phe99 to R101 had a smaller A0C, than the N-terminal
residues. The presence of daff (i, i + 3) NOEs involving
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residues V94 to Y97 and doN (i, i + 4) connectivities
(Fig. 7b) between V94 and W98 residues indicates that
only segment V94 to WIS (i.e., five amino acids) adopts a
stable helical conformation, consistent with ASC, values
(see Fig. 7a). However, the presence of a large number of
intense (i, i + 3) NOEs and the greater value of the B¢,
chemical shift difference obtained for the cav-1(94-102)
nonapeptide than for the octapeptide indicated that the
octapeptide was less structured than the nonapeptide.

We compared the accessibility to solvent of the amide
backbone protons of the two cav-1 peptides by carrying out
proton/deuterium exchange experiments. All the amides of
the shorter peptide exchanged rapidly within the dead time
of the experiment, i.e., within 5 min, whereas for the
slowest exchanging amide proton of Phe99 of cav-1, the
exchange occurred within 20 min. These results suggest
that the shorter cav-1 peptide does not form particularly
stable intra- or intermolecule hydrogen bonds.

For the localization of cav-1(94-101) within DPC
micelles, we analyzed intermolecular NOEs with the DPC
signals (Fig. 9 and Table 1 of the Supplementary Material).
Intermolecular NOE cross peaks were observed between
Y100 aromatic protons and the DPC proton signals of the
C2, C3, and C4 methylene groups. In addition, intermo-
lecular NOE cross peaks including the Y97 and F99 aro-
matic protons were observed only with the DPC proton
signals of the C4 and C5 methylene groups, respectively. It
therefore seems that cav-1(94-101), like cav-1(94-102), is
located in the polar head group region of DPC micelles.

Discussion

This paper describes the detailed structural and dynamic
characterization, in membrane mimics, of three juxta-
membrane caveolin segments located upstream from the
hydrophobic domain: two cav-1 peptides encompassing the
CRAC motif (V94-T-K-Y-W-F-Y-R-L102 and V94-T-K-
Y-W-F-Y-R101) and a homologous cav-2 peptide (I79-S-
K-Y-V-M-Y-K-F87). In this study, we combined several
complementary spectroscopic techniques to follow peptide
binding to membrane mimics and the resulting changes in
the molecular properties of the peptide.

Partitioning of cav-1(94-102), cav-1(94-101),
and cav-2(79-87) into various membrane models

The two positive charges on cav-1(94-102) make it readily
soluble in buffer, where it is largely unstructured, as shown
by CD and NMR spectroscopy. In this state, the single
tryptophan residue, W98, is largely accessible to bulk
water, as shown by its fluorescence spectrum, characterized
by a single component with 4.« = 347 nm and its almost
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complete accessibility to acrylamide (90%, using NATA as
a reference). Furthermore, taking into account the Perrin
equation (see “Materials and methods”; Perrin 1936) and
reference data with various proteins (Gallay et al. 2004), the
W98 subnanosecond rotational correlation time obtained
from time-resolved fluorescence anisotropy measurements
indicated an absence of aggregation.

The interaction of cav-1(94-102) with detergent
micelles was followed by studying changes in various
properties of the peptide (W98 fluorescence characteristics
and 'H chemical shift variations) and searching for direct
evidence of peptide-detergent contact (by NOE interaction,
for example). The plateau regions obtained in the fluores-
cence and NMR titration curves of cav-1(94-102) with
DPC revealed that this peptide was readily completely
partitioned into DPC micelles. In addition, intermolecular
NOE:s provided evidence that several methylene protons on
either side of the DPC phosphate group were located close
to the aromatic protons of the peptide. Fluorescence titra-
tion by DM also showed that cav-1(94-102) partitioned
into these detergent micelles but to a lesser extent than into
DPC micelles. In DM micelles, peptide—detergent interac-
tion was also directly demonstrated by the fluorescence
quenching of W98 by two brominated detergents (BrUM or
BrDM), as a quenching of this type (a heavy-atom
quenching) requires “contact” between bromine atoms and
the indole ring.

