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ABSTRACT: Interactions between peptides and lipid membranes play major roles in numerous physiological
processes, such as signaling, cytolysis, formation of ion channels, and cellular recognition. We describe
a new colorimetric technique for studying peptidaembrane interactions. The new assay is based on
supramolecular assemblies composed of phospholipids embedded in a matrix of polydiacetylene (PDA)
molecules. The phospholipid/PDA vesicle solutions undergo visible color changes upon binding of
membrane peptides. Experiments utilizing various analytical techniques confirm that the blue-to-red color
transitions of the phospholipid/PDA vesicles are directly related to adoption of helical conformations by
the peptides and their association with the lipids. Spectroscopic data indicate that the colorimetric transitions
are correlated with important molecular parameters, such as the degree of penetration of the peptides into
lipid bilayers, and the mechanisms of peptidipid binding. The results suggest that the new colorimetric
assay could be utilized for studying interactions and organization of membrane peptides.

Membrane-associated peptides and proteins participate incolorimetric transitions are directly related to biological
diverse biochemical processes, and characterization of theassociation of the peptides with the phospholipid moieties
molecular properties of peptidenembrane interactions is  within the vesicles. The results indicate that phospholipid/
highly desirable. Intensive research efforts have been carriedPDA mixed vesicles could be utilized as a model system
out to elucidate the orientations and helical content of for studying peptide membrane interactions and interfacial
transmembrane peptide domains of hormone receptors andnembrane processes.
ion channels 1) and the mechanisms of binding and
membrane disruption by short cytolytic peptided. (A
variety of structural models describing interactions between
short peptides and membranes have emerged in recent year
such as the transmembrane channel aggreg&esthe
“barrel-stave” model 4), and the “carpet” mechanism
pertaining to membrane permeation by lytic peptidgs (

Development of functional or biochemical assays that

PDA-based vesicles have been previously shown to
undergo blue-to-red color transitions induced by a variety
of interfacial processe$(7). Previous studies have revealed
hat biological processes leading to structural perturbations
at the PDA vesicle interface, including liganceceptor
recognition B), pH changes?), and enzymatic catalysiS)
are responsible for the blue-to-red transitions occurring in
provide information upon interactions between membrane ?g,&les'c!i assemblies. We har\]{er:ecently demor]lstrhatedhthat
peptides and lipid bilayers could contribute to the elucidation DA Vesicles incorporating a high percentage of phospho-
of structural and functional properties of the peptides, and /IPid molecules could be used as biosensors for screening
their organization in membrane environments. Such assay<Cf antibacterial peptidesl() and for detection of ions in
might also improve screening for new pharmacological @dueous solutionsl().
substances that function in membrane environments. We The peptides investigated in this work include melittin
describe here a colorimetric assay in which mixed vesicles (12), melittin analoguesi@), magainin {4), and alamethicin
composed of phospholipids and polymerized polydiacetylene (15). These membrane peptides were specifically selected
(PDA)! lipids are shown to exhibit rapid visible color changes as a “proof of concept” for the colorimetric assay, since they
upon interactions with membrane peptides. The blue-to-red have been extensively characterized in various conditions

— - - ~and membrane environments. The spectroscopic data pre-
s ;gf‘gg@'é@ggg'a' support from the U.S.-Israel Science Foundation geneqd here confirm that the peptides adopt helical conforma-
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Chemistry, Ben Gurion University of the Negev, Beersheva 84105, thermore, we observe a correlation between the degree of
:)Sr:gg!é- Eomall: razj@bgumailbgu.ac.il. Fax: 972-7-6472943. Tele- pjye-to-red colorimetric transitions and the mode of peptide

1 Abbreviations: PDA, polydiacetylene; DMPC, dimyristoylphos- Membrane binding. The results indicate that the phospholipid/
phatidylcholine; DMPG, dimyristoylphosphatidylglyerol; DMPE, dimyris-  PDA assemblies successfully mimic lipid membrane envi-
toylphosphatidylethanolamine; LPS, lipopolysaccharide; DPPC, di- yonments, and the assay could discriminate, through evaluation
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magnefic resonance; UV, ultraviolet; ESR, electron’ spin resonance; Of the colorimetric transitions, between existing models for
TFE, trifluoroethanol. peptide-membrane interactions.
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MATERIALS AND METHODS

