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Abstract
A 28-mer peptide (gM4) corresponding to the fourth transmembrane segment of the nicotinic acetylcholine receptor
(AChR) g-subunit, with a single tryptophan residue (Trp6), was reconstituted into lipid bilayers of 1-palmitoyl-2-oleoyl-
sn -glycero-3-phosphocholine (POPC), loaded with either high or low amounts of cholesterol, i.e., in the conjugated
liquid-ordered and liquid-disordered phases, respectively, at room temperature. By making use of the Trp intrinsic
fluorescence, both steady-state and time-resolved fluorescence techniques were employed, namely, red-edge excitation shift
effect, decay-associated spectra (DAS), and time-resolved anisotropy. The results obtained here, together with previous
studies on the same reconstituted peptide, indicate that: (i) Trp6 is strongly anchored in the bilayer with a defined transverse
location; (ii) the modifications in the measured DAS are related to the complex result of a self-quenching process on the
decay parameters; (iii) the wobbling movement of the indole moiety of Trp6 is fast but severely restricted in amplitude; and,
(iv) in the liquid-ordered phase, the bilayer properties and the tilt angle of the peptide enhance peptide-peptide interactions,
with the formation of peptide rich patches and possibly some anti-parallel helix-helix aggregates, showing different
dynamics from that of the peptide in the liquid-disordered phase where the peptide is randomly distributed.
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Introduction

The nicotinic acetylcholine receptor (AChR) is one

of the best-characterized members of the ligand-

gated ion channel superfamily (see review in [1]).

It is a pentamer of homologous a2bgd subunits.

Each subunit contains four hydrophobic segments

(M1-M4), which constitute membrane-spanning

domains. The M4 segment of each subunit is the

transmembrane (TM) domain which is more ex-

posed to the lipid bilayer.

Experimental evidence has reinforced the view

that the function of the AChR is influenced by its

lipid microenvironment [2,3]. The exact nature of

the interactions between the AChR TM region and

the adjacent lipids has not been clearly established.

Since the discovery of a motionally restricted layer of

lipids surrounding the AChR (shell, boundary or

annular lipids), this distinct region has been postu-

lated as the likely candidate where modulation of the

AChR function by lipids occurs [4].

Hydrophobic photoactivatable probes have been

used to identify a periodicity of the tagged lipid-

exposed residues in M4 and M3 consistent with an

a-helical structure [5�7]. The first atomic structure

of the whole TM domain of the AChR, recently

determined by cryoelectron microscopy at 4 Å-

resolution, suggests that all the TM segments are

helical and adopt the antiparallel a-helical bundle

motif [8,9]. Characterizing helix-helix interactions

in well defined lipid systems containing relevant

AChR TM peptides can thus give insight into the
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interactions relevant for assembly and structural

stabilization of the whole receptor macromolecule.

However, two aspects of AChR function which are

still not satisfactorily understood are: (i) a descrip-

tion of the dynamics of the molecule, and its relation

to the structural flexibility necessary for channel

activity and allosteric transitions, and (ii) the role of

the lipid interface in functional control. Some

reports indicate that interactions at the outermost

M4 lipid-contacting ring contribute to the regulation

of the gating mechanism (reviewed in [2,3]). We

have recently suggested that the non-bonded inter-

actions of the outermost M4 TM ring with the rest

of the TM segments (M1-3) on the one hand, and

with lipid molecules on the other, constitute the link

between the structural dynamics of the channel and

the lipid environment [10]. In this hypothesis, the

outer ring of M4 acts as the vehicle conveying

information from the lipid surroundings on the

whole TM region and the M2 inner ring that lines

the channel [2]. This may explain why mutations in

the outer ring residues of aM4, bM4, and gM4 affect

channel function [11�13] and how the lipid envir-

onment affects the stability of the functional states of

the AChR [14]. It also provides a rational explana-

tion for how several pharmacologically relevant

ligands that partition into the lipid bilayer affect

AChR channel function [3,9]. In this context, the

study of helix dynamics and flexibility becomes

important for understanding the dynamic behaviour

of functional TM proteins and the role of lipids in

membrane protein function in general.

Here, the AChR gM4 TM peptide is reconstituted

in membrane model systems (vesicles of 1-palmitoyl-

2-oleoyl-sn-glycero-3-phosphocholine (POPC) and

cholesterol [Chol]), and studied by exploiting the

photophysical properties of Trp453 (steady-state and

time resolved fluorescence techniques). Red-edge

excitation shift (REES), decay-associated spectra

(DAS) and time-resolved fluorescence anisotropy

are used to characterize the structure and dynamics

of the gM4 peptide in both Chol-rich and Chol-poor

bilayer environments, revealing properties that are

important to receptor function and its assembly in

the endoplasmic reticulum.

