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Abstract
WALPs are prototypical, α-helical transmembrane peptides that represent a consensus sequence for transmembrane segments of
integral membrane proteins and serve as excellent models for exploring peptide-lipid interactions and hydrophobic mismatch in
membranes. Importantly, the WALP peptides are in direct contact with the lipids. They consist of a central stretch of alternating
hydrophobic alanine and leucine residues capped at both ends by tryptophans. In this work, we employ wavelength-selective
fluorescence approaches to explore the intrinsic fluorescence of tryptophan residues in WALP23 in 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) membranes. Our results show that the four tryptophan residues in WALP23 exhibit an
average red edge excitation shift (REES) of 6 nm, implying their localization at the membrane interface, characterized by a
restricted microenvironment. This result is supported by fluorescence anisotropy and lifetime measurements as a function of
wavelength displayed by WALP23 tryptophans in POPC membranes. These results provide a new approach based on intrinsic
fluorescence of interfacial tryptophans to address protein-lipid interaction and hydrophobic mismatch.
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Introduction

Short transmembrane model peptides have proved to be useful
in addressing the complex interplay between proteins and
lipids in the membrane milieu, including lipid-protein and
protein-protein interactions [1]. In this context, model pep-
tides belonging to the WALP family, represented by the gen-
eral sequence acetyl-GWW-(LA)n-LWWA-ethanolamide (see
Fig. 1), have emerged as a popular choice for understanding
peptide orientation, dynamics, hydrophobic mismatch and

lipid phase behavior [2–5]. WALPs are prototypical, α-
helical transmembrane peptides, modeled on the hydrophobic
channel-forming peptide, gramicidin [6–8]. WALP peptides
consist of a central stretch of alternating hydrophobic alanine
and leucine residues capped at both ends by two tryptophans.
Both alanine and leucine have a high propensity for assuming
α-helical conformation and the number of Ala-Leu repeats
can be varied to tune the hydrophobic length of the peptide.
Due to this characteristic sequence, WALPs represent a con-
sensus, albeit simplified, motif for representing transmem-
brane α-helical segments of intrinsic membrane proteins.
The representation is appropriate because transmembrane seg-
ments of integral membrane proteins are understood as
consisting of predominantly hydrophobic α-helical stretches,
flanked by a ‘belt’ of aromatic or charged residues at each end
[9, 10]. Interestingly, the WALP helices are tilted in the mem-
brane [4, 11, 12]. Importantly, interfacially localized trypto-
phan residues are known to be crucial in maintaining protein
functionality and in defining the protein hydrophobic length
by acting as membrane anchors [13, 14].

The suitability of WALPs as a model system for investigat-
ing hydrophobic mismatch in membranes has been
established by Killian, Koeppe and co-workers, predominant-
ly utilizing nuclear magnetic resonance (NMR) approaches.
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Hydrophobic mismatch refers to a particular type of lipid-
protein interaction in which the hydrophobic part (length) of
a transmembrane segment of a membrane protein (or peptide)
does not match the hydrophobic thickness of the membrane
bilayer in which it is embedded [15–19]. Hydrophobic mis-
match conditions induced by WALPs have been reported to
trigger the formation of non-bilayer structures in model mem-
branes [2, 20] and in membranes mimicking E. coli mem-
branes [21]. The formation of non-lamellar phases in the pres-
ence of WALP helices is a consequence of the flanking tryp-
tophan indole rings, which act as amphipathic membrane an-
chors and override the hydrophobic matching effects, a com-
mon response to mismatch conditions [22]. This lipid re-
sponse to hydrophobic mismatch was found to be dependent
on the nature of interfacial residues inWALP analogs [23, 24].
Due to the membrane-anchored structure of these peptides, the
peptide response to hydrophobic mismatch was manifested as
changes in tilt angles [4, 11, 25] and distortions in the helix
[26], again dependent on the nature of the interfacial residues.
In spite of these evidences highlighting the crucial role of the
tryptophan anchors in WALP-membrane interactions, there
have been very few reports on this aspect utilizing the
microenvironment-sensitive window provided by the intrinsic

fluorescence of tryptophan residues. This is important, partic-
ularly in view of the sensitivity offered by fluorescence
spectroscopy.

