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Abstract The amphipathic a-helix isarecognised struc-
tural motif that is shared by membrane-associating pro-
teinsand peptidesof diversefunction. Theaim of thispaper
isto determine the orientation of an a-helical amphipathic
peptide on the bilayer surface. We use five amphipathic
18-residue peptide anal ogues of aclass A amphipathic pep-
tide that is known to associate with a bilayer surface. Ty-
rosine and tryptophan are used as spectroscopic probes to
sense local environments in the peptide in solution and
when bound to the surface of unilamellar phosphatidylcho-
line vesicles. In a series of peptides, tryptophan is moved
progressively along the sequence from the nonpolar face
(positions 3, 7, 4) to the polar face of the peptide (positions
2, 12). Thelocal environment of the tryptophan residue at
each position is determined using fluorescence spectros-
copy employing quantum yield, and the wavelength of the
emission maximum asindicators of micropolarity. The ex-
posure of the tryptophan residues at each site is assessed
by acrylamide quenching. On association with vesicles, the
tryptophan residues at positions 3, 7 and 14 are in nonpo-
lar water-shielded environments, and the tryptophan at
position 12 isin an exposed polar environment. The tryp-
tophan at position 2, which islocated near the bilayer-wa-
ter interface, exhibits intermediate behaviour. Analysis of
the second-derivative absorption spectrum confirmed that
the tyrosine residue at position 7 is in a nonpolar water-
shielded environment in the peptide-lipid complex. We
conclude that these class A amphipathic peptides lie par-
allel to the lipid surface and penetrate no deeper than the
ester linkages of the phospholipids.
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Introduction

An amphipathic a-helix has opposing polar and nonpolar
faces along its helical axis. It isa common structural mo-
tif in lipid-associating polypeptides including transmem-
brane proteins and certain polypeptide venoms, hormones
and antibiotics. Certain peptides that exist in a disordered
conformation in agueous solvents are believed to adopt an
amphipathic a-helical conformation on association with
lipid surfaces. Thelipid surface may be a phospholipid bi-
layer or, in the case of lipoproteins, a phospholipid mono-
layer which encloses a core of neutral lipid. Itisgenerally
assumed that an amphipathic helix orients on alipid sur-
face with its hydrophaobic face directed towards the lipid
structure and the polar face directed towards the aqueous
phase.

Several theoretical modelsattempt to predict the orien-
tation of the amphipathic helix on alipid surface based on
structural and physico-chemical parameters of the peptide
and phospholipid lipid bilayer. Eisenberg et al. (1989)
suggested that the hydrophobic moment of the a-helix and
its average hydrophobicity could be used to classify hel-
ices into transmembrane, lipid-surface and protein-sur-
face categories. Segrest et al. (1990) classified amphi-
pathic helicesinto seven distinct classesbased oninferred
physicochemical and structural properties derived from
model building. Brasseur (1991) classified lipid-associat-
ing helices according to the angles defined by a sector
formed by hydrophobic and hydrophilic residueswhen the
helix is represented as a helical wheel. In this classifica-
tion, an a-helix with a hydrophobic sector angle greater
than 180° should be capable of self-association in the
membrane to form atransmembrane pore. If the sector an-
gle is 180° the helix should lie parallel to the membrane
surface, and if it is less than 180° it should stabilise the
edge of discoidal bilayer structures. The importance of
such considerations becomes apparent when it is realised
that the amphipathic a-helix is the main structural entity
which guides the association of apolipoproteinswith lipid
emulsions.
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Model de novo designed peptides, which bear noresem-
blance to sequences found in apolipoproteins but contain
the essential features expected of lipid binding helices,
have been studied in several laboratories. These studies
have examined factors such as peptide hydrophobicity, hy-
drophobic face sector angle (De Kroon et al. 1990; Kiyota
etal. 1996), charge topography (Kanellis etal. 1980;
De Kroon et al. 1990; Mishraand Palgunachari 1996), he-
lix macrodipol e effects (Venkatachal apathi et al. 1993) and
the effect of dual tandem repeats and specific amino acid
replacementson thelipid-peptideinteraction (Mishraet al.
1994, 1995). Some workers have correlated these proper-
tieswith cytolytic and antimicrobial activities (Datheet al.
1996; Kiyota et al. 1996).

Interpretation of these experimentsis based on the im-
plicit assumption that an amphipathic a-helix orients par-
alel to the lipid surface with the nonpolar face of the he-
lix directed towards the lipid phase and the polar face to-
wards the polar phase. However, there is little direct ex-
perimental evidence for or against this model. The few
crystal structures of membrane proteins that are currently
available cannot answer this question asthey refer to inte-
gral membrane proteins that possess transmembrane heli-
ces. Solid state NMR measurements, attenuated total re-
flection infrared spectroscopy and circular dichroism
measurements of peptides associated with oriented phos-
pholipid multilayersare capable of distinguishing between
transmembrane and surface helices (Vogel 1987; Brasseur
et al. 1990; Hefele et al. 1990; Wu et al. 1990; Huang and
Wu 1991; Shon et a. 1991). However, the orientation of
peptides studied to date appears to be sensitive to peptide
surface density and to the physical state of the lipid (acyl
chain saturation, bilayer hydration and phase state).