Materials Phospholipids, including dimyristoylphosphati-
dylcholine (DMPC), dipalmitoylphosphatidylcholine (DPPC),
dimyristoylphosphatidylethanolamine (DMPE), and dimyris-
toylphosphatidylglycerol (DMPG), were purchased from
Avanti Polar Lipids (Alabaster, AL). Sphingomyelin and
lipopolysaccharide (LPS)Escherichia coli055:B5) were
purchased from Sigma. The diacetylene monomer tri-

cosadiynoic acid was purchased from GFS Chemicals

(Powell, OH). Lipids were washed in chloroform and water
and filtered through 0.&m filters. Preparation of vesicles
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Circular Dichroism ExperimentsCD spectra were ac-
quired on an Aviv 62A-DS circular dichroism spectrometer
(Aviv Inc.). Four scans were recorded between 190 and 250
nm with 1 nm acquisition steps. A 0.2 mm optical path length
was used. All vesicle solutions had a total lipid concentration
of 1 mM (40% mol % DMPC) in 2 mM Tris at pH 8.5.
Peptide concentrations were 0.1 mM. Fractional helicities
(fn) were calculated asl6)

fh= (0500 — 0222)/ (Q%gg - 9222)

containing phospholipids and PDA (2:3 mole ratio) has been wherefz,; is the experimentally observed elipticity at 222

described previouslyd( 11). Briefly, the lipid constituents
are dried together in a vacuum, followed by addition of
deionized water and probe sonicationat0 °C. The vesicle
solution is then cooled, kept at 4C overnight, and
polymerized using irradiation at 220 nm. The resulting
solution exhibits an intense blue appearance.
Melittin (GIGAVLKVLTTGLPALISWIKRKRQQ) and

magainin |l (GIGKFLHSAKKFGKAFVGEIMNS) have

nm, 63,, corresponds to 0% helical content (determined for
0.1 mM melittin in deionized water to be 7000 deg crh
dmolY), and 6399 corresponds to 100% helical content
(—41000 deg crhdmol™ for melittin in 80% TFE).
Fluorescence MeasurementShanges in tryptophan in-
trinsic emission were measured for A0 peptide solutions
titrated with DMPC/PDA vesicles. Fluorescence emission
spectra were acquired at 2C on a SLM Aminco Bowman

been synthesized using solid-phase peptide synthesis andpectrofluorimeter, using excitation at 280 nm and emission
purified to >95% using reverse-phase HPLC. Alamethicin at 345 nm. Excitation and emission slits were both 8 nm.
has been purchased from Sigma. The more abundant alamefotal sample volumes were 1 mL, and the solutions were
thicin homologue containing glutamic acid at position 18 placed in a quartz cell having a 0.5 cm optical path length.
(AIbPAIbAAIbAQAIbVAIbGLAIbPVAILAIBEQF-OH, where Light scattering from the vesicles was confirmed to account
Aib denotesx-aminoisobutyric acid) has been used following for less than 5% of the emission intensity.
separation by HPLC. Melittin analogues were synthesized NMR 23C NMR spectra were acquired using 1 mM (total
by Alpha Diagnostics Inc. (San Antonio, TX) using standard |ipid concentration) DMPC/PDA vesicle solutions, prepared
Fmoc chemistry. The identity of peptides was confirmed by using DMPC isotope-labeled with°C at both carbonyl
mass spectrometry and amino acid analysis. Peptides wergyositions (Avanti Polar Lipids). Peptide concentrations were
purified to >95% using reverse-phase HPLC. The melittin 0.2 mM. Spectra were acquired at a magnetic field of 11.7
diastereomer(-melittin), containingp-amino acids (Val-5, T on a Bruker DMX500 NMR spectrometer. Five thousand
Val-8, lle-17, and Lys-21), has been kindly provided by Y. scans were accumulated for each spectrum using a Bloch-
Shai (Weizmann Institute of Science, Rehovot, Israel). The decay pulse sequence with recycle delay of 1 s. A 10 Hz
M2 domain of thed subunit of the acetylcholine receptor | orentzian window function has been applied to all spectra.
(AChR) (sequence EKMSTA|SVLLAQAVFLLLTSQR) has TMS was the external reference.
been generously provided by S. Opella (University of  Electron Spin Resonanc&amples for the ESR experi-
Pennsylvania, Philadelphia, PA). ments were prepared using spin probes 5-doxylstearic acid
UV—Vis MeasurementSamples were prepared by adding (5-DS) and 12-doxylstearic acid (12-DS) purchased from
peptides to 0.4 mL vesicle solutions at 1 mM total |Ip|d and Sigma. The Spin probe fatty acid was added to the vesicle
2 mM Tris. The pH in the solutions was 8.5 in all samples after the polymerization step, in a molar ratio of
experiments. Melittin, melittin analogues, and magainin were 1:100 (spin probe:phospholipid). Samples were placed in a

dissolved in water, while alamethicin and the M2 peptide
were dissolved in TFE (control experiments verified that the
background red color induced by TFE only is negligible).
Following addition of the peptides, the solutions were diluted