In the presence of DM or DPC micelles, the longest Trp
rotational correlation time (0) provides information about
the Brownian motion of the peptide-detergent complexes.
These complexes were similar in size to the corresponding
pure micelles, according to the 6 values (10-15 ns). They
probably contained no more than one peptide per complex
because of the experimental conditions used (slight excess
of micelles over peptide) and the electrostatic repulsion
between these cationic peptides.

The weaker peptide partitioning in DM than in DPC
micelles led us to investigate whether specific lipid—peptide
interactions may be demonstrated using the former system.
Such specific interaction might play a role in lipid segre-
gation occurring in caveolae.

The modulation of peptide partitioning into mixed
micelles of DM enriched with a small amount (10%, mol/
mol) of various neutral and anionic phospholipids failed to
indicate specific interactions but highlighted the dominant
effect of electrostatic interactions.

The absence of an effect of doping DM micelles with
10% DMPC indicates that -electrostatic interactions
between the peptide and the zwitterionic phosphocholine
group (common to DMPC and DPC) cannot account for the
major difference between the peptide titration curves
obtained with DM and DPC. The difference in the ability
of these two types of detergent micelles to accommodate



Eur Biophys J (2010) 39:307-325

321

the peptide is probably related to the chemical nature of
their polar head groups, conferring specific structural and
dynamic properties on their micelle-water interfaces and on
the detergent monomers in the micelles (Dupuy et al. 1997;
Tieleman et al. 2000). DM micelles have been shown to
have an H-bond network between the OH groups of the
interfacially located sugar moieties and hydration water
(Drummond et al. 1985), rendering the hydrated maltose
moiety noninteractive (Warr et al. 1986). The polar head
group region of zwitterionic DPC micelles is in a less
compact and more dynamic state than that of DM micelles
(Tortech et al. 2001), increasing the likelihood that these
peptides can be accommodated.

The importance of electrostatic interactions with nega-
tively charged phospholipids in this study is consistent with
the findings of McLaughlin et al. (Arbuzova et al. 2000) for
the cav-1(92-101) peptide, which is one amino acid shorter
and has two positive charges, like cav-1(94-102). They
showed that POPS and POPG generated similar increases
in the partitioning of the cav-1(92-101) peptide into large
mixed POPS/POPC and POPG/POPC unilamellar vesicles
over that observed with POPC alone.

Our titration data, analyzed in terms of a partition
coefficient from water to a micellar phase, were compared
with the thermodynamic data predicted on the basis of the
peptide sequence. If an interfacial partitioning free energy
(AG) from the Hristova and White scale (the most suitable
scale for such an amphiphilic peptide) established with
POPC as a lipid (Hristova and White 2005) is assigned to
each amino acid, a AG value of —6.0 kcal/mol is obtained
for the partitioning of the unstructured cav-1(94-102)
peptide into a lipid interface, demonstrating the hydro-
phobic character of this sequence. In addition, each residue
involved in an o helix structure may contribute about
—0.4 kcal/mol to AG, as suggested by the MPEX site
(http://blanco.biomol.uci.edu/mpex). Our NMR experi-
ments showed cav-1(94-102) to be mostly helical, giving a
final range of AG: —9.6 < AG < —8.8 kcal/mol (assuming
seven to nine helical residues, taking into account the
fraying ends). In DPC micelles, an upper boundary for AG
of —6.5 kcal/mol was calculated from the partition coef-
ficient K (see “Materials and methods”). This difference in
AG values may be accounted for by differences in the
systems used and in the hypotheses underlying AG calcu-
lations (such as AG contribution for residues in an o helical
conformation).

NMR showed that cav-1(94-102) and cav-2(79-87)
gave similar titration curves with DPC. For cav-2, a AG
value of —3.9 kcal/mol was obtained for the partitioning of
the unstructured cav-2(79-87) peptide and a AG range of
—6.7 to —7.5 kcal/mol was obtained taking peptide folding
into account. The ability of both these peptides to adopt a
helical structure and the hydrophobicity of their sequences

seemed to make similar contributions to their free energy
for membrane interaction.