The aim of the present work is to test experimentally
the assumption that class A amphipathic helicesorient par-
alel to the membrane surface. We make use of a set of 18-
residue amphipathic peptides each containing two intrin-
sic spectroscopic probes, namely, a single tryptophan res-
idue whose fluorescence properties can be used to deter-
mine the rotational dynamics of the indole side chain and
the polarity of itslocal environment, and asingle tyrosine
residue whose absorption properties can also be used to
sense the polarity of its environment. We report on the de-
sign, synthesis and spectral characterisation of these pep-
tides and determine if the results support the parallel sur-
face orientation model or a transmembrane model of the
peptide-lipid complex.

Materials and methods
Materials

Synthesis grade protected amino acids were purchased
from Auspep and were used as received. Other reagents
used in peptide synthesis were reagent grade. Egg lecithin
phosphatidylcholine (eggPC) was received as a chloro-
form-methanol stock solution from Lipid Products (UK)

and used without further purification. Methanol wasHPLC
grade (British Drug Houses). All bufferswere prepared us-
ing Milli-Q distilled water.

General methods

Peptides were synthesised by the solid phase method us-
ing standard Fmoc chemistry and an Applied Biosystems
Peptide Synthesizer (Model 441A). The crude peptides
were purified by reversed phase HPLC (Applied Bio-
systems solvent delivery and diode array detection) using
aBrownlee column (Aquapore ODS 20 pum, 250x 10 mm).
The mobile phase consisted of a gradient of acetonitrile-
water (0.1% trifluoroacetic acid). The identity of the pep-
tides was confirmed by matrix-assisted laser desorption
and ionisation time-of-flight mass spectrometry (MALDI-
TOF). Peptide concentrations (10 mm Tris, 150 mm NaCl,
pH 7.4) were determined from the peptide absorption spec-
tra using a molar extinction coefficient at 280 nm of
6970 Mt cm™ for peptides A, B, D and E and
5690 M~ cm™ for peptide C. EggPC vesicles (20—24 nm
diameter) were prepared by sonication according to estab-
lished procedures (New 1990).

Spectroscopic measurements

Second-derivative absorption spectrawere recorded using
aCarey 5 UV-Vis spectrometer in second-derivative mode
with anintegration time of 1 s, a bandwidth of 2 nm and a
data interval of 1 nm. The molar ratio of peptide to lipid
was 1:100 (20 um peptide). Spectrawere corrected for in-
complete binding of the peptide to lipid.

Fluorescence measurements were made with a SPEX
Fluorolog 12 frequency domain fluorometer equi pped with
a450 W Xe lamp light source. For steady-state measure-
ments, excitation was with vertically polarised light with
the emission polariser set at 54.7° to eliminate polarisation
artifacts and to reduce contributions from vesicle scatter-
ing. Excitation at 295 nm was used to preferentially excite
tryptophan. Baseline fluorescence spectra were first re-
corded from alipid blank containing 1.33 mm eggPC uni-
lamellar vesicles. A small aliquot (<50 pul) of concentrated
peptide solution was then added to the cuvetteto give ato-
tal peptide concentration of 1 pum, corresponding to a pep-
tide: lipid ratio of 1:1300. The solution was mixed and
equilibrated for 15 min before measurement of the fluo-
rescence spectrum. No time dependence was observed over
aperiod of 1 h. After subtraction of the appropriate blank,
thefluorescence maximum wasdetermined from thewave-
length at which the first derivative was zero. Steady-
state anisotropies (r) were calculated according to:
r=(,-Gl,)/(, +2Gl,), where G is the grating correc-
tion factor, and I, and |, arethe intensities of the vertically
and horizontally polarised components of the emission
(Aexs 295 NmM; Aym, 350 nm; glits, 3.8 nm).

Circular dichroism (CD) measurements were made at
20°Cusing an AVIV 62DS spectrometer and a1l mm path-



length quartz cuvette. Sample concentrationsand molar ra-
tios of peptide to lipid were the same as for the fluores-
cence measurements. For each sample, 30 measurements
were averaged (integration time, 5 s/measurement). Cor-
rections for background contributions to the ellipticity
were made by subtraction of an appropriate vesicle or buf-
fer blank.

Quenching with acrylamide and 5-doxyl stearate

Acrylamide quenching was performed using excitation at
295 nm to excite tryptophan preferentially and to reduce
absorption due to acrylamide. Small aliquots of an acryl-
amide stock solution (4 M) were added to the peptide-lipid
suspension (mole ratio, 1:1300), and the fluorescence in-
tensity recorded at 360 nm. Intensities were corrected for
dilution and scatter. Quenching datawere anal ysed accord-
ing to the Stern-Volmer relationship:

FolF =1+Kk,T[Q]

where F and F, are the corrected fluorescence intensities
in the presence and absence of the quencher (Q), respec-
tively, T isthe average fluorescence lifetime, and k; is the
apparent bimolecular rate constant which also reflects the
exposure of the fluorophore to the quencher.