20 mm length, 1 mm inside diameter quartz capillary and
recorded using a Bruker EMX-220 digital X-band spectrom-
eter at 25°C. The amplitudes of 12.5 and 100 kHz, the
modulation, and the microwave power level were chosen at

to 1 mL and the spectra were acquired. All measurementssypcritical values (0.5 G and 20 mW, respectively) to reach

have been carried out at 2 on a Hewlett-Packard 8452A
diode-array spectrophotometer, ugpia 1 cmoptical path
length cell.

A quantitative value for the extent of blue-to-red color
transition is given by the colorimetric response (%CR), which
is defined Q)

%CR= [(PB, — PB)/PB;] x 100

where PB= Apiud (Aniie + Ared), A is the absorbance at either
the “blue” component in the UVvis spectrum £640 nm)

or the “red” component¢500 nm), PR is the red/blue ratio
of the control sample (before induction of color change),
and PB is the value obtained for the vesicle solution after
addition of peptides.

the best signal:noise ratio. Processing of the ESR spectra
(digital filtering, double integration, etc.) was carried out
using Bruker WIN-EPR software.

RESULTS AND DISCUSSION

DMPC/PDA mixed vesicles have been prepared using
approximately 40% (mole ratio) of phospholipids, such as
DMPC, and 60% polydiacetylene (PDA) lipids. Following
sonication and polymerization, the lipids form organized
assemblies, which exhibit an intense blue color due to the
conjugated backbone of the PDA polymédr7). Figure 1
presents a schematic drawing of the phospholipid/PDA
assembly. The phospholipid molecules are distributed within
the conjugated PDA matrix, and most likely exist in a
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Ficure 2: (A) Photograph of DMPC/PDA solutions, at 2 after

addition of peptides: (i) control (no peptide), (ii) melittin (0.1 mM),
--- (i) magainin (1 mM), (iv) alamethicin (0.1 mM), and (v) M2
domain of the AchR protein (0.15 mM). Each cell contained 100
uL of a 1 mM (total lipid concentration) DMPC/PDA (4:6 mole
ratio) and 2 mM Tris solution at pH 8.5. (B) Photograph of
phospholipid/PDA solutions after addition of melittin. The total lipid
concentration in all wells was 1 mM, and the peptide concentration
was approximately 0.1 mM: (i) control (DMPC/PDA vesicles, no
melittin added), (i) DMPC/PDA (2:3 mole ratio), (iii) sphingo-
myelin/DMPC/PDA (1:1:3 mole ratio), (iv) DMPE/DMPG/PDA
(3:1:6 mole ratio), and (v) LPS/DMPC/PDA (1:4:6 mole ratio).