In this paper, we have applied wavelength-selective fluo-
rescence approaches to explore the organization and dynamics
of the membrane-anchoring tryptophans in WALP23, in the
overall context of the fundamental role that tryptophan resi-
dues assume in the organization, dynamics, stability and func-
tion of several membrane peptides and proteins [13, 14,
27–30]. The red edge excitation shift (REES) toolbox repre-
sents an experimental approach that makes use of slow solva-
tion dynamics of fluorophores in the excited state to
photoselect fluorophore populations with varying degrees of
solvation corresponding to each excitation wavelength. This
powerful approach can be used to conveniently probe the
solvation dynamics and fluorophore microenvironment in or-
ganized molecular assemblies such as membrane bilayers or
folded proteins, which impose slow rates of solvent relaxation
[31–34]. We report here that the tryptophan residues in
WALP23 exhibit REES inmodel membranes, thereby indicat-
ing and confirming their localization at the membrane inter-
face, characterized by restricted microenvironment. In addi-
tion, WALP23 tryptophans display changes in fluorescence
anisotropy and lifetime as a function of wavelength, which
reinforce these results. These results assume significance in
the backdrop of the widely documented role of tryptophan
residues in membrane protein structure and function, and in
the specific context of tryptophan-mediated response of pep-
tide helices to hydrophobic mismatch in lipid membranes.

Experimental

Materials

1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
was obtained from Avanti Polar Lipids (Alabaster, AL).
WALP23 was synthesized as described previously [2]. 1,2-
Dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
Na2HPO4, NaH2PO4, and NaCl were purchased from Sigma
Chemical Co. (St. Louis, MO). The concentration of peptide
stocks in methanol was calculated utilizing a molar extinction
coefficient (ε) of 22,400 M−1 cm−1 at 280 nm [35]. Silica gel
pre-coated plates from Merck (Darmstadt, Germany) were
used for checking lipid purity by thin layer chromatography
with a chloroform/methanol/water (65:35:5, v/v/v) mobile
phase. Lipids were visualized by charring with a solution con-
taining cupric sulfate (10%, w/v) and phosphoric acid (8%,
v/v) at 150 °C [36]. In all cases, a single spot was observed,
confirming purity of the lipid stocks. Phospholipid aliquots
were subjected to total digestion by perchloric acid, followed
by a colorimetric phosphate assay for the purpose of concen-
tration estimation [37]. DMPC, used as an internal standard,
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Fig. 1 A schematic showing the amino acid sequence (top) and mem-
brane topology (bottom) of the model transmembrane peptide WALP23.
WALPs are a class of synthetic peptides that consist of a core of alternat-
ing hydrophobic alanine and leucine residues (shown in blue and red,
respectively), capped on each side by two tryptophans (marked in green).
This characteristic sequence ensures that WALP peptides represent a con-
sensus sequence for α-helical transmembrane domains of membrane pro-
teins. The helix is tilted in the membrane [4], and the hydrophobic length
of the peptide can be tuned by changing the number of alanine-leucine
repeats, thereby making these peptides excellent systems for exploring
signatures and consequences of hydrophobic mismatch in membranes.
The phospholipid headgroups are depicted as gray beads and fatty acyl
chains are shown in black. Water molecules are depicted in shades of
blue. See text for more details
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provided an estimate of the extent of lipid digestion. All other
chemicals used were of the highest purity available. Water
purified through a Millipore (Bedford, MA) Milli-Q system
and spectroscopy grade solvents were used throughout.

Sample Preparation

Small unilamellar vesicles (SUVs) of POPC containing 2%
(mol/mol) WALP23 were used for all experiments. For this
purpose, 640 nmol of POPC and 12.8 nmol of WALP23 in
methanol, along with a few drops of chloroform, were mixed
well by vortexing. The resultant solution was dried, while
being warmed gently (~35 °C), under a stream of nitrogen.
This was followed by further drying under a high vacuum for
at least 3 h. Subsequently, 1.5 ml of 10 mM sodium phos-
phate, 150 mM sodium chloride, pH 7.2 buffer was added to
the dried lipid mixture to induce swelling of the lipid film.
Each hydrated lipid sample, vortexed intermittently for
3 min to ensure uniform lipid dispersion, led to the formation
of homogeneous multilamellar vesicles (MLVs). These MLVs
were sonicated to clarity (~60 min in short bursts) using a
Sonics Vibra-Cell VCX 500 sonifier (Sonics & Materials
Inc., Newtown, CT) fitted with a microtip. The lipid suspen-
sions were purged with argon prior to sonication and cooled in
an ice/water mixture during each sonication step to ensure
negligible lipid damage. Titanium particles shed from the
microtip during sonication were removed by centrifuging the
sonicated samples in a Heraeus Biofuge centrifuge (DJB
Labcare, Buckinghamshire, UK) for 15 min at 15,000 rpm.
Prior to data acquisition, SUVs prepared this way were incu-
bated for a period of 12 h in dark at room temperature (~23 °C)
to ensure equilibration. A similar method was used to prepare
background samples, in which the peptide was omitted. All
experiments were carried out with three sets of samples at
room temperature (~23 °C).