Quenching with 5-doxy! stearatewas performed by add-
ing aliquots of a stock solution (2 mm) to a suspension of
each peptide-lipid complex and allowing equilibration for
2 h. The relative efficiency of quenching is expressed as
(Fo/F)-1.

Results
Peptide design

The sequences shown in Fig. 1 and Table 1 are based on a
class A amphipathic peptide which is known to associate
with a phospholipid bilayer surface (Venkatachalapathi
et al. 1993). This peptide, referred here as peptide A, com-
petes with Apo A—I for sites on a phospholipid surface,
and mimics Apo A—I in the activation of lecithin: choles-
terol acyl transferase (Venkatachal apathi et al. 1993). Pep-
tides A, B, D and E have asingle tyrosine residue at posi-
tion 7 whose local environment can be probed using sec-
ond-derivative absorption spectroscopy (Ragone et al.
1984). In addition, each peptide contains a single trypto-
phan residue at aunique position along the sequenceto act
as an intrinsic fluorescence probe of the structure of the
peptide-lipid complex. Notethat thetryptophanisprogres-
sively moved from position 2 in peptide A, to position 3
in B, position 7 in C, position 12 in D and position 14 in
E. The use of single tryptophan peptides affords a method
of determining the orientation of the helix on thelipid sur-
face. In adopting an a-helical conformation, the 18-resi-
due peptideswould possess five complete helical turns. As
shown by the helical wheel representation in Fig. 1, posi-
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Fig. 1 Helical wheel representation of 18-residue amphipathic pep-
tides. The figuresin bold refer to the positions of tryptophan substi-
tution in peptides A, B, C, D and E. The single tyrosine at position
7 isunderlined. The solid line represents the boundary between the
hydrophilic and hydrophobic faces of the a-helix

Table1 Calculated average hydrophobicity (IHD) and average hy-
drophobic moment (G, O of the 18-residue amphipathic peptidesto-
gether with HPLC retention time data

Peptide Sequence (4,0 H* HPLC
(Trp retention
posi- time

tion) (0.2 min)
A (20 DWLKAFYDKVAEKLKEAF 0.484 —-0.043 33.7

B(3) DRWKAFYDKVAEKLKEAF 0.515 —0.242 28.2

C(7) DRLKAFWDKVAEKLKEAF 0.556 —0.198 30.9

D (12) DRLKAFYDKVAWKLKEAF 0.445 -0.142 26.4

E (14) DRLKAFYDKVAEKWKEAF 0.514 —-0.242 25.7

@ Calculated using the normalised hydrophobicities for amino acid
side chains list by Eisenberg et al. (1989)

tions 3, 7 and 14 should be located centrally in the nonpo-
lar face of the helix, position 12 in the middle of the polar
face, and position 2 near the polar-nonpolar boundary. If
the amphipathic helix lies parallel to the lipid-water inter-
face, the fluorescence from the tryptophan residues at po-
sitions 3, 7 and 14 should be determined by the hydropho-
bic, water-shielded environment provided by the lipid
phase, whilst the fluorescence of tryptophan at position 12
should be determined by the polar environment provided
by the aqueous phase; the characteristics of tryptophan at
position 2 should be intermediate between the two.

An important consideration is whether the substitution
at particular positions along the sequence radically per-
turbs the amphipathic nature of the a-helix. The average
hydrophobic momentsof the peptidesareshownin Table 1.
Except for the slightly higher average hydrophobicities of
peptide A and D owing to the substitution of atryptophan
by acharged amino acid, thevaluesare not greatly affected
by the position of the tryptophan residue. Values of the re-
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Fig. 2 Circular dichroism spectra of peptide A at 20°C in solution
(solid line) and complexed to eggPC vesicles (dashed line) (pep-
tide:lipid moleratio, 1:1300). The spectraare al so representative of
peptides B, D and E

verse phase HPL C retention times indicate that hydropho-
bic interactions between the peptide and the stationary
phase of the column are not related to values of the aver-
age hydrophobicity or hydrophobic moment or to whether
the tryptophan is located on the polar or nonpolar face of
the helix (Table 1).

The question of whether substitution by tryptophan per-
turbs the secondary structure of the peptides was assessed
by CD measurements. In solution, the mean elliptically at
222 nm of peptides A—E was —2766+ 542 (SD) deg cm?
dmol~2. In the lipid-peptide complexes (mole ratio pep-
tide:lipid, 1:1300) the ellipticities decreased to an aver-
age value of —18293 + 475 (SD) deg cm? dmol ~* for pep-
tidesA, B, D and E, indicating that the formation of a-he-
lix was not substantially dependant on the tryptophan po-
sitionin these peptides. Figure 2 illustrates this change for
peptide A. Peptide C had ahigher ellipticity (-13 176 deg
cm? dmol 1) which resulted from substitution of tyrosine
by tryptophan near the centre of the sequence. These val-
ues are generally higher than the value of —25000 deg cm?
dmol~ found for a similar N- and C-terminally blocked
(18A) peptide (Mishraet al. 1994) complexed with dimy-
ristoyl phosphatidylcholine. However, the blocked 18A
peptidewas shown to self-associate at high concentrations,
causing a decrease in mean residue ellipticity to —25000
deg cm? dmol in the absence of lipid (Venkatachal apa-
thi et a. 1993). The higher helicity values reported for the
blocked peptide could result from decreased fraying of the
termini or from peptide-peptide interactions, a self-asso-
ciation that is undesirable from the point of view of the
present experiments. We also note that application of the
usual rulesfor determining the helicity of proteins cannot
be applied to small peptides owing to significant contribu-