Materials and methods

Chemicals

A peptide corresponding to the AChR TM segment

gM4 and the two extramembranous regions, and

having the sequence N-Asp-Lys-Ala-Cys-Phe-

Trp-Ile-(2H3)Ala-Leu-Leu-(1-13C)Leu-Phe-Ser-Ile-

(15N)Gly-Thr-Leu-Ala-Ile-Phe-Leu-Thr-(2-13C)

Gly-His-Phe-Asn-Gln-Val-C, was prepared using

conventional FMOC synthesis (NSR Centrem, Nij-

megen, Holland). The resulting peptide was deemed

to be over 90% pure as determined by analytical

HPLC and mass spectrometry. gM4 was kept lyophi-

lized at�/808C until use. The lipid 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphocholine (POPC) was

purchased from Avanti Polar Lipids, Birmingham,

AL, USA. Chol was purchased from Sigma (St Louis,

MO, USA) and quantified using a kit for Chol

determination (Roche Diagnostics, Mannheim, Ger-

many). All other reagents were of the highest purity

available. All materials were used without further

purification.

Liposome preparation

Adequate amounts of stock solutions of host lipids

and peptide were mixed in a chloroform/methanol

solution, dried under a stream of nitrogen and high

vacuum, and suspended in buffer (20 mM HEPES,

10 mM NaCl, 0.1 mM EDTA, pH�/7.4) in order to

obtain multilamellar vesicles (MLV).

A total lipid concentration of 1 mM was used in all

experiments, with POPC progressively replaced by

Chol along the Chol-poor liquid disordered (ld)/

Chol-rich liquid ordered (lo) tie-line at room tem-

perature taken from the phase diagram published

elsewhere [15]: the composition of the ld phase at

room temperature is 88:12, while the lo phase is

composed of 55:45 POPC:Chol (mol:mol).

The peptide concentration was determined from

the absorption spectrum (o�/5690 M�1cm�1 at

l�/280 nm [16]). The peptide concentration was

varied between 0.7 and 7 mol%. Results are shown

for the lowest concentration for which there is no

self-quenching in the ld phase [17], unless stated

otherwise. Prior to the photophysical measurements,

the vesicle suspensions were deoxygenated by bub-

bling nitrogen to prevent photo-oxidation of the

unsaturated compounds.

Absorption and fluorescence measurements

Absorption spectra were obtained in a Shimadzu

UV-3101PC spectrophotometer using spectral band-

widths of 2.0 nm. Steady-state fluorescence spectra

were carried out in an SLM-Aminco 8100 Series

2 spectrofluorimeter, with double excitation and

emission monochromators. Emission spectra were

corrected using standard emission spectra of L-Tyr

and L-Trp [18], using 5 mm�/5 mm quartz cuvettes

and spectral bandwidth of 2�8 nm. Excitation was

always at 288 nm, except for the REES study.

Polarization measurements were made using quartz

Glan-Thompson prism polarizers in a single-channel

detection system.
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The time-resolved fluorescence instrumentation

(single-photon timing technique) with picosecond

resolution has been previously described [19]. Trp

emission was measured at l�/340 nm (or at the

indicated wavelength in the case of the DAS; see

below) using the magic angle (54.78) relative to the

vertically polarized excitation beam produced by a

frequency doubled dye laser of Rhodamine 6G (l�/

288 nm). The fluorescence decays of the gM4

peptide were obtained with an accumulation of

�/10,000 to �/20,000 counts in the peak channel

and time-scales ranging from 22 ps/channel (ld, 0.7

mol%) to 15.3 ps/channel (lo or ld, higher peptide

concentrations). The time-resolved fluorescence an-

isotropies were also determined using Glan-Thomp-

son polarizers. A cut-off filter was used in addition to

the detection monochromator, to further screen

scattered excitation light, resulting in a negligible

number of counts obtained for blank samples

(vesicles without peptide).

Analysis of the fluorescence intensity and anisotropy

decays

Data analysis was carried out as previously described

[19]. The goodness of the fit was judged from the

reduced x2, weighted residuals and autocorrelation

plots.

The average lifetime t̄ of a fluorophore with a

complex fluorescence decay described by a sum of

exponentials:

I(t)�
X

i

aiexp(�t=ti) (1)

is defined as (e.g., [20])

t̄�
X

i

ait
2
i =

X
aiti (2)

where ai are the normalized pre-exponentials

(amplitudes) and ti are the lifetime components.

The lifetime-weighted quantum yield B/t�/ of a

fluorophore is described [20] as:

Bt��
X

i

aiti (3)

In order to determine the DAS, intensity decays

were collected for ten different emission wavelengths

spanning the steady-state emission spectrum of the

peptide. The ten decays were fitted simultaneously

(globally analysed), with three discrete exponentials,

linking the lifetimes ti, considering them indepen-

dent of the wavelength and allowing the pre-expo-

nentials to float freely to obtain a set of ai(l) curves.