For the cav-1(94-101) octapeptide, a higher DPC con-
centration (400 mM) was required for complete peptide
partitioning, as shown by NMR titration. With the same
method, we obtained AG values of —5.4 and —7.4 kcal/
mol (assuming that five of eight residues are in helical
conformation) for the unstructured and structured peptides,
respectively. Consistent with the titration curve, these
values indicate that this shorter peptide was less likely than
the corresponding nonapeptide to partition within a mem-
brane interface. These results are consistent with those of
Epand et al. (2005), who observed little secondary structure
for the same octapeptide in the presence of POPC and a
higher A, of 339 nm for W98 than the 332 nm observed
for the cav-1 nonapeptide.

Location of aromatic residues of cav-1(94-102) in DPC
and DM micelles

Trp is a sensitive reporter of its immediate environment
because its fluorescence spectrum is highly dependent on
the polarity of its environment and on the presence of
neighboring polar or charged groups (Chen and Barkley
1998; Lakowicz 1999; Vivian and Callis 2001). In addi-
tion, its fluorescence may be quenched highly efficiently by
various compounds, such as the acrylamide and brominated
compounds used here. For these two examples, collision or
close contact is required for quenching, so fluorescence
intensity provides information about the physical accessi-
bility of Trp to these quenchers.

When complete partitioning of cav-1(94-102) into
micelles was observed, as in 4 mM DPC or 6 mM
DM-DMPS micelles, the strong blue-shift of the peptide
fluorescence spectrum (15 and 20 nm, respectively, versus
that in buffer), together with the significant decrease in
WO8 accessibility to acrylamide (accessibility estimated at
~40% with respect to NATA) clearly indicated that this
peptide was inserted into the micelles. Furthermore, the
WO8 residue was generally found in the polar head group
region as shown by comparison of the /., value of cav-
1(94-102) and the lattice parameter n of its quenching by
brominated detergent with those obtained with six poly-
Leu-type transmembrane model peptides P, (e.g., P3:
K2WL9AL9K2A), containing a single Trp at various
positions in the sequence (de Foresta et al. 2002; Vincent
et al. 2007).

However, a diversity of locations is suggested by the
decomposition of the W98 fluorescence spectra in DM and
DPC micelles into two spectral components. The decom-
position is similar to that obtained for the model peptides
P3, P5, and P7 in DPC, with a Trp residue located in the
polar head group region (de Foresta et al. 2002).
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These results are consistent with the W98 residue slowly
exchanging (more slowly than over the nanosecond time
scale) between two microenvironments. Although origi-
nally defined for Trp residues in proteins, the Burstein
classification of Trp spectral properties as a function of the
microenvironment may be extended to other macromo-
lecular assemblies, such as membranes or micelles
(Burstein et al. 2001; Reshetnyak and Burstein 2001).
Thus, the fluorescence emission maximum at ~ 322—
325 nm may correspond to a location at which the Trp
residue can be H-bonded to very few water molecules (or
other dipolar moieties). This location may correspond to
the first methylene carbon region of the detergent acyl
chain. The fluorescence emission maximum at ~ 342—
344 nm may correspond to Trp in the highly hydrated polar
head groups of each detergent, which contain slowly
relaxing water molecules (Bhattacharyya and Bagchi 2000;
Vincent et al. 2005). This location is consistent with the
NOEs observed between W98 aromatic protons and
methylene protons situated on either side of the anionic
phosphate group of DPC. The shallow insertion of the
peptide in the polar head group region of DPC micelles was
also assessed by monitoring the intermolecular NOEs
observed between methylene protons of the polar head of
DPC and the other aromatic protons of the peptide. Limited
rotations of the whole helix, with concomitant rearrange-
ment of DPC molecules in the close vicinity of the peptide,
may contribute to the heterogeneity of aromatic residue
location and environment.