AV VAR Vi
C

-- the distinct mechanisms of peptidmembrane interactions
FiGURe 1: Schematic representation of the phospholipid/PDA (see below). Soluble peptides, which are not expected to
vesicles, indicating a part of the assembly of phospholipids and gssociate with lipid membranes, do not induce blue-to-red
polydiacetylene. PC denotes the phosphatidylcholine headgroup.color changes within the phospholipid/PDA vesiclds)(
domain-like configuration. This arrangement is inferred both ~ Blue-to-red colorimetric transitions are induced by interac-
from statistical analysis of phospholipid distribution within tions of membrane peptides with PDA vesicles containing
the vesicles and from experimental data obtained for PDA/ various natural lipid components. Figure 2B, for example,
phospholipid thin films (F. Gaboriaud and R. Jelinek, shows that melittin generates color changes in vesicles
manuscript in preparation). Previous characterization of the incorporating zwitterionic and negatively charged phospho-
phospholipid/PDA system also points to a similar picture lipids, sphingolipids, and glycolipids. The lipid ratios
(10). The conjugated PDA backbone absorbs light in the presented in Figure 2B are typical for various mammalian
visible region, resulting in a blue appearance of the vesicle and bacterial membranek (L9). The different color changes
solution. Biochemical events leading to physical or chemical observed in Figure 2B most likely depend on the size and
disruption of the phospholipid assembly give rise to the blue- charge of the lipid headgroups, which affect the binding and
to-red colorimetric transitions, induced, most likely, through the degree of penetration of the peptide into the lipid
structural perturbations of the adjacent PDA netw@KL(Q). assembly 20). The general applicability of the assay for
Color changes induced upon mixing membrane peptidesdetection of peptide interactions with vesicles containing
with the phospholipid/PDA vesicle solutions are shown in diverse lipid building blocks is important, since the lipid
Figure 2. Figure 2A depicts a photograph of part of a 96- composition of membranes is one of the most important
well plate containing DMPC/PDA vesicles, into which parameters that determine membrane properties and peptide
several membrane peptides have been separately added. Thmembrane interactionsl9). Quantification of the colori-
extent of colorimetric transitions is generally affected by the metric transitions induced by membrane peptides in phos-
quantity of peptide added to the solutiotO). The peptide pholipid/PDA vesicles is also feasible, based upon the-UV
concentrations used in Figure 2A were adjusted to obtain vis spectra of individual solutionsl(). A previous study
an equal number of membrane-bound peptides in each well,has indicated that the phospholipid/PDA system can detect
taking into account the respective partition coefficients of peptide concentrations in the micromolar rangé)(
the peptides18). While the peptide concentrations used in  Several experiments have been carried out to investigate
the experiments whose results are depicted in Figure 2 allowthe binding of the peptides and to evaluate the biological
visible detection of the color changes by the naked eye, it significance of the colorimetric transitions. W\Wis absor-
should be noted that, in general, colorimetric transitions can bance spectra shown in Figure 3 confirm that the observed
be detected in much lower concentrations (micromolar) using color changes are directly related to specific association of
UV —vis spectroscopyl(Q). The color changes observed in the peptides with the embedded phospholipids within the
Figure 2A clearly indicate that the peptides interact with the PDA matrix, rather than the PDA molecules themselves.
vesicles. The different degree of colorimetric transitions Figure 3A shows that the blue-to-red color change, induced
observed following addition of each peptide is attributed to by melittin, depends on the presence of DMPC within the
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UV —vis spectrum) and 640 nm (the blue band) increases
A with the percentage of phospholipids in the vesicles (note
that blue and red refer to the visual appearance of the
material, not its actual absorbance).

This observation is also demonstrated in Figure 3B, which
depicts titration curves of the membrane peptides alamethicin,
melittin, and magainin added to mixed DMPC/PDA vesicles.
The quantitative colorimetric response (%CR) data shown
in Figure 3B indicate that the color changes are directly
related to the concentrations of the added peptide. However,
the blue-to-red color changes are much more pronounced
(higher %CR) when the peptides are mixed with vesicles
. . . that contain phospholipids. This result again indicates that
500 600 700 melittin preferably binds to the phospholipid moieties, rather

A (nm) than the polymer matrix. The small background color change
detected when melittin, for example, is added to pure PDA
vesicles (broken line in Figure 3B) is attributed to electro-
static interactions of the peptide with charged headgroups
of the polymerized lipid 10). It should be emphasized that
the observation of significantly stronger color transitions
when DMPC/PDA vesicles are employed, compared to pure
PDA, supports the proposal that the colorimetric effects are
indeed biologically relevant, rather than due to electrostatic
binding of the peptides to the PDA interface.

Further evidence for the above interpretation is provided
by analysis of the colorimetric transitions induced by melittin
in PDA vesicles containing different phospholipids. &V

Relative absorbance

Concentration [uM] vis data shown in Figure 3C indicate that, at°Z7, vesicles
containing dipalmitoylphosphatydilcholine (DPPC) rather
C than DMPC do not undergo blue-to-red color transition upon
R addition of melittin. This result is consistent with the

expectation that melittin would not associate with DPPC at
27 °C, since this phospholipid exists in the gel phase at that
temperature¥2). The observation of a much smaller color

change after addition of melittin to DPPC/PDA, compared
to DMPC/PDA, vesicles is significant, because DPPC differs
from DMPC only in the length of the fatty chains, and the

two molecules have identical structures otherwise. Accord-
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ingly, the colorimetric data in Figure 3C clearly demonstrate
\ that the color changes are directly related to the interaction
. . , S of the peptide with phospholipid molecules within the
500 600 700 vesicles. . . . - -
A (nm) Panels A-C of Figure 4 depict circular dichroism (CD)

Ficure 3: UV-—vis data of vesicle solutions mixed with peptides. spectra' recorded for mellttln, magainin, 'and alamethlqln,