Each DAS, Ii(l), was then computed through the

expression (e.g., [20]):

Ii(l)�
ai(l)tiI(l)X

i

ai(l)ti

(4)

where I(l) is the steady state emission spectrum.

The x2 values obtained for each of the decays from

global and from individual analyses were compared

to check the adequacy of the global model. The x2

ratios were alwaysB/1.2, this, among other criteria

(see Results) being indicative of an appropriate

statistical model.

The steady-state anisotropies, B/r �/, were deter-

mined according to:

Br��
IVV � GIVH

IVV � 2GIVH

(5)

where Iij are the steady-state vertical and horizontal

components of the fluorescence emission with

excitation vertical (IVV and IVH) and horizontal

(IHV and IHH) to the emission axis. The correction

for orientation-dependent transmittance of the emis-

sion polarizer was determined using horizontally

polarized excitation light to calculate the G factor

(G�/IHV/IHH), and an adequate blank was sub-

tracted from each intensity reading before the

calculation of the anisotropy value.

The intensity decays of polarized light IVV(t) and

IVH(t) were obtained with the same accumulation

time. The anisotropy decay parameters (rotational

correlation times, 8i, amplitudes, bi, and residual

anisotropy, r�) were determined using an iterative

reconvolution non-linear least squares global analy-

sis method fitting simultaneously to the vertically

and horizontally polarized emission components,

according to the expressions [21]:

IVV (t)�L(t)�
1

3
I(t)[1�2r(t)]�L(t)

IVH(t)�L(t)�
1

3
I(t)[1�r(t)]�L(t) (6)

where I(t) is the intensity decay (obtained at the

magic angle), �/ denotes convolution and L(t) the

instrumental response function. The anisotropy

decay was described by a sum of two exponentials

(non-associative model), as follows:

r(t)�(r0�r�)

[b1exp(�t=f1)�b2exp(�t=f2)]�r� (7)

where r0 is the fundamental anisotropy. For Trp with

excitation at 288 nm, r0�/0.173; [22]) and was fixed

during the analysis. This value of r0 with excitation

at 288 nm corresponds to a local maximum in the

polarization spectrum of Trp [22], and thus the

error associated to the anisotropy decay analysis is

minimized (namely, allowing the resolution of very

fast components on the anisotropy decay). The
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anisotropy parameters are more accurately recovered

if a lesser number of parameters is optimized in the

simultaneous fit [23]. In this way, ti values obtained

from the magic angle decay were kept fixed. The

goodness of the fit was judged from the reduced

x2 value, the random distribution of the weighted

residuals, and the correspondence between the

experimental steady-state value of anisotropy and

the integrated anisotropy decay. The analysis of the

data, in which each component of the magic angle

fluorescence intensity decay was associated to one

rotational correlation time (associative model), was

also performed. However, no statistically meaningful

parameters were recovered from such an analysis.

Other analytical procedures

Lipid concentration was determined by inorganic

phosphorus analysis [24], and for Chol determina-

tion an enzymatic method (CHOD-PAP) was used

[25,17].

Results and discussion

Trp6 emission spectra and red-edge excitation shift:

Trp-anchoring

The absorption and fluorescence spectra of the gM4

peptide incorporated in liposomes made of POPC/

Chol 88:12 (ld phase) and 55:45 mol:mol (lo phase)

MLV are shown in Figure 1. The absorption

spectrum is independent of lipid composition.

Regarding the emission, the spectral position was

found to be insensitive to the presence of Chol, in

agreement with recent results [26]. The emission

maximum of gM4 Trp6 (corresponding to Trp453 in

the AChR sequence) in the lipid vesicles occurred at

l�/325 nm. The significant blue-shift relative to an

aqueous environment (^l�/25 nm) clearly shows

that Trp453 is in a predominantly non-water solvat-

ing environment.

The REES effect of Trp6 is shown in Figure 2. For

Chol-rich vesicles, the quality of the data was poorer

because, compared to the Chol-poor vesicles, both

higher background light scattering and lower fluo-

rescence intensity contributed adversely (Figure 1),

and when exciting at the red-edge, the signal-to-

noise ratio was too low to yield reliable data (not

shown). The strong REES observed in the Chol-

poor vesicles indicates: (i) a distribution of various

solvated species in the ground state of the solute

molecules (indole moiety [27]); (ii) polarity of the

solvent; and (iii) relaxation of the solvent occurring

more slowly or in competition with the solute

fluorescence decay (according to [28] these are the

three necessary conditions for the occurrence of a

marked REES). The large blue-shift in the emission

spectrum alone would be indicative of contact of

Trp6 with the lipid acyl chain region only. However,

this would not lead to such a strong REES owing to

the low polarity of the environment. It was pre-

viously concluded that Trp6 is near the interface,

probably very close to the carbonyl/first carbons of

the acyl chain region of the phospholipid bilayer

[17,26], as recently depicted by structural data [8].