Circular Dichroism (CD) Measurements

CD measurements were carried out with a Chirascan Plus
spectropolarimeter (Applied Photophysics, Surrey, UK) cali-
brated with (+)-10-camphorsulfonic acid [38]. Samples were
scanned from 200 to 260 nm for monitoring peptide second-
ary structure in a quartz optical cell with a 0.1 cm path length.
Spectra were recorded in wavelength increments of 0.2 nm,
with a band width of 1 nm and a response time of 1 s, with a
full scale sensitivity of 100 mdeg. A scan rate of 50 nm/min
was used and each spectrumwas the average of 10 continuous
scans. Background correction of the spectra were carried out
with blanks without peptide. Data are represented as mean
residue ellipticities:

θ½ � ¼ θobs= 10C1ð Þ ð1Þ

where θobs is the observed ellipticity in mdeg, C is the con-
centration of peptide bonds in mol/l, and l is the path length in
cm. The CD spectrum was smoothened to a moderate extent
for the purpose of representation. This was done using the
adjacent averaging algorithm in Microcal Origin (v8.0,
OriginLab, Northampton, MA), while ensuring there is negli-
gible change in the overall spectral shape.

Steady State Fluorescence Measurements

Steady state fluorescence data were acquired in a Fluorolog-3
Model FL3–22 spectrofluorometer (Horiba Jobin Yvon,
Edison, NJ) using semi-micro quartz cuvettes, as described
previously [39, 40]. Slit widths of 2.5 and 3 nm were used
for excitation and emission. Spectra were recorded in the
corrected spectrum mode. Data shown represent three inde-
pendent measurements and in each case, the reported emission
maxima were identical (or ± 1 nm of the values reported).
Fluorescence anisotropy measurements were performed using
Glen-Thompson polarization accessory in the same instru-
ment and values were calculated as described previously
[40]. Excitation and emission slits with slit widths of 3 nm
each were used for all anisotropy measurements. Data shown
are means ± SE of three independent measurements.

Time-Resolved Fluorescence Measurements

Fluorescence lifetimes were calculated from time-resolved
fluorescence intensity decays using an IBH 5000F
NanoLED equipment (Horiba Jobin Yvon, Edison, NJ) with
DataStation software v6.2 in the time-correlated single photon
counting (TCSPC) mode, as described previously, with some
modifications [40]. The excitation source was a pulsed light-
emitting diode (NanoLED-295). This LED, run at a repetition
rate of 1 MHz, generates optical pulses at 295 nm with pulse
duration of <1.0 ns. Data were acquired using emission band
pass of 6 nm or less. Intensity-averaged mean fluorescence
lifetimes (<τ>) were calculated from the extracted decay times
and pre-exponential factors [41]:

τh i ¼ α1τ12 þ α2τ22 þ α3τ32

α1τ1 þ α2τ2 þ α3τ3
ð2Þ

where α is the pre-exponential factor representing the frac-
tional contribution to the time-resolved decay of the given
component with a lifetime of τ.

Data Analysis and Plotting

Data analysis and plotting were carried out with Microcal
Origin v8.0 (OriginLab, Northampton, MA).
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Results and Discussion

In this work, we have monitored the organization and dynam-
ics of the interfacial tryptophan residues ofWALP23 in POPC
membranes using wavelength-selective fluorescence ap-
proaches, along with CD spectroscopy. The choice of POPC
bilayers was due to the fact that the hydrophobic length of
POPC membranes in the fluid phase [42], matches approxi-
mately the hydrophobic length of the WALP23 transmem-
brane helix (see Fig. 1). Figure 2a shows a representative
fluorescence emission spectrum of WALP23 in POPC mem-
branes. The wavelength of emission maximum is 333 nm,
consistent with the location of the tryptophan residues in a
solvent inaccessible membrane environment. Figure 2b shows
a representative far-UV CD spectrum of WALP23 in POPC
membranes which corresponds to a predominantly α-helical
conformation, in agreement with previous reports [43].