(A) UV—vis spectra of melittin: (i) control solution (blue PDA  r€Spectively, in water and in aqueous mixtures containing

vesicles) with no peptide added, (i) melittin added to pure PDA DMPC/PDA vesicles. The three examined peptides do not
vesicles (100% polydiacetylene, no DMPC), (iii) melittin added to  adopt detectable secondary structures in solutions having low
DMPC/PDA vesicles in a 2:8 mole I’atIO, and (|V) melittin added Salt Concentrat|ons and at S“ghtly baS|C m’(zl) Panels

to DMPC/PDA vesicles in a 4:6 mole ratio. The total lipid _ . S o
concentration was 1 mM, and the melittin concentration was 0.03 A—C of Figure 4 reveal, however, that melittin, magainin,

mM in all samples. (B) Colorimetric response (%CR). Graph and alamethiqin acquire' ;ignificant helical st'ructures.in
depicting the changes in colorimetric response (see the definition agqueous solutions containing DMPC/PDA vesicles, which
in Materials and Methods) upon titration of vesicles with membrane is apparent from the easily identified minima-a208 and
peptides: (i) magainin, (i) melittin, and (iii) alamethicin. The 55 nm, respectively, in the CD spectra. These results are

vesicles that were examined were DMPC/PDA vesicles (2:3 mole - - . SR
ratio). The dashed line shows the results with melittin added to CONSIStent with previous studies indicating that the three

pure PDA (100%) vesicles. The total lipid concentrations in all Peptides studied here, in particular, and membrane peptides,
vesicle samples were 1 mM. (C) UWis spectra: €) melittin in general, are mostly unstructured in aqueous solutions,

added to DMPC/PDA vesicles (4:6 mole ratio) and (- - -) melittin - while they adopt helical conformations in the presence of
added to DPPC/PDA vesicles (4:6 mole ratio). The melittin organized lipid assemblie®1, 22).

concentration was 0.03 mM, and the total lipid concentration was . " . .
1 mM. P Further evidence for a direct relationship between the

acquisition of helical structure and the interaction between
vesicles. This is apparent in the WQVis spectra, as the ratio  the peptides and the DMPC/PDA assembly is provided in
between the absorbance 2600 nm (the red band in the Figure 4D. Figure 4D presents the extent of helical content
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Ficure 4: CD spectra of peptide solutions. (A) Melittin: (- - -)
melittin in agueous solution (2 mM Tris at pH 8.5) and)(melittin
added to a DMPC/PDA solution. (B) Magainin: (- - -) magainin
Il in aqueous solution (2 mM Tris at pH 8.5) andgX magainin |
added to a DMPC/PDA solution. (C) Alamethicin (dissolved in
trifluoroethanol) added to a DMPC/PDA solution (no CD spectrum
available in aqueous solution due to aggregation of alamethicin).
All vesicle solutions had total lipid concentrations of 1 mM (40%
mol % DMPC) and in 2 mM Tris at pH 8.5. Peptide concentrations
in the CD experiments were 0.1 mM. (D) Graph depicting the
fractional helicity of melittin, calculated from the CD data, as a
function of lipid concentration.

of melittin as a function of vesicle concentration and clearly
demonstrates that the addition of DMPC/PDA vesicles to
the peptide solution results in higher helical contents for the
peptide. The highest helicity value depicted in the graph
(~60%) corresponds to a %CR 6f55% (see Figure 3B),

indicating that the color transition is indeed due to the helical
association of the peptide with the lipid assembly. Similar

Biochemistry, Vol. 39, No. 51, 2005855
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FIGURE 5: 13C NMR spectra of the carbonyl region of DMPC/
PDA vesicle solutions, prepared using DMPC isotope-labeled with
13C at both carbonyl positions: (A) DMPC/PDA vesicles with no
peptide added, (B) melittin added, (C) magainin Il added, and (D)
alamethicin added. The total lipid concentration was 1 mM in all
samples, and the peptide concentration was 0.1 mM.

171

were investigated. The CD data shown in Figure 4 are
significant, since the induction of helical structures in the
present of the mixed lipid/polymer vesicles confirms that
the phospholipid domains incorporated within the PDA
matrix essentially mimic the lipigmembrane interface.