Table2 R parameters? determined from the second-derivative ab-
sorption spectra for the 18-residue amphipathic peptides in buffer
and when bound to egg phosphatidylcholine bilayer vesicles (100: 1
molar ratio lipid: peptide)

Peptide Tyrosine R values? (+0.05)
(sequence seguence

position) position Buffer Vesicles
A (2 7 0.94 0.58

B (3) 7 0.94 0.49
c( No tyrosine 0.70 0.64

D (12) 7 0.83 0.45

E (14) 7 0.88 0.48

@ The R value is the ratio if the peak-to-peak distances in the sec-
ond-derivative spectrum between the minimum at 283 nm and the
maximum at 287 nm, and the minimum at 290.5 nm and the maxi-
mum at 295 nm (Ragone et al. 1984)

tions of the aromatic amino acidsto thefar-UV CD (Chak-
rabartty et al. 1993). In particular, tyrosine and phenylal -
anine make positive contributions to the ellipticity at
222 nm, thereby causing the percent a-helix to be under-
estimated. Tryptophan can either have a positive or nega-
tive contribution to the far-UV CD (Adler et al. 1973). A
more appropriate measure of helicity is to compare the
mean residue ellipticities of the present peptide-lipid com-
plexeswith other a-helical peptidesusedintryptophanflu-
orescence footprinting studies. The values for a-helical
calmodulin-binding peptides (—12 900 to —24 000 deg cm?
dmol~; O’Neil et al. 1987) and for a-helical ion-channel
peptides (—18 990 to—22 650 deg cm? dmol —%; Chunget al.
1992) are within the range for the present peptide-lipid
complexes.

Thefluorescence experimentsto be described were con-
ducted at high lipid: peptide molar ratios (1300:1) to en-
sure that all the peptide was bound and that free peptide
did not contribute to the spectroscopic signal. The lipid to
peptide ratio at which all peptide was bound was deter-
mined by fluorescence titration of afixed concentration of
peptidewithincreasing concentrationsof lipid. For all pep-
tides the fluorescence signal (intensity or anisotropy) was
foundto saturateat lipid: peptideratiosgreater than 200: 1.

Interaction of amphipathic peptides with unilamellar
bilayer vesicles

Tyrosine exposure probed by second derivative
absor ption spectroscopy

Ragoneet al. (1984) showed that theratio (R) between two
peak-to-peak distancesin thie second-derivative spectrum
of tyrosine-tryptophan mixtures is determined by the po-
larity of the solvent environment of the tyrosine residues.
Theratioisthat between the 283 nm minimum and 287 nm
maximum peak-to-peak distance and the 290.5 nm mini-
mum and 295 nm maximum peak-to-peak distance.

The Rvalues for peptides A, B, D and E that contain a
single tyrosine residue at postition 7 are summarised in
Table 2. For peptidesin solution, the Rvalueis essentially



Table 3 Fluorescence quantum yield ratios (relative to tryptophan,
pH 7.4) and fluorescence anisotropy values of the 18-residue amphi-
pathic peptides in buffer and in the presence of egg phosphatidy!-
choline vesicles (lipid/peptide molar ratio 1300 : 1). The excitation
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Table4 Sequence dependence of the tryptophan emission maxi-
mum for 18-residue amphipathic peptides A—E (excitation wave-
length, 295 nm)

wavelength was 295 nm Peptide Emission  Spectral shift (AA £ 2 nm)
(Trp sequence  maximum

Peptide Quantum yield ratios Fluorescence position) (buffer, In methanol In eggPC

(Trp (relative to trp, pH 7.4) anisotropy (r) pH 7.4) relative to buffer  relative to buffer

sequence

position) Solution  EggPC Solution  EggPC A (2 353 -13 -12

(x0.05) (x0.05) (£0.002) (£0.002) B (3) 353 -9 -13

C(() 353 -11 -14

A (2 0.51 0.68 0.033 0.109 D (12) 354 -8 0

B (3) 0.74 0.95 0.039 0.103 E (14) 350 -3 -6

c( 0.85 1.17 0.045 0.118

D (12) 0.84 0.85 0.040 0.052

E (14) 1.04 0.85 0.042 0.060

independent of the position of the tryptophan. The mean
value[0.9+0.04 (SD)] iscloseto that reported for amodel
tryptophan-tyrosine mixture (1:1 mole ratio) in agueous
solution (0.93; Ragone et al. 1984).