Wavelength-selective fluorescence (includingREES) is a phe-
nomenon observed with polar fluorophores in an environment
characterized bymotional restriction, for example, in membranes
or proteins [31–34]. A crucial prerequisite for the observation of

REES is that the time scale associated with solvent relaxation in
the fluorophore microenvironment should be slower than or
comparable to the fluorescence lifetime (usually ns). This results
in the coupling of solvation dynamics to the local dynamics of
the fluorophore in the excited state. The coupling allowsREES to
explore the organization and dynamics of fluorophores in restrict-
ed environments such as the membrane interface. REES is oper-
ationally defined as the shift in the emission maximum of a
fluorophore toward longer wavelengths, due to a concomitant
shift in the excitation wavelength toward the red edge of the
absorption spectrum. The change in thewavelength ofmaximum
fluorescence emission of the tryptophan residues (residues 2, 3,
21, 22; see Fig. 1) in WALP23 in POPC membranes with in-
crease in the excitation wavelength is shown in Fig. 3a. The
figure shows that the emission maximum shifts from 333 to
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Fig. 2 a Representative fluorescence emission spectrum of tryptophan
residues in WALP23 in POPC vesicles. The fluorescence spectrum,
acquired at an excitation wavelength of 280 nm, was intensity-
normalized at the emission maximum (333 nm). b Representative far-
UV CD spectrum of WALP23 in POPC vesicles. The concentration of
WALP23was 8.5 μM and the peptide to lipid ratio was 1:50 (mol/mol) in
both cases. See Experimental for more details
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Fig. 3 Wavelength-selective fluorescence of WALP23 in POPC
membranes. a Red shift in the wavelength of maximum emission of
WALP23 in POPC membranes, upon increasing the excitation
wavelength. The magnitude of REES, operationally defined as the total
shift in fluorescence emission maximum upon changing the excitation
wavelength from 280 to 310 nm, was 6 nm. Data shown represents
three independent measurements and the observed emission maxima
were identical or within ±1 nm of the values reported. b Change in
fluorescence anisotropy of WALP23 with increasing excitation
wavelength. The emission wavelength was 333 nm. Data represent
means ± SE of three independent measurements. The line joining the
data points is provided as a viewing guide. The concentration of
WALP23 was 8.5 μM and the peptide to lipid ratio was 1:50 (mol/mol)
in both cases. See Experimental for more details
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339 nm, in response to increase in excitation wavelength from
280 to 310 nm. The shift amounts to REES of 6 nm and indicates
that the interfacial tryptophan residues of WALP23, on the aver-
age, experience a motionally restricted microenvironment.

Another manifestation of motionally restricted environ-
ment is the wavelength-dependence of fluorescence anisotro-
py [31]. Figure 3b shows the increase in fluorescence anisot-
ropy with excitation wavelength of WALP23 in POPC mem-
branes. The figure shows that the fluorescence anisotropy dis-
plays a substantial increase (~102%) with increase in the ex-
citation wavelength from 280 to 300 nm, with a pronounced
enhancement beyond 290 nm. We found it difficult to acquire
data beyond 300 nm due to scattering artifacts and poor
signal-to-noise ratio. This excitation wavelength dependent
shift in fluorescence anisotropy is characteristic for trypto-
phans in restricted environments such as the membrane inter-
face [44]. The increased fluorescence anisotropy at the red
edge originates from solvent-relaxed fluorophores (the sub-
population photoselected on red edge excitation) in which
rotational dynamics of the fluorophore is restricted by the
surrounding solvent molecules via strong dipolar interactions
[31]. The slight dip in anisotropy at 290 nm deserves com-
ment. This dip is typical of tryptophans localized at the mem-
brane interface [44] and has its genesis in the complex
photophysics of the overlapping, mutually orthogonal So-SI
electronic transitions (1La and