13C NMR data, shown in Figure 5, are consistent with the
UV —vis and CD spectroscopic results, and provide further
evidence that the blue-to-red color changes are due to specific
interactions between the peptides and phospholipids. Figure
5 depicts'*C NMR spectra of PDA vesicles containing
DMPC molecules isotope-labeled witfC at both carbonyl
positions. Thé3C spectrum shown in Figure 5A corresponds
to the two overlapping carbonyl signals from the DMPC
molecules embedded within the PDA matrix. All three
peptides affect the carbonyfC resonances. Addition of
melittin and magainin results in narrowing of the spectral
line, either through interaction of the peptides with one of
the carbon sites or due to the increased mobility of the carbon
nuclei. Motional narrowing ofP resonances in melittin/
phospholipid vesicles has been previously obsenas). (
Addition of alamethicin, in particular, gives rise to two sharp
downfield-shifted'3C signals (Figure 5D), which most likely
correspond to the two isotope-labeled carbonyl positions
within DMPC. The narrow resonances observed infigz
spectrum after addition of alamethicin imply that highly
mobile DMPC molecular species are formed following
interaction of the peptide with the vesicles, possibly through
micellization @4). Dynamic light scattering measurements
of the DMPC/PDA solutions (data not shown) indicate that
the vesicles become significantly smaller in the presence of
alamethicin. The changes observed in tR€ carbonyl

results were obtained for the other membrane peptides thatspectra suggest that interactions of the membrane peptides
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examined in this work result in modifications of the local
environments and dynamics of the phospholipid molecules
within the PDA matrix.

Further insight into the relationships between the observed
colorimetric transitions in the vesicle solutions, and the
mechanisms of peptidanembrane interactions, is obtained
from examination of peptide analogues, in which the native
amino acid sequences have been modified. In the work
presented here, we examine melittin analogues in which
amino acids located in functionally and structurally important
positions in the sequence have been substituted or omitted
(13, 25). An additional melittin analogue was investigated
in which certain.-amino acids have been replaced with the
corresponding-amino acids [denoted-melittin (26, 27)].
These analogues have previously provided a wealth of
structural and functional information about the amino acid
sequence of melittin and its membrane interactions.

Figure 6A shows a photograph of the color changes
induced in DMPC/PDA vesicle solutions by melittin and
melittin analogues, which were added in identical concentra-
tions. All melittin analogues that are shown induce more
reddish colors, compared to native melittin [Figure 6A (wells
ii—Vv)]. A melittin diastereomer, in which residues Val-5 and
-8, lle-17, and Lys-21 have been replaced with tk@&mino
acids, was added to well iii in Figure 6A. Well iv in Figure
6A contains an analogue in which Trp-19 has been omitted
(denotedAW19-melittin), while a melittin analogue where
Leu-9 has been substituted with lysine (subL9K-melittin) has
been added to the vesicles in well v in Figure 6A. Further
evidence for the more pronounced colorimetric transitions
induced byp-melittin, compared to those withrmelittin, is
provided in Figure 6B, which features the titration curves
of L-melittin andp-melittin. The colorimetric data shown in
Figure 6B indicate that, most likely, there exists a difference
between the mechanisms of colorimetric transitions induced
by L-melittin andp-melittin.

The structural modifications of the melittin sequence in
the analogues examined in Figure 6 prevent adoption of the
complete helical conformation by the peptid26-28). This
is also confirmed in the CD spectra shown in Figure 6C,
which indicate that the melittin analogues exist in a mostly
extended conformation in the presence of DMPC/PDA
vesicles, as opposed to the helical conformation of native
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Ficure 6: (A) Photograph of DMPC/PDA solutions, at 2C, after
addition of melittin and melittin analogues: (i) control solution (no
peptide added), (ii)-melittin, (iii) p-melittin, (iv) AW19-melittin,

and (v) subL9K-melittin. (B) Titration curves depicting the change
of the colorimetric response (%CR) as a function of peptide
concentration: ) L-melittin and (- - -)p-melittin. (C) CD spectra

of (i) L-melittin, (i) AW19-melittin, and (i) SubL9K-melittin. The
solutions in the cells photographed and in the CD experiments had
a total lipid concentration of 1 mM in 2 mM Tris buffer at pH 8.5.

melittin. Thus, these melittin analogues cannot penetrate intoPeptide concentrations wered.1 mM.

the hydrophobic alkyl core of the phospholipid assemblies,
but rather bind at the lipidwater interface, mostly through

electrostatic interaction28, 29). This interpretation could

explain the more pronounced blue-to-red colorimetric transi-
tions induced by the analogues, as compared to the nativ
melittin sequence (Figure 6). In general, the colorimetric
transitions observed in the phospholipid/PDA vesicle as-