In the presence of unilamellar eggPC vesicles, pertur-
bations are observed in the second-derivative spectra of
peptides A, B, D and E and take the form of a decrease in
R value to amean of 0.50+0.07 (SD) (Table 2). The large
decrease in R value on binding to lipid suggests that the
tyrosine at position 7 of these peptidesislocated in a non-
polar environment provided by the lipid bilayer.

The Rvaluefor peptide C, a peptide that containsno ty-
rosine, undergoes a slight decrease from 0.70 in solution
to 0.64 in the presence of eggPC vesicles. Thisis consis-
tent with studiesthat show that the second-derivative spec-
traum of model tryptophan compounds is only marginally
affected by polarity. Ragone et al. (1984) report a mean
value for N-acetyl-L-tryptophanamide of 0.68+0.02 (SD)
in 11 solvents of varying polarity, which compares with
our value of 0.67+0.04 (SD) for the single tryptophan res-
idue in peptide C.

Tryptophan fluorescence quantum yield ratios
and anisotropies

Interaction of the peptides with a lipid surface was also
assessed by examining the tryptophan fluorescence quan-
tum yield ratios and anisotropies of the peptides in the
presence and absence of unilamellar phospholipid vesi-
cles. The quantumyieldratiosin Table 3 arereported rel -
ativeto tryptophanin 10 mm Tris, 150 mm NaCl, pH 7.4.
In solution, the quantum yield ratios are dependent on the
sequence position of tryptophan and tend to increase as
the tryptophan is moved towards the C-terminal end of
the peptide. On addition of eggPC vesicles, the fluores-
cence quantum yields of the tryptophan residues in pep-
tidesA, B and C (i.e. position 2, 3and 7) increase by 33%,
28% and 38%, respectively, while that of tryptophan in
peptide E (position 14) decreases by 18%. Thetryptophan
located at position 12 (peptide D) shows essentially no
change in fluorescence quantum yield upon binding to
vesicles.

Theanisotropies(Table 3) show amarginal dependence
on tryptophan position in peptides in solution with amean
of 0.040+0.003 (SD), similar to reported values for pep-
tides of similar size (O’ Neil et al. 1987). In the presence
of vesicles, al peptides show an increasein anisotropy, in-
dicating areduction in the rotational mobility of theindole
ring of the tryptophan residue on binding. However, tryp-
tophan at position 12 shows the least change in anisotropy
on binding to lipid.

Tryptophan micropolarity, and accessibility to aqueous
and lipid-based quenchers

Tryptophan fluorescence wavel ength maxima

The fluorescence maximum of tryptophan is known to be
sensitive to the polarity of its microenvironment: gener-
ally a blue shift in emission signifies decreased polarity.
The fluorescence wavelength maximum of the peptides
was recorded in Tris buffer, methanol and in the presence
of eggPC vesiclesin order to determine the micropolarity
of the tryptophan residue in each case. The data are sum-
marised in Table 4.

In solution, the fluorescence of peptides A—E consisted
of a broad structureless band with maxima in the range
350-354 nm. These values, when compared with the value
for N-acetyltryptophanamide in water (354 nm), are con-
sistent with the tryptophan residuein all peptidesbeing ex-
posed to the agueous solvent.

In methanol, a nonpolar a-helix promoting solvent
(CD data not shown), the tryptophan emission maxima
for peptides A—E were 340, 344, 342, 346 and 347 nm,
respectively. These values can be compared with the
value of 340 nm for N-acetyltryptophanamide in metha-
nol.

In the presence of eggPC bilayer vesicles, the fluores-
cence maxima of peptides A, B and C underwent a blue
shift of 12—14 nm when compared with the peptides in
aquous solution. The shift for peptide E was much less
(6 nm), while the emission maximum of peptide D showed
no change. This suggests that the tryptophan in peptides
A, B, C, and E enters a more nonpolar environment while
the tryptophan in peptide D remains in an aqueous envi-
ronment.
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Table5 Exposure (k;) of tryptophan residues in peptides A-E
to acrylamide quencher. The L parameter istheratio of the exposure
of the peptide tryptophan to that of N-acetyltryptophanamide in the
same solvent

Peptide Peptides in solution Peptide-lipid complex
(Trp

sequence a L a L
position) (#05M™Y)  (x0.02) (£01M™Y  (x0.02)
A(2) 55 1.0 1.0 0.2

B (3) 4.9 0.8 0.5 0.1
CcC( 3.6 0.6 0.6 0.1

D (12) 34 0.6 12 0.2

E (14) 31 0.5 0.7 0.1

was determined from the slope of the Stern-Volmer plot and the
average lifetime measured by frequency domain fluorimetry

1.6 » 127
2 Tryptophan
1.4 A 14 position
Fy/F 7
1.2 3
1.0 °

0 0.04 0.06 0.08
Acrylamide concn. (M)

Fig. 3 Stern-Volmer plots of tryptophan fluorescence quenching by
acrylamide of peptides A, B, C, D and E in the presence of eggPC
vesicles (peptide:lipid mole ratio, 1:1300)