1Lb) of tryptophan [31, 34, 44].
As mentioned above, the photophysical principle underly-

ing REES is the photoselection of a fluorophore subpopula-
tion in the excited state on red edge excitation, which gives
rise to varying extents of solvent relaxation at each excitation
wavelength. Since fluorescence lifetime is sensitive to the
fluorophore microenvironment [45], varying extents of sol-
vent relaxation around a fluorophore results in changes in
lifetime. Figure 4a shows the emission wavelength depen-
dence of the mean fluorescence lifetime of WALP23 trypto-
phans in POPC membranes. The mean fluorescence lifetimes
at different emission wavelengths are shown in Table 1.
Intensity-averaged mean fluorescence lifetime is the

parameter of choice due to the fact that it does not depend
on the type of analysis employed or the number of exponential
terms used to deconvolute the time-resolved fluorescence de-
cay. A representative decay profile ofWALP23 tryptophans in
POPC membranes is shown in Fig. S1. Figure 4a shows that
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Fig. 4 Emission wavelength dependent fluorescence properties of
WALP23 in POPC vesicles. a Effect of increasing emission wavelength
on the mean intensity-averaged fluorescence lifetime of WALP23 in
POPC membranes. The excitation wavelength was 295 nm. Mean fluo-
rescence lifetimes were calculated using Eq. (2). b Reduction in fluores-
cence anisotropy with increasing emission wavelength. Excitation wave-
length was kept constant at 280 nm. The line joining the data points is
provided as a viewing guide. Data represent means ± SE of three inde-
pendent measurements. The concentration of WALP23 was 8.5 μM and
the peptide to lipid ratio was 1:50 (mol/mol) in both cases. See
Experimental for more details

Table 1 Representative
tryptophan fluorescence lifetimes
of WALP23 in POPC
membranesa

Emission
wavelength (nm)

α1 τ1 (ns) α2 τ2 (ns) α3 τ3 (ns) <τ > b (ns) χ2

320 0.03 1.38 0.96 0.07 0.01 3.75 1.39 1.2

330 0.05 1.53 0.94 0.06 0.01 4.25 1.72 1.4

340 0.50 1.61 0.44 0.29 0.06 4.44 2.10 1.4

350 0.53 1.84 0.42 0.60 0.05 5.06 2.18 1.4

360 0.57 1.79 0.37 0.69 0.06 4.80 2.16 1.3

370 0.60 1.73 0.33 0.62 0.07 4.70 2.21 1.3

a The excitation wavelength was 295 nm. A total of 10,000 photons were collected at the peak channel for robust
data acquisition. The concentration ofWALP23 was 8.5μMand the peptide to lipid ratio was 1:50 (mol/mol). See
Experimental for more details
b Calculated using Eq. (2)
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the mean fluorescence lifetime displays a substantial increase
(~60%) with increasing emission wavelength in the range of
320 to 370 nm. Emission at shorter wavelengths photoselects
unrelaxed fluorophores. The unrelaxed subpopulation of
fluorophores undergoes relaxation in two different ways, by
fluorescence emission at the given excitation wavelength and
by decay to longer wavelengths (that remain unobserved).
This dual mode of relaxation leads to shorter lifetimes in the
excited state. On the other hand, fluorophore populations
emitting at the longer wavelengths are more relaxed due to a
longer time spent in the excited state, corresponding to longer
fluorescence lifetimes, thereby allowing greater extents of sol-
vent relaxation. Figure 4b shows the decrease in fluorescence
anisotropy (~12%) with increasing emission wavelength.
Longer-lived fluorophores, photoselected at longer emission
wavelengths, are associated with greater extents of rotation in
the excited state. This leads to lower values of fluorescence
anisotropy at the red edge due to greater depolarization.

Taken together, our results show that the tryptophan resi-
dues in the α-helical WALP23 peptide in POPC membranes
experience constrained rotational dynamics. Since WALP23
has four tryptophans, these results correspond to the average
environment experienced by the tryptophans. These observa-
tions assume relevance in light of existing literature on the
strong correlation of tryptophan solvation dynamics to the
presence of functionally active conformations in membrane
proteins and peptides [13, 14, 27–30, 46]. We envision these
results could be useful in future studies employing fluores-
cence spectroscopy on the crucial role of tryptophan localiza-
tion and dynamics in the membrane conformation and orien-
tation of WALP analogs, and their subsequent response to
mismatch conditions in a membrane milieu.
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