The strong REES observed is in agreement with a

Trp6 location close to the membrane/water interface,
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Figure 1. Absorption and emission (lexcitation�/288 nm) spectra

of gM4 in POPC/Chol 88:12 vesicles (black lines) and emission

spectrum of gM4 in POPC/Chol 55:45 (mol:mol) vesicles (gray

line) at room temperature. The noise in the absorption spectrum

is due to a maximum absorbance of �/0.05 in a high scattering

MLV suspension, an effect for which the spectrum had to be

corrected. Peptide concentration is 0.7 mol% relative to total

lipid. IF: steady-state fluorescence intensity; a.u.: arbitrary units.
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Figure 2. Red-edge excitation shift (REES) of the peptide gM4

(Trp residue) incorporated in POPC vesicles. The dotted curve is

merely a guide to the eye. The dashed line at 350 nm indicates the

emission wavelength of Trp in aqueous solution and is shown

for comparison. Peptide concentration is 3 mol% relative to total

lipid.
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where hydrogen bonding and steep polarity and/

or dielectric changes may occur [27], indicating

that the blue-shift alone is not sufficient to give in-

depth information on Trp-containing peptides

[29]. Furthermore, the precise location and rigidity

of Trp6 is in agreement with the concept of Trp-

anchoring [30].

Trp6 time-resolved emission: decay-associated spectra

and formation of peptide-rich patches

The fluorescence decays of Trp6 (Equation 1) could

be described by a sum of three exponentials

(reduced x2B/1.3). In one of our previous studies

[17] the lifetime-weighted quantum yields of the

gM4 peptide were studied at a single emission

wavelength (340 nm) and at several concentrations,

for both the ld and lo phases. Briefly, in the ld phase,

upon increasing the gM4 peptide concentration

from 0.7 mol% up to 7 mol%, the Trp lifetime-

weighted quantum yield was halved. This could be

accounted for by the presence of Cys and Lys

residues in the gM4 TM domain. Both Cys and

Lys residues are known to be efficient quenchers of

Trp fluorescence [31]. Thus, at high concentrations

the proximity between gM4 peptides leads to the

diminution of Trp6 intrinsic fluorescence owing to

an intermolecular dynamic self-quenching process.

For the lo phase, the values for the lower concentra-

tions (0.7 mol% and 3 mol%) in lo are close to those

found for the higher concentration in ld (7 mol%).

Since the dynamic self-quenching mechanism de-

pends on the quencher concentration sensed by the

fluorophore, in the case of gM4 in Chol-rich vesicles

there is a higher effective peptide concentration than

expected from the analytical concentration. The

diminution of the lifetime-weighted quantum yield

is reflected on the steady-state fluorescence intensity

(IF), and thus in the emission spectra (Figure 1).

Only a collisional mechanism is in the origin of the

quenching, i.e., it is not revealing the presence of any

permanent contacts. The effects of the collisional

contribution of self-quenching on the fluorescence

lifetime for a molecule with a complex decay were

described by a modified Stern-Volmer equation [32]

and allowed calculation of the lateral diffusion

coefficient (D) of the peptide in the Chol-poor

membranes, showing an essentially random distribu-

tion of the peptide, i.e., with no evidence of inter-

peptide interactions in the ld phase [17].

In the present study, the fluorescence intensity

decays were obtained for different emission wave-

lengths. All the decays (analysed individually) could

be described by the sum of 3 exponentials (Equation

1), in which the lifetimes ti were invariant, whereas

the amplitudes ai presented a well defined and

significant variation with emission wavelength.

Based on this observation, the decays were analysed

globally, forcing the lifetime of each component to

be wavelength independent (linked). This allowed

determination of the DAS (Equation 4), which are

represented in Figure 3. When calculating DAS, it is

implicit that the sample has different independent

emissive species. In the present case, where only one

fluorophore (Trp6) is present, this means that

ground-state heterogeneity is assumed. The lifetime

of each emissive species and the fractional area of

its corresponding spectrum are given in Table I.

Ground-state heterogeneity is supported by (see

[33] and references therein) the complexity of the

fluorescence decay of Trp in water and other low

viscosity solvents, and of the Trp residue in small

unstructured peptides in the same media, with a

strong correlation observed between the amplitudes
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Figure 3. Decay-associated spectra (DAS) of the peptide gM4 incorporated in Chol-rich (lo, left panel) and Chol-poor (ld, right panel)

POPC vesicles obtained with lexcitation�/288 nm and at room temperature. The steady-state spectra are represented by a thick line. The

other spectra correspond to the short (_____), intermediate (-------) and long lived (.......) emitting species shown in Table I. Peptide

concentration is 0.7 mol% relative to total lipid. IF: steady-state fluorescence intensity.
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of the fluorescence decay components and, for

example, the circular dichroism spectra in the

presence of growing amounts of a-helix inducing

solvent. The usual interpretation for the ground

state heterogeneity is the existence of different

ground-state rotamers that do not interconvert in

the time-scale of the fluorescence lifetime ([33]; see

also next paragraph). For example, the DAS and the

corresponding centres of gravity are similar for both

Trp and a 22-mer peptide related to REV-22, a

regulator of HIV-1 expression [34]. Here, the multi-

ple fluorescence lifetimes were also interpreted as

originating from different rotameric states [35].