Tryptophan quenching by acrylamide

Values of the apparent bimolecular rate constant, Kq app,
provide an estimate of the relative exposure of tryptophan
residues to the aqueous phase (see Methods; Table 5). For
peptides in solution, K, 4, decreased from 5.5 to 4.9, 3.6,
3.4 and 3.1 M~ for peptides A to E, respectively. In the
presence of phospholipid vesicles, the peptides could be
divided into three classes based on the Stern-Volmer plots
(Figure 3) and the exposure (K anp) Of tryptophan residues
to the aqueous phase. The tryptophan residue in peptide D
was the most exposed, with a value of K.y, Of
1.2 M~ ns™. Peptides B, C and E had exposure values of
0.5, 0.6 and 0.7 M7t ns?, respectively. Peptide A was
intermediate between the two extremes with an exposure
value of 1.0 Mt ns™. These relationships are also re-
flected in the L parameter that expresses the exposure of
tryptophan relative to that of N-acetyltryptophanamide in
aqueous solution (Eftink and Ghiron 1976).

Tryptophan quenching by 5-doxyl stearate

The proximity of tryptophan residuesin peptide-lipid com-
plexes to the lipid associated quencher 5-doxy! stearate,
which locates the paramagnetic group about 6 A from the
bilayer surface, was examined by comparing quenching ef -

ficiencies at a single quencher concentration. Tryptophans
at positions 2, 3, 7 and 14 were quenched with similar ef-
ficiency [Fo/F)—-1=3.3, 2.6, 2.7 and 2.9, respectively].
Tryptophan at position 12 was quenched with the least ef-
ficiency [Fo/F)—1=0.8] and is therefore located further
away from the paramagnetic group of the lipid-based
quencher.

Correction for reduced diffusion coefficient
of the lipid-peptide complex

The collisional quenching of a fluorophore and quencher
in free solution is given by:

ky=4TDR

where D is the sum of the translational diffusion coeffi-
cients for the fluorophore and quencher, and R is the col-
lision radius approximated as the sum of the molecular ra-
dii. Values of k, for the peptide-acrylamide interaction
were calculated using diffusion coefficients estimated ac-
cording to Johnson and Y guerabide (1985).

The bimolecular rate constant for acrylamide quench-
ing is expected to decrease when the peptide is bound to
the comparatively large lipid vesicle owing to the lower
translational diffusion coefficient of the peptide-lipid com-
plex. To estimate the magnitude of this effect, we consid-
ered a single tryptophan located on a spherical surface of
20 nm diameter. The rate of collisional quenching of the
bound fluorophore with the quencher (K, complex) Was cal-
culated using the equation of Shoup et al. (1981):

kq,compl ex— 471qu (a/mv)

where Dy is the translational diffusion coefficient for the
quencher, r is the radius of the fluorophore-sphere com-
plex, r, isthe radius of the sphere, and a is defined by

a=r, arc cos { 1-2[rZ/(r?+r2)]}

where r; is the radius of the fluorophore. This equation is
valid when the area occupied by the fluorophore is small
compared to the total surface area of the sphere to which
it is attached (the small theta approximation), a situation
which islikely to the exist a high lipid to peptide ratios.

The ratio L (=Kg compliex/Kg) Provides a measure of the
expected decrease in the bimolecular rate constant owing
to the slower translation diffusion of the peptide-vesicle
complex. Thistheoretical value is 0.41. The experimental
values of L are listed in Table5 and are in the range
0.1-0.2.

Discussion

Structure and orientation of the amphipathic peptides on
abilayer surface

The second-derivative absorption spectra of the peptides
bound to eggPC vesiclesindicate that the tyrosine at posi-



tion 7 islocated in ahydrophobic environment, consistent
with helical wheel representation in Fig. 1. The values of
R (Table 2) indicate that the environment experienced by
tyrosineisequivalent to that provided by the ethylene gly-
cos (R value, 0.48; dielectric constant, 33). Conductance
measurements of planar lipid bilayersindicate that the di-
electric constant of the acetyl and head group region of
the lipid bilayer is in the range 10—40, while that of the
hydrocarbon region is as low as 2 (Ashcroft et a. 1980).
With the qualification that transbilayer dielectric profile
might be perturbed in highly curved bilayers, we suggest
that the penetration of the tyrosine residue, and therefore
of the helix, into the bilayer is no deeper that the acetyl
region of the fatty acid chains. We also note that the de-
crease in R upon formation of the peptide-lipid complex
is independent of the position of tryptophan in the se-
guence (Table 2), implying that the tryptophan substitu-
tions do not influence the position of the tyrosine relative
to the bilayer phase.

Tryptophan at position 12 (peptide D)

Several lines of evidence indicate that the tryptophan res-
idue at position 12 (peptide D) islocated in arelatively po-
lar environment accessible to quenchers in the aqueous
phase.

1. Trp-12in peptide D showed no changein quantumyield
or emission maximum on the binding of the peptide to
the lipid surface (Tables 3 and 4).

2. Of al peptides, peptide D showed the smallest increase
in steady-state anisotropy on binding to thelipid surface
(Table 3), indicating that complex formation resulted in
the least restriction of motion of the indole side chain.