(30), gives rise to a purple color in the vesicle solution (well
V in Figure 2A). However, a significantly more pronounced
red-orange color is induced by magainin (well iii in Figure

e2A), since magainin is an amphipathic peptide spanning the

water—lipid interface in membrane environmentss( 31).
The apparent relationship between the colorimetric re-

semblies correspond to rearrangement of the pendant PDAsponse of the phospholipid/PDA assay and the mechanism

side chains, induced by interfacial perturbations at the
phospholipid domains6( 10). Accordingly, it is expected
that association of peptides, suchmmelittin (26), at the

of peptide-membrane association is an important contribu-
tion for studying peptide membrane interactions and orga-
nization. Figures 79 present independent spectroscopic

surface of the lipid assemblies would induce greater inter- measurements that further confirm the correlation between
facial perturbations, and thus a more extreme color change the colorimetric responses with fundamental biophysical
compared to transmembrane insertion of a helical peptide,parameters pertaining to peptieisembrane interactions,
such as melittin, into the lipid assemblies. This model also such as the mode of peptide binding and the extent of
successfully accounts for the color transitions induced by insertion of the peptides into lipid bilayers.

the peptides depicted in Figure 2A. The M2 domain of the  Figure 7 illustrates tryptophan fluorescence spectra of
AchR, for example, which inserts vertically into lipid bilayers peptides in solutions containing DMPC/PDA vesicles. The
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Ficure 7: Tryptophan fluorescence data of melittin and melittin
analogues added to 1 mM DMPC/PDA vesicles. (A) Emission
spectra of melittin at different lipid:peptide ratios: (i) O, (ii) 0.5,

(iii) 1, (iv) 1.5, (v) 2, and (vi) 2.5. (B) Graph depicting the change
in the shift of the emission peak at different lipid:peptide ratios for
L-melittin andp-melittin.

_

data shown in Figure 7 clearly indicate that there is a jj
significant difference between the degree of penetration of
native melittin (-melittin) into the hydrophobic core of the
lipids and thep-melittin diastereomer which cannot adopt a
complete helical structure26, 27). Melittin has a single
tryptophan residue at position 19 (Trp-19), commonly used

as a fluorescent probe for studying melitimembrane
interactions 82, 33). Figure 7A, for example, demonstrates iii
that, in the case of native melittin, higher lipid-to-peptide
ratios give rise to both an increase in the intensity of the
Trp fluorescence emission signal and a shift of the peak to
lower wavelengths. These changes are indicative of mem-
brane insertion of melittin, and correspondingly a more
hydrophobic environment, on average, for Trp-19, which
diminishes the level of fluorescence quenching occurring in
aqueous surrounding83). Ficure 8: ESR spectra obtained for the nitroxide-labeled fatty

. ; : ; acids, in which the spin probe has been attached at the carbon 5
Figure 7B graphically displays the changes in the spectral and 12 positions at the acyl chain and incorporated in DMPC/PDA

position of the tryptophan fluorescence signal as a function yesicles (total lipid concentration of 1 mM): (A) 5-DS and (B)
of the lipid:peptide ratio, im-melittin andp-melittin. Figure 12-DS. The peptide:lipid ratios were (i) 0, (ii) 0.05, (iii) 0.1.

7B demonstrates that while the Trp-19 signak tmelittin

is shifted to lower wavelengths, the fluorescence peak in than the Trp-19 in-melittin. These data are again consistent
p-melittin does not exhibit the same shift. This result with the established model indicating the inability of
indicates that the single tryptophan residuepimelittin melittin to fully insert into lipid bilayers, due to its incomplete
experiences a significantly less hydrophobic environment folding into a helical structure2(7, 29). Previous studies have

u
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FiGurRe 9: Curves depicting the time evolution of the colorimetric
response (see the definition in Materials and Methods) of DMPC/
PDA vesicles at 27C: (A) control (no peptide), (B) melittin, and
(C) magainin. The solutions had a total lipid concentration of 1
mM in 2 mM Tris buffer at pH 8.5. Peptide concentrations were
~10 uM.

determined thab-melittin attains helical structure in less than
20% of the total sequenc7); consequently, the energy
cost for its partitioning into the hydrophobic core of the lipids
is very high, which effectively prevents its penetration
beyond the lipied-water interface 34). The attachment and
aggregation ob-melittin onto the lipid-water surface results
in a greater interfacial perturbation, both to the lipids and to

Kolusheva et al.