The global analysis (Table I) was statistically

meaningful, as judged by the ratio of individual x2

from individual and global analysis, the global x2,

and the random distribution of residuals (not

shown). DAS are a convenient way of representing

a large set of results. The Trp photophysics is very

complex [29], and both excited state relaxation and

ground state heterogeneity can be present, and

contribute to the appearance of the DAS, although

the contribution of each effect cannot be discrimi-

nated completely [36]. However, in the present case

the goal was to compare the behaviour of the DAS in

ld and lo, respectively, which can be achieved. In

addition to the wavelength invariance of the lifetimes

obtained from individual analyses, other evidence

points to ground-state heterogeneity as the main

origin of the complexity of the fluorescence decay,

namely: (i) the time-resolved emission spectra (not

shown) have a complex contour that changes with

time; (ii) there are no rise-time/negative pre-expo-

nentials on any of the decays obtained; (iii) there is

no correlation between the rotational correlation

times (Equation 7; see next sub-section) and the

fluorescence lifetimes corresponding to the DAS;

and (iv) in the lo phase the solvent relaxation is

slower than in the ld phase but the lifetimes are

shorter than in the ld phase (the rotational dynamics

are similar in both phases; see next sub-section).

The differences observed between the DAS in the

ld and in the lo phases (Figure 3; Table I) are thus

due to the intermolecular self-quenching that occurs

in the lo phase, due, in turn, to the formation of

peptide-rich patches [17], as also observed directly

by atomic force microscopy (AFM) for other pep-

tides [37]. It is interesting that a similar change in

the lifetime distribution was observed for a Trp-

containing peptide interacting with membranes, but

in this case the quencher was a lipid-like molecule

inserted in the membrane [38]. In both cases, the

secondary structure of the peptide was maintained,

and different DAS were recovered due the occur-

rence of a quenching process.

Time-resolved fluorescence anisotropy: gM4 nanosecond

dynamics

The steady-state anisotropy, B/r �/ (Table II), is

insensitive to the presence of Chol, and reasonably

high for a Trp-containing peptide, showing a strong

immobilization. A comparison was made of these

values with literature values from a systematic study

of time-resolved anisotropy in which a single Trp

was introduced at different positions along an

a-helical peptide in a fluid membrane [39]. After

integration of the reported decays for peptides with

the Trp residue not deeply buried in the hydro-

carbon core of the bilayer [17], a value for the

anisotropy of B/r �/�/0.0909/0.013 was obtained,

which is not significantly different from that ob-

tained for the gM4 peptide in the lipid vesicles

(Table II).

The time-resolved fluorescence anisotropy decays

for the gM4 peptide in the ld and in the lo phases

were also obtained (Figure 4). The parameters of

Equation 7 describing the decays are given in Table

Table I. Fluorescence lifetime (ti) and fractional area contribution (Ai) to the steady-state spectrum of each decay-associated spectra (DAS)

of the Trp453 residue in the gM4 peptide incorporated into POPC/Chol vesicles with high (lo phase) or low (ld phase) Chol content at room

temperature (lexc�/288 nm). The concentration of gM4 peptide is 0.7 mol% relative to total lipid.

Lipid phase t1 (ns) t2 (ns) t3 (ns) A1 A2 A3 x2

lo 0.24 1.29 5.19 0.13 0.43 0.44 1.5

ld 0.43 2.42 5.94 0.07 0.41 0.52 1.3

Table II. Time-resolved fluorescence anisotropy parameters of gM4 (rotational correlation times fi, amplitudes, bi, and residual anisotropy

r�) incorporated in Chol-rich (lo) and Chol-poor (ld) vesicles at room temperature. Also shown are the experimentally measured steady-

state fluorescence anisotropy, B/r �/exp, and the steady-state anisotropy value calculated from integration of the anisotropy decay, B/r �/calc.

Peptide concentration is 0.7 mol% relative to total lipid.

Lipid phase B/r �/exp f1 (ns) b1 f2 (ns) b2 r� x2 B/r �/calc

lo 0.0919/0.012 0.0369/0.005 0.679/0.01 2.79/0.3 0.339/0.01 0.0699/0.001 1.5 0.099/0.01

ld 0.0899/0.006 0.0409/0.003 0.8059/0.009 3.09/0.4 0.1959/0.009 0.0669/0.001 1.3 0.089/0.01

310 R. F. M. de Almeida et al.



II. To see how well the recovered anisotropy para-

meters match with the experimentally determined

steady-state anisotropy values, these values are

compared with the calculated steady-state aniso-

tropy from the integrated anisotropy decay (Table

II). An agreement withinB/20% is considered to be

reasonably good on account of the large number of

parameters involved [23]. In the present study, this

figure always laid withinB/15% (Table II).