3. Trp-12inthe peptide D-lipid complex wasmost exposed
to acrylamide quencher in the aqueous phase (Table 5,
Fig. 3).

Tryptophans at positions 3, 7 and 14
(peptides B, C and E)

These tryptophans are in the an apolar environment, asin-
dicated by the substantial blue shift in the emission maxi-
mum on binding of the peptidestolipid. Therelatively high
values of the steady-state anisotropy indicate arestriction
in the motion of the indole side chain and/or a change in
the limiting anisotropy at infinite time. These residues are
buried in the bilayer to an extent that they are the |east ac-
cessible to (acrylamide) quenching from the agueous
phase, but show the greatest accessibility to (5-doxyl stear-
ate) guenching from the lipid phase. However, attemptsto
assign relative penetration depths based on the emission
maxima of the tryptophans is hampered by the possibility
of sequence effects which have been noted previously for
other peptide-lipid systems (Jones and Gierasch 1994).
These effects become evident when comparing the emis-
sion maxima of the tryptophans of the a-helical peptides
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in methanol with the values obtained for N-acetyltrypto-
phanamide in the same solvent. The results show that a-
helix formation in methanol results in a red-shift of 7 nm
for peptide E, 4 nm for peptide B and 2 nm for peptide C.
By correcting the data for the peptide-lipid complexes to
account for this effect we obtain rel ative emission maxima
of 336 nm for peptide B, 337 nmfor peptide C and 337 nm
for peptide E. The conclusions reached with regard to Aq,
(corrected for sequence effects) as an indicator of the po-
larity of the microenvironment of tryptophan are therefore
in agreement with the accessibility data. The emission
maxima of tryptophans 3, 7 and 14 indicate that they are
located in an environment which is less polar than water
(Amax =354 nm) but not quite as nonpolar asthe acyl chain
region of the bilayer (Aa= 320—330 nm; Voges et al.
1987), indicating that the nonpolar face of the helix pene-
trates no deeper than the ester linkages of the phospholipid.
This conclusion is therefore in qualitative agreement with
the data derived from tyrosine absorption discussed above.

Tryptophan at position 2 (peptide A)

The high degree of quenching by 5-doxyl stearate suggests
that the tryptophan in peptide A is closest to the paramag-
netic quenching group. The accessibility of tryptophan at
position 2 to agueous phase quencher (acrylamide) isinter-
mediate between that for position 12 and positions 3, 7 and
14. Its anisotropy is high (0.109) and its emission maxi-
mum (341 nm) is not quite as blue shifted as that for posi-
tions 3 and 7 (340 and 339 nm, respectively). Comparison
with the absol ute wavel ength maximum of the tryptophan
at position 14 in peptide E (344 nm) might suggest that the
peptide A tryptophanislocated in aless polar environment
than in peptide E. However, taking into account the se-
quence/helix effect discussed above, the relative ordering
of thewavelength maximais altered to 340 nm for peptide
A and 337 nm for peptide E. The corrected order of tryp-
tophan polarity based on the wavelength maximum isin
agreement with the ordering of the tryptophan accessibil-
itiesto aquencher in the aqueous phase. Together, the mi-
cropolarity and exposure data suggests that the tryptophan
residue in the peptide A is located in a more hydrated re-
gion of the bilayer than thetryptophan in peptides B, C and
E. Although the tryptophan at position 2 is separated from
the hydrophilic face of the helix by alysine residue, it is
possible that rotation of the indole about the S-carbon
might lead to burial in the head-group region of the lipid
with a conseguent decrease in the rotational motion of the
indole moiety. An alternative explanation is that the pep-
tide hydrophobic-hydrophilic interface lies below the
membrane-water interface, thus locating the first few res-
idues of the polar face in the lipid phase. To summarise,
the spectral properties of tryptophans at positions 2, 3, 7,
12 and 14 are consistent with the helical wheel orientation
of the peptide depicted in Fig. 1.
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Translational diffusion of the peptide-lipid complex

Although the spectral parametersindicate that tryptophan
12 isin an aqueous environment, there is a significant de-
crease in its apparent exposure (K 5o,) 0N binding to the
lipid surface. The comparison of the theoretical with the
experimental bimolecular rate constant (parameter L, Ta-
ble 5) indicates that much of the decrease can be attributed
to (1) the slower translational diffusion of the peptide upon
attachment to the much larger vesicle, (2) the small frac-
tion of the vesicle surface areaoccupied by tryptophan and
(3) to a decreased approach angle of the quencher. These
factors are partly accommodated by the theory of Shoup
et al. (1981). In view of the approximations made in the
calculation of the theoretical kg, aprecise figure cannot be
given as to the reduction in the reducted diffusion coeffi-
cient. However, the cal cul ation demonstrates that most of
the reduction in kg 4, Can be attributed to the decreased
diffusion coefficient of the peptide-vesicle complex.