chain, the ESR spectra are affected differently byelittin
and p-melittin. L-Melittin, on one hand, gives rise to a
population of motionally restricted spin-labeled probe, ap-
parent from the emerging broad component with a higher
hyperfine splitting (well iii in Figure 8B)p-Melittin, on the
other hand, does not affect the chain mobility of the spin-
labeled lipid probe. The absence of spectral changes even
after adding>-melittin up to a concentration of 1M (well
ii in Figure 8B) is striking, since at that concentration the
%CR of the solution approaches 90%. This result again
indicates thab-melittin does not penetrate into the hydro-
phobic core of the lipid assembly, and the colorimetric
transition induced by the peptide is due to the interfacial
interactions of the peptide. The divergent ESR results shown
in Figure 8B forL-melittin and p-melittin provide strong
evidence that native-melittin inserts into the hydrophobic
core of the phospholipids, thus restricting the mobility of
the spin-labeled probe in a chain position farther away from
the lipid—water interfacep-Melittin, however, is bound at
the lipid interface, and therefore hardly affects the dynamic
properties of the spin-labeled probe at carbon position 12.
These conclusions are consistent with the tryptophan fluo-
rescent data discussed above (Figure 7). A similar decrease
in the level of lipid motion upon association of ien
ionophore complexes with DMPC/PDA vesicles was previ-
ously observedi().

The color changes induced by membrane-associated pep-
tides in phsopholipid/PDA vesicles open additional avenues
for studying peptide membrane interactions. Figure 9, for

the pendant side chains of PDA, giving rise to more extreme example, illustrates UVvis kinetic data, quantitatively

colorimetric transitions.

Electron spin resonance (ESR) data, shown in Figure 8,

depicting the blue-to-red color changes of the vesicle
solutions following addition of melittin and magainin. The

provide additional insight into the association of the peptides curves shown in Figure 9 trace the time evolution of the
with the vesicles, and the effect of peptide binding upon the relative intensities of the blue component in the t\s

lipid environments. ESR spectra were acquired using phos-

pholipid/PDA vesicles incorporating stearic acid to which

absorance spectrum at 640 nm and the red component of
the spectrum at-500 nm. Examination of the dynamical

the spin probe doxyl residue has been covalently attacheddata in Figure 9 reveals that the colorimetric change induced
in carbon positions 5 and 12 in the acyl chain. Spin-labeled by melittin occurs at a significantly slower rate than the color
lipid probes have been extensively used as a tool for probingtransition caused by magainin (Figure 9B,C). This result

the organization and local motion within lipid membranes
(35—37). The molar ratio of 100:1 (phospholipid:probe) used

could point to the intrinsic differences between the rate of
melittin helix formation and penetration in a transmembrane

in the experiments most likely does not alter the properties orientation into the lipid assembly and the level of binding

and organization of the phospholipid/PDA vesicles. The
colorimetric properties of the vesicles were not affected by
addition of the spin-labeled probe.

The ESR data shown in Figure 8A indicate that, in vesicles

containing 5-doxylstearic acid (5-DS), a broad spectral
component which exhibits a greater outer hyperfine splitting
is observed following addition af-melittin or b-melittin to
the vesicles. The wider splitting is detected in vesicle
solutions containing peptide concentrations-&0 u«M (well
i in Figure 8). The %CR values calculated for such
concentrations were 53 and 73% femelittin andp-melittin,

of magainin at the lipitwater interface 1, 18). Further
analysis of the data and their relationships with kinetic
models is currently under way.

CONCLUSIONS

This work describes a new colorimetric assay that allows
screening and characterization of peptideembrane inter-
actions and organization. The assay is based upon generation
of blue-to-red colorimetric transitions in vesicles composed
of phospholipids and polydiacetylene lipids. An important
goal of the paper has been to evaluate the validity and

respectively. The broad component corresponds to a popula-hiochemical relevance of the technigque. Accordingly, several

tion of spin-labeled probes exhibiting restricted chain mobil-

analytical and spectroscopic methods have been employed

ity, resulting in a decrease in the degree of anisotropic in characterizing the binding and organization of both the

motional averaging3p). Previous ESR studies have detected
similarly significant restriction of local lipid motion following
melittin binding in various model membrane systerg6)(

peptides, as well as the vesicle assemblies. The experimental
data presented indeed verify that the colorimetric responses
of the system are biologically important; the peptides that

Figure 8B reveals that, in contrast to the ESR data acquiredhave been studied specifically interact with the phospholipid
for the 5-DS probe which were discussed above, when thedomains in the vesicles, and they adopt helical conformations

doxyl probe is located in carbon position 12 within the acyl

in the phospholipid/PDA environments. Significantly, the
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coefficients of the peptides being examined have been 150.
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of the partition coefficients in the DMPC/PDA vesicular 20, 566-570.
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The induced color changes occur rapidly after addition of Synthesis, Structure, and Electronic Propertid®l. 102,

. . . Martinus Nijhoff Publishers, Dordrecht, The Netherlands.
the membrane peptides to the solutions containing the ) ' ' :
. pep . . 9 18. Matsuzaki, M., Murase, O., Tokuda, H., Funakoshi, S., Fuijii,
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