No inter-peptide energy migration has been ob-

served from steady-state anisotropy measurements

[17], allowing inferences to be made about possible

structures for the peptide aggregates. The similarity

between the anisotropy decay parameters in ld and lo
membranes reported here, further supports the

absence of energy migration. An efficient energy

migration due to parallel contacts would result in a

stronger depolarization in the lo phase. Hence,

parallel dimers appear very improbable in the light

of the present results, and more likely structures are

peptide-rich patches without permanent contact, as

observed in AFM imaging of other Lys-flanked

peptides, [37] and anti-parallel aggregates as de-

scribed for other Trp-flanked peptides [40]. Perma-

nent aggregates, however would also lead eventually

to more notorious differences in the parameters

describing the anisotropy decays.

The observed anisotropy decays were well de-

scribed by two rotational correlation times, f1 and

f2, and a residual or limiting non-zero anisotropy in

both Chol-poor and Chol-rich membranes (Figure

4, Table II). One rotational correlation time (f1) is

very short and is the main contribution for depolar-

ization. It is expected that f1 corresponds to the

movement of the Trp6 indole ring. The other one

(f2) is �/3 ns, contributes less to the fluorescence

depolarization, and is expected to correspond to

motions involving several amino acid residues. The

limiting anisotropy at infinite time, r�, makes a large

contribution to the total anisotropy (Table II).

Solute-solvent hydrogen bonding significantly hin-

ders molecular rotation, and NH groups in the

indole moiety are potentially capable of forming

hydrogen bonds with the hydroxyl groups of sur-

rounding molecules [23]. In this way, the hindered

rotation, reflected in a high r� value, further

indicates strong interactions of the Trp6 with the

lipid C�/O/phosphate backbone, even though the

emission blue-shift alone would point to a hydro-

phobic environment. In addition to REES data
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Figure 4. Time-resolved fluorescence anisotropy (r ) of Trp453 of the peptide gM4 incorporated in Chol-rich (lo, left panel) and Chol-poor

(ld, right panel) POPC vesicles, obtained with excitation at 288 nm and emission at 340 nm. Top panels: the circles are experimental data

points, and the solid lines are the corresponding fit of Eq. 7. Bottom panels: weighted residuals of each fit. The fitting parameters are given

in Table II. Peptide concentration is 0.7 mol% relative to total lipid.

Table III. Parameters obtained from the application of an independent two-motion model (Eq. 8) to the fluorescence anisotropy decay of

Trp6 in gM4 peptide incorporated in Chol-rich (lo) and Chol-poor (ld) vesicles at room temperature (order parameters, Si, and semi-cone

angles, ui), and diffusion coefficient (D�) corresponding to the backbone motion, and number of residues involved, n , in the motion being

described. Peptide concentration is 0.7 mol% relative to total lipid.

Lipid phase findole (ns) fbackbone (ns) S1 S2 u1 (8) u2 (8) D� (s�1) n

lo 0.036 2.7 0.77 0.82 33 29 14.4�/106 12

ld 0.040 3.0 0.71 0.87 38 24 9.1�/106 15
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(Figure 2), the anisotropy decay indicates a strong

anchoring of the peptide in the bilayer.

The two sets of rotational correlation times

obtained (f1 and f2) differ from one another by

more than one order of magnitude. Thus, according

to a two-step model, the fast and slow motions are

separable and the total correlation function is a

product of the two correlation functions correspond-

ing to the fast motion of the indole group and the

slow motion of the peptide backbone [41]. The

anisotropy decay is then described by:

r(t)�r0[(1-S2
1)exp(�t=findole)

�(1-S2
2)S2

1exp(�t=fbackbone)�S2
1S2

2] (8)

where S1 and S2 are the order parameters corre-

sponding to f1 and f2, respectively. Owing to

the large difference between the observed rotational

correlation times, this equation is equivalent to

Equation 7 making f1:/findole, f2:/fbackbone,

b1�/1-S1
2, b2�/1-S2

2 and r�/r0�/S1
2S2

2. According to

the wobbling-in-cone model, the order parameters

allow calculation of the semi-angle u of the cone

where the movement is free to occur [42]. The order

parameter and the semi-angle of the cone are related

through cos ui�1=2[(8Si�1)1=2�1]; and the values

calculated for gM4 in ld and lo phases are listed in

Table III. As was already apparent from Table II, the

rotational dynamics of the peptide are similar in both

lipid phases (not surprisingly, because both are fluid

lipid bilayers). However, significant differences in

each parameter were found, as shown in Table III.