Bound cav-1(94-102) is structured as a stable helix

Cav-1(94-102) has a very low helical propensity [0.4%
according to AGADIR software (Mufioz and Serrano
1995)] but forms a stable helix in the presence of DPC
micelles, as demonstrated by CD and NMR experiments.
This finding is consistent with our previous CD and NMR
data for the longest peptide cav-1(82-109) (Le Lan et al.
2006). The presence of a predominantly helical confor-
mation in DPC is also consistent with the appearance of a
dominant long excited state lifetime for W98 (Willis et al.
1994). The helix is amphipathic, with the two tyrosine side
chains flanked by the two charged arginine and lysine side
chains on one face, and the phenylalanine and tryptophan
side-chains on the other face. The helix is located in the
polar head group region of the DPC micelle, as shown
above. As shown by the molecular dynamics of the DPC
micelle, the packing of the head group is quite loose
(Wymore et al. 1999), allowing it to accomodate such a
structure. The radius of the micelle is about 22 A, with a
polar head group thickness of ~4 A [from the probability
distribution of the first carbon of the acyl chain, referred to
as C4 in this paper (Fig. 9), and the nitrogen atom] to
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~9 A if the hydration shell is taken into account
(Tieleman et al. 2000). These dimensions are suitable for
the incorporation of an o-helix with a backbone diameter of
4 A

Role of the various amino acids

The main difference between cav-1(94-102) and the
homologous cav-2(79-87) sequence concerns the two
central aromatic residues of the cav-1 sequence (WF),
which are replaced by two aliphatic residues in cav-2
(VM). These peptides also differ for four other residues.
They therefore also have different AG values for parti-
tioning. They also differ in their hydrophobic moment y, a
parameter related to the periodicity in the polar/apolar
character of a sequence (Eisenberg et al. 1984). Higher
hydrophobic moments are correlated with higher asym-
metry of the polar/apolar amino acid distribution around
the helix axis (Eisenberg et al. 1984; Fernandez-Vidal et al.
2007; Phoenix et al. 2002). We obtained u values of 1.53
and 0.33 for cav-1(94-102) and cav-2(79-87), respec-
tively, with MPEX (Hristova and White 2005), for a helical
conformation. These values are lower than those obtained
for peptides with the same amino acid content but a dif-
ferent sequence (for cav-1, u = 5.94, for instance, for the
sequence  YYRTWVKLF; for cav-2, pu = 4.74 for the
sequence YIKVFSKMY). The hydrophobic moment of this
amino acid sequence is therefore not optimized for mem-
brane interaction. Going against expectations (Fernandez-
Vidal et al. 2007), both the differences in chemical shift
indices and in the NOEs observed for these two peptides
indicate that cav-1(94-102), which has the highest hydro-
phobic moment, forms a less stable helix than cav-2(79-87).

Although few studies are devoted to caveolin-2, the
main difference between caveolin-1 and caveolin-2 is
related to the fact that caveolin-1 is essential for the for-
mation of caveolae while this is not the case for caveolin-2.
These differences could be linked to different abilities to
make interactions with partners (proteins and/or lipids).
The more flexible juxta-membrane sequence of cav-1
compared to cav-2 may facilitate the interactions with
different partners as this region of cav-1 has been identified
as part of an interaction domain with both lipids and
proteins.

Both cav-1(94-102) and cav-2(79-87) are located in the
polar head group region of DPC micelles. Differences
were, however, observed in the intermolecular NOEs for
these two peptides. These differences are difficult to
interpret and may result from subtle differences in the
degree of insertion, helix tilt, or the dynamic equilibrium of
the peptide in the interface region.

By contrast, deletion of the C-terminal residue of cav-
1(94-102)—L102—resulted in more extensive changes:
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a lower level of structuration and weaker partitioning into
DPC micelles. The calculated hydrophobic moment u was
also lower than that of the longer peptide (1.02 vs. 1.53).
The properties of the shorter cav-1(95-101) have been
studied by other groups (Sowmya et al. 2006; Woodman
et al. 2002). Lisanti et al. (Woodman et al. 2002) showed
that this amino acid sequence was sufficient for attachment
of the soluble GFP protein to the membrane. This apparent
discrepancy in affinity is probably due to the presence of
charged phospholipids in biological membranes, which we
showed to be important in our model system.