Other possible interpretations

The spectral properties of the tyrosine and tryptophan res-
idues are consistent with the orientation of the helix de-
picted in Fig. 1. However, the pattern of tryptophan pola-
rity can be supported by an alternative model in which the
helicesform atransmembrane bundlein which hydrophilic
faces of the helicesform acentral channel. We believe that
such amodel isunlikely ontwo grounds. Firstly, thetrans-
membrane model is not supported by data pertaining to the
tryptophan exposure unless the hydrophilic channel is
completely accessibleto acrylamide. Secondly, thedatafor
the quenching by 5-doxyl stearate are not consistent with
atransmembrane model in which the efficiency of quench-
ing would depend on the position of the tryptophan in the
sequence (Voges et a. 1987). The observed correlation
between aqueous exposure/lipid shielding and the polarity
of the peptide facein which thetryptophanislocated leads
to the conclusion that the peptide is aligned parallel to the
surface near the interfacial region rather than in a trans-
membrane orientation.

The environment of the tryptophan residues and the de-
crease in the ellipticity at 222 nm on peptide binding to
lipid are consistent with an a-helical secondary structure.
However, the question arises as to whether another secon-
dary structural form, oriented with itslong axis parallel to
the lipid surface, might also mimic the observed experi-
mental data. Assuming that the tryptophan 12 is fully ex-
posed to the agueous phase and can therefore be consid-
ered an anti-nodefor the periodic secondary structurefunc-
tion, it is possible to predict the expected polarity pattern
for tryptophans at positions 2, 3, 7, 12 and 14 for each of
the other major secondary structural forms of a polypep-
tide chain. The polarity pattern predictionsfor the 3-sheet,
3,10-helix, the rehelix and the a-helix are shown in
Table 6 together with the experimentally assigned polarity
pattern for the present peptides. Some uncertainty is al-
lowed in the theoretical polarity of residues that might lie

Table6 Effect of secondary structure on the predicted polarity pro-
filesfor tryptophan located at positions 2, 3, 7, 12 and 14 and assum-
ing the long axis of the polypeptide lies parallel to the lipid-water
interface. P denotes polar positions exposed to agqueous phase. NP
denotes non-polar positions and exposed to lipid, and NP/P denotes
positions close to lipid-water interface (polarity undefined)

Trp Theoretical polarity/secondary Experiment
sequence  structure correlation (this work)
position
B-sheet rrhelix  3,10-helix a-helix

2 P NP/P NP NP/P NP

3 NP P P NP NP

7 NP P NP NP NP
12 P P P P P
14 P NP NP NP NP

close to the polar-nonpolar interface. Local movement of
theindolering with respect to the peptide backbone, move-
ment of the peptide polar-nonpolar interface with respect
to the membrane-water interface, and the undefined nature
of the polarity of the interfacial region may effect these
predictions (designated asNP/Pin Table 6). The datashow
that a periodic structure with 2 residues per turn (the -
sheet) or 4.4 residues per turn (the 7ehelix) cannot fit the
experimental data adequately. The 3,10-helix with 3 resi-
dues per turn can reproduce the observed polarity pattern
for 4 out of 5 sequence positions but the errant polarity as-
signment at position 3 cannot be reconciled with the ex-
perimental data, which clearly show that position 3 is lo-
cated in a nonpolar environment. On the other hand, the
amphipathic a-helix correctly predictsthe polarity pattern
for the 51abelled positions and is therefore seen to provide
the best model that fits the experimental data.

Comparison with other studies

There are a few studies of peptide-lipid interactions that
have employed a fluorescence approach using tryptophan
positional isomers. Voges et al. (1987) used single trypto-
phan alamethicin anal oguesto prove that the peptide spans
thelipid bilayer. In these studies, the value of the emission
wavelength maximum of each peptide was qualitatively
consistent with the expected orientation of the peptide in
the bilayer. These studies used lipid resident quenchers|lo-
cated at defined depthsin the bilayer to reveal the relative
transmembrane positions of the tryptophan residuesin the
peptides. Chung et al. (1992) used similar methodologies
to study the zero-applied voltage state of model ion chan-
nel peptides based on the sequence (LSSLLSL)5. The pe-
riodicity in the tryptophan emission maxima and the col-
lisional quenching by cesium ion showed that these pep-
tides oriented with the a-helical axis parallel to the sur-
face. However, these peptides appear to penetrate more
deeply into the bilayer than those reported here. For exam-
ple, analysisof lipid-based quenching indicated that atryp-
tophan on the nonpolar face of the helix could lie within
the region of the phospholipid acyl chains. Moreover, the
emission maxima of the tryptophan residues, whether lo-



cated on the polar or nonpolar face of the helix, were more
blue shifted than those reported in the present study. The
deeper penetration of the (LSSLL SL ) peptide may reflect
its higher average hydrophobicity (+0.52) and is consis-
tent with the observation that an increase in the hydropho-
bicity of the nonpolar faceincreasesthe affinity of the pep-
tide for the bilayer (Kiyota et al. 1996).

Theanalysisindicatesthat the class A amphipathic pep-
tides examined here lie parallel to the lipid surface, pene-
trating no deeper than the carbonyl region of the phospho-
lipid ester groups. Further work is required to understand
the factors affecting the degree of penetration and the or-
ientation of amphipathic helices with the membrane sur-
faces and the associated peptide dynamics.
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