The two-step model in conjunction with the

wobbling-in-cone model had been successfully ap-

plied to the calculation of dynamical properties of

fluorescent molecules in micellar systems (e.g., [23],

and references therein). In the case of tyrosine or

tryptophan containing peptides, assuming that the

TM domain behaves as a rigid body in the bilayer, it

is possible to estimate the diffusion coefficient (D�)

corresponding to the rigid body fluctuations from

the longest rotational correlation time, which was

used to calculate the dimension and number of

amino acid residues involved in the movement of the

potassium channel inhibitor shaker B peptide [43].

For cylindrical rotors, the friction coefficient is only

dependent on the length-to-diameter ratio, making

this method most suitable for estimating segments in

cylindrically shaped peptides. In the case of the

Shaker B peptide, the intrinsic tyrosine fluorescence

allowed estimation of the segment size with the

expected number of residues involved from other

techniques [43]. In case of gM4 peptide, the

fluorescence of Trp is used, which occurs at longer

wavelengths than that of tyrosine, which is advanta-

geous in membrane studies. Assuming that the

peptide presents an a-helical structure (see Intro-

duction), it can be modelled as a cylinder with

diameter 10 Å [44], with length corresponding to

1.5 Å�/n (the number of residues involved in the

movement reflected in fbackbone). Thus, the volume

occupied by the helix segment is directly related to

the number of amino acid residues (n) in that

segment. By calculating the value of D� that would

be obtained for helical segments with different

lengths, and comparing it with the value extracted

from the anisotropy decay (Table III), it is possible

to determine n . The results of these calculations are

shown in Table III.

From Table III, motions described by f2 and

hence, S2, involve 15 residues in the ld phase and 12

residues in the lo phase. Considering that the

cytoplasmic-located moiety of the gM4 peptide [8]

is strongly anchored to the membrane (through both

Lys2 and Trp6; [45] and results presented here), the

helical segment with backbone motion described by

f2 and S2 corresponds approximately to the se-

quence 451 to 451�/n (in the g subunit). In the case

of lo phase, this segment ends near the central

Gly462. Thus, in the timescale of fluorescence

emission, the segment 451 to 451�/n would behave

as a rigid body. The peptide would not have a

defined kink (for which a Pro residue is necessary),

but a moderately higher degree of flexibility near the

centre of the bilayer. It should be noted that the

movement described is very fast (within a few ns)

and restricted, and would be averaged by most other

techniques, namely NMR and cryoelectron micro-

scopy, being thus compatible to the general descrip-

tion of the TM portion of gM4 alone or in the whole

receptor as a straight a-helix [8,26]. In fact, fluores-

cence spectroscopy is unique in detecting molecular

motions in the nanosecond time-scale [42]. In a

recent NMR study of the reconstituted peptide, no

significant flexibility was detected between Ala8 and

Gly15 [46]. For the peptide embedded in the ld
phase, the movement sensed by the Trp anchor

would entail a greater proportion of the helix (15

residues).

The rotational correlation times obtained here

indicate that the multiple fluorescence lifetimes arise

mainly from different rotameric states. In studies of

the peptide REV22 [35] it was argued that the longer

rotational correlation time obtained (1.5 ns) is in

fact close to that expected if the peptide were

considered a sphere (0.90 ns). The short 155 ps

rotational correlation time is much shorter than that

obtained for other single Trp proteins: a �/500 ps

‘fast’ rotational correlation time is observed for

several single-Trp proteins studied [47], where it is

reasoned that the �/500 ps isotropic lifetime origi-

nates from spectral relaxation that is induced by

‘fast’ structural dynamics reflected in the �/500 ps
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rotational correlation time. The short rotational

correlation time found here (Table III) is much

faster than the isotropic �/500 ps component dis-

cussed previously [49] and no correlation between

ti and fi is apparent in our data. The long rotational

correlation time (f2) could be explained as peptide

backbone fluctuations. Similar features that favour

rotameric origin of multi-exponentiality for REV22

peptide are observed for melittin [48]. Again, as

observed here for gM4 in ld and lo lipid phases,

different amplitude for the lifetimes, but the same

position of the steady-state emission spectra and

same rotational correlation times, were observed in

the case of melittin in different aqueous media [48],

once again favouring the rotamer interpretation of

the origin of the multi-exponentiality. Here, for the

gM4 peptide, solvent relaxation mechanisms are

probably present and contribute to the observed

fluorescence decay, but whereas ground-state het-

erogeneity is undoubtedly present, evidence of

solvent relaxation (rise time/negative pre-exponen-

tial, TREES with shift but no shape change [49])

was not observed.

Implications for the dynamics and function of the whole

acetylcholine receptor

From a recent MD simulation study of the TM

portion of the receptor [10], in which, at time zero,

each M4 helix was positioned at �/208, for gM4, the

tilt angle reached a value of �/278 within 3 ns and

fluctuated around this value during the rest of

the simulation. Also, approximately 16% of the

a-helicity of the M4 segments was lost at 35 ns

with respect to the starting structure; the partial loss

of the a-helicity occurred not only at the extremities

but also within some TM segments. The a-helix

bend or turn switch within the TM segment led to

the formation of flexible hinges within the helix.