In conditions of complete binding, the weaker structur-
ation and shallower insertion at the micellar interface of
cav-1(94-101) than of cav-1(94-102) demonstrated by
NMR thus highlights the importance played by the C-ter-
minal hydrophobic residue L.102 in both the structure and
positioning of the peptide. However, the contributions of
the partition enhancement and the stabilization of the helix
cannot be precisely delineated.

Although we did not mutate the tyrosine residues, we
suggest an essential role of the K/RhhhYR/Kh motif (h
being a hydrophobic residue). The two charged residues are
important for membrane binding and are conserved among
caveolin homologs and sequences from different species.
Tyrl00 is also highly conserved. In addition, K96/Y100
cation-m interactions may contribute to helix stabilization,
together with Y97/R101 interactions. Interchanging K and
R does not affect the partitioning of the peptide in DPC and
its helical secondary structure (data not shown).

The homologous cav-3 sequence (V67SKYWCYRLY75)
differs from that of cav-1 by two amino acid residues of
similar hydrophobicity (T95 — S68, F99 — C72; Fig. 1).
As a result, cav-3(67-75) has a hydrophobic moment
similar to that of cav-1(94-102) (u = 1.64 and 1.53,
respectively). Moreover, Thr95 is also replaced by Ser and
Phe99 by Met in cav-2(79-87), resulting in only small
changes, such that cav-3(67-75) probably also forms an
amphipathic helix at the membrane interface.

Conclusion

We provide here a detailed characterization of the inter-
action of the cav-1(94-102) juxta-membrane segment with
various membrane mimics. This segment includes a CRAC
motif that may be important for the interaction of caveolin-
1 with cellular membranes. Comparisons were made with
the homologous sequence cav-2(79-87) and the shorter
sequence cav-1(94-101), with the aim of determining the
roles of particular amino acids in the interaction with
membrane mimics. According to CD and NMR data, the
cav-1(94-102) peptide was unfolded in water. Partitioning
of the peptide in DPC or DM micelles was coupled with the

formation of an amphipathic o-helix that, in DPC, was
remarkably stable for such a short peptide. The limited
availability of water molecules for the formation of inter-
molecular H-bonds with the peptide in the water/micelle
interface favors the formation of intramolecular H-bonds
stabilizing the helical folding of the peptide. The parti-
tioning of this cationic peptide was stronger in DPC than in
DM micelles. Partitioning in DM micelles was strongly
enhanced by small amounts of anionic phospholipids,
highlighting the role of electrostatic interactions favoring
the anchoring of caveolin to the membrane. The free
energy of a-helix formation may make a significant con-
tribution to the interaction with DPC micelles. The detailed
model obtained from NMR data shows the opposite posi-
tioning of charged R and K residues on one hand and W
and F on the other hand. The helical peptide is located in an
average shallow position, in the polar head group region of
the micelle, as shown by fluorescence data and intermo-
lecular NOEs, with the aromatic doublet W98-F99 proba-
bly pointing towards the inside of the micelle on average.
However, this aromatic doublet is not essential for this
interaction because cav-2(79-87), in which V83-M8&4
replaces W98-F99, displays similar partitioning in DPC
and forms an even more stable helix. Similar behavior may
also be predicted for the homologous cav-3(67-75), as its
sequence differs only slightly from those of the other two
peptides. The decision to study the cav-1 nonapeptide
rather than the octapeptide proved judicious, as the octa-
peptide displayed weaker partitioning in DPC and was not
completely structured even when bound to micelles. Our
data thus reveal the role of L102 in stabilizing this inter-
facial helix. Finally, we suggest that the caveolin motif
K/RhhhYR/Kh (h being a hydrophobic residue) plays an
important role as a membrane interfacial anchor, based
both on our results and the conservation of this motif in
homologous sequences and between species.
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