Additionally, the M4 segments increase their hydro-

phobic interactions with the surrounding dipalmi-

toylphosphatidylcholine molecules by burying

themselves deeper into the hydrophobic region of

the bilayer, and the interactions of the M4 ring with

the inner M1-M3 TM portion and with the lipid

molecules, respectively, suggest that the outer ring of

M4 acts as the vehicle to transfer the influence of the

lipid surroundings to the conformation changes of

the whole AChR [10].

In the present study, the flexibility of the gM4

helix approximately halfway through its hydrophobic

length was experimentally verified in Chol-rich

membranes. This may be related to the structural

alterations suggested by the MD study [10]. It is

worth noting that both phenomena are in the ns

timescale, and thus are averaged by most other

techniques. This flexibility is important for

helix-helix interactions, since Gly462 and Thr463

are approximately in the middle of the gM4 helix,

and both have small side chains, facilitating close

packing of helices and perhaps being involved in the

transmission of changes in lipid environment to the

M1-M3 pore-forming sector of the channel through

the M4 outer ring in direct contact with the lipid

milieu [2,10]. As mentioned in the Introduction, M4

helices do not contact with each other in the whole

protein. Here we verify that there is a significant

difference in the dynamics of the peptide in the

ld, and in the lo phase, but this difference is not

dramatic.

There are different contributions to the free

energy of insertion of TM peptides in the lipid

bilayer, and though the overall result is a negative

free energy, there are positive contributions [50].

This penalty should be higher in the lo than the ld
phase, and usually TM peptides partition preferen-

tially to the ld phase [51]. Nevertheless, native

AChR-rich membranes are particularly rich in

Chol, and Chol is known to stabilize the structure

and functionality of the AChR protein (see [2,3]),

thus the interactions in the Chol-rich phase should

mimic the interactions in the native membrane

better than in the Chol-poor phase. Even though

the peptide aggregates in the lo phase, it retains a

similar dynamics and flexibility as in the ld phase.

This suggests that the peptide-rich patches formed

in Chol-rich phases are mainly dynamic aggregates

without permanent contacts (antiparallel contacts

cannot be ruled out). Nevertheless, the fine differ-

ence in the dynamics of the peptide between the two

phases could be related to the stabilizing effect of

cholesterol on the receptor. Recent data [26] in-

dicate a higher degree of tilting of the peptide in ld
phase compared to lo or gel-phase bilayers. The tilt

angle found for the thicker bilayers is close to that for

the native receptor (�/208; [8]) which favours helix-

helix interactions. In the absence of Chol, tilt angles

higher than 308 prevent the close-packing of the

helices at approximately the center of the bilayer,

and reduce the macrodipole-macrodipole attraction,

leading to a preponderance of the lipid-peptide

interactions, a condition which could prevent the

proper assembly of the receptor. In this way, one

should not expect a priori that the value of n should

be higher for the peptide in the lo phase than in the ld
phase, because not only the lipid phase changes, but

also lipid-peptide and peptide-peptide interactions

are different, and in fact the value found for ld does

not point to any specific peptide-peptide interaction

(around Ala18) whereas the one in lo does.

The interfacial part of the gM4 peptide containing

Trp6 (and Lys2) is strongly anchored and immobile,
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as shown by the very high value of the limiting

anisotropy and the order parameter S1. Thus it is

interesting to hypothesize on a possible role for the

severe rotational restriction of Trp453 (and probably

the nearby residues including Lys449). We suggest

that this restriction optimizes specific interactions

of the receptor at the level of the phospholipid

headgroup. It is known that phosphatidic acid

(PA), a monoanionic phospholipid at neutral pH,

has a higher affinity for the vicinity of the AChR than

either neutral lipids such as PC or anionic ones as

phosphatidylglycerol or phosphatidylserine with the

same acyl chains [52]. The presence of positively

charged residues at the end of the M4 TM segments,

i.e., at the level of the phospholipid headgroup, has

been pointed out [5,53]. It has also been suggested

that the initial interaction of PA with the receptor

protein is mainly electrostatic [54], and that compe-

tition between Chol and palmitoyloleoyl-PA for the

same binding sites on the AChR protein probably

occurs [54]. Altogether, these studies point to a

probable role of the gM4 region of the protein in its

interaction with PA. However, the molecular details

responsible for the preference for a certain anionic

lipid in detriment of the others remain unknown. In

one of the previously mentioned studies, it is pointed

out that the selectivity must be determined by subtle

molecular details of the interaction between the

entire phospholipid headgroup and specific sites in

the AChR [54]. Thus, it is suggested here that the

Lys-Trp anchor of the gM4 peptide, owing to its

rigidity, is able to optimize its interaction only with

PA, and not other classes of anionic phospholipid

headgroups.
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