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Interactions of a-aminoisobutyric acid containing antibiotic peptides, trichopolyn 1 and hypelcin A with phos- 
phatidylcholine bilayers were investigated to obtain some basic information on their bioactive mechanisms. 
Trichopolyn I as well as hypelcin A induced the leakage of a fluorescent dye, calcein, entrapped in sonicated egg 
yolk L.~.phosphatidylcholine vesicles. A quantitative analysis revealed that both the binding affinity and the 
'membrane-perturbing activity' of trichopolyn I to the vesicles are about one-third of those of hypelcin A. The 
conformations and the orientations of the peptide and lipid molecules in the membranes were studied using 
polarized Fourier transform infrared-attenuated total reflection spectroscopy, circular dichroism, and differential 
scanning calorimetry. In phosphatidylcholine bilayers, both peptides mainly conformed to helical structures 
irrespective of the membrane physical state (gel or liquid-crystalline). The helix axes, penetrating the hydrophobic 
region of the bilayers, were oriented neither parallel nor perpendicular to the membrane normal. The disruption in 
the lipid packing induced by the peptide insertion seems tu be responsible for the leakage by these pepfides. 

Introduction 

Trichopolyn I is an a-~minoisobutyric acid (Aib) 
containing antibiotic peptide isolated from Tricho- 
derma polysporum [1,2]. Its chemical structure (Fig. 1) 
is unique in that (1) all constituent amino acid residues 
have hydrophobic side chains, (2) two fatty acids are 
attached to the N-terminal portion, and (3) the C- 
terminal residue is trichodiaminol. The peptide inhibits 
the growth of Gram-positive bacteria and fungi [2] and 
uncouples oxidative phosphorylation in rat liver mito- 
chondria (Terada, H. et al., unpublished work). These 

Abbreviations: Aib, a-aminoisobutyric acid; FTIR, Fourier trans- 
form infrared; PATR, polarized attenuated total reflection; egg PC, 
egg yolk L-a-phosphatidylcholine; DPPC, L-a-dipalmitoylphospha- 
tidylcboline; SUV, small unilamellar vesicle; CD, circular dichroism; 
DSC, differential scanning calorimetry. 

Correspondence: K. Matsuzaki, Faculty of Pharmaceutical Sciences, 
Kyoto University, Sakyo-ku, Kyoto, 606-01, Japan. 

bioactivitics may be explained on the basis of an in- 
creased permeability of bacterial or mitochondrial 
membranes. Other Aib containing peptides also show 
similar membrane-modifying properties, including ion 
channel formation and hemolysis [3-12]. The investiga- 
tion of the interactions of trichopolyn I with lipid 
bilayers will give us some basic information on the 
molecular mechanisms for these activities. 

Liposomc~, ~ - :~"~  model for biomembranes, are a 
useful system for understanding peptide-lipid interac- 
tions. A change in membrane permeability, measured 
by the leakage of a fluorescent marker trapped within 
liposomes, can be correlated to conformationai changes 
in both peptides and lipids, as detected by various 
spectroscopic and thermal techniques [11,13-17]. Espe- 
cially, Fourier transform infrared (FTIR) spectroscopy 
is a powerful tool because conformations and inter- 
molecular interactions can be detected nonperturbingly 
at a level of atomic groups [18,19]. Furthermore, the 
polarized attenuated total reflection (PATR) technique 
informs us of the orientatior, of each functional group 
independently [20-30]. 



420 

~ ~  CO-Pro-NHCHCO-Ala-AIb-Aib-I le-Ala-AIb-AIb-NHC. HCH2N .CH2CH)O H 

- I i / 

Fig. 1. Primary structure of trichopolyn I. Aib, a-amino-isobutyric acid. 

In this study, an enhancement in the permeability of 
egg yolk L-a-phosphatidylcholine (egg PC) small uni- 
lamellar vesicle (SUV) membranes induced by tri- 
chopolyn I was examined in detail to obtain the affinity 
of the peptide to the membranes and the 'membrane- 
perturbing activity' of the peptide [11,16,17]. The re- 
sults will be compared with data on hypelcin A0 an Aib 
containing icosapeptide [11]. The conformations and 
the orientations of these peptides in phosphatidyi- 
choline bilayers and the peptide induced disruption of 
the lipid packing were estimated using the FTIR-PATR 
method. Based on these results with data from circular 
dichroism (CD) and differential scanning calorimetry 
~SC)  studies, we will discuss trichopolyn I-lipid bi- 
~ayer interactions compared with the case of hypelcin 
A [II], 

Materials and Methods 

Materials. Trichopolyn I and hypelcin A were iso- 
lated from Trichoderma polyspon~m [1,2] and Hypocrea 
peltata [3,4], respectively. Egg PC and L-a-dipalmitoyl- 
phosphatidylcholine (DPPC, > 99%)were purchased 
from Sigma. Calcein (3,3'-bis[N,N-bis(carbo~methyl)- 
aminomethyl]fluore~cein) and spectrograde organic sol- 
vents were supplied by Dojindo (Kumamoto, Japan). 
Ammonium d-camphor-10-sulfonate and palmitic acid 
were products of Katayama (Osaka, Japan) and of 
Nippon Oils & Fats (Tokyo), respectively. Deuterium 
oxide (100%) was obtained from Aldrich. All other 
chemicals from Wako (Tokyo, Japan) were of special 
grade. A 10 mM Tris-HC]/150 mM NaCI/1 mM 
EDTA buffer (pH 7.0) was prepared with water twice- 
distilled from a quartz still. 

Leakage from SUPs. Calcein entrapped SUVs were 
prepared by a sonication-gel filtration method as de- 
scribed elsewhere [11,16]. Briefly, a lipid film, after 
overnight vacuum drying, was hydrated with a 70 mM 
calcein solution (pH 7.0). The suspension was vortexed, 
followed by sonication in ice-water with nitrogen bub- 
bling for 20 rain using a titanium tip sonicator (Tomy 
UD-200). After centrifugal metal-debris removal, un- 
trapped calcein was removed by gel filtration (Sep- 
hadex G-50, the buffer being used as an eluent). The 
separated vesicles were mixed with calcein-free soni- 
cated vesicles to obtain the desired lipid concentration. 
The lipid concentration was determined by phosphorus 
analysis [31]. Small aliquots of a 2 mM trichopolyn 

I/methanol solution were added into 3 ml of the 
vesicular suspension while stirring in a thermostated 
(30 + 0.5°C) quartz cuvette. The methanol concentra- 
tion was less than 3% (v/v). The leakage of calcein 
from the vesicles was fluorometrically monitored (exci- 
tation at 490 nm and emission at 520 nm [32]). The 
fluorescence intensity corresponding to 100% leakage 
was determined by adding 150 ~l of a 10% (v/v) 
Triton X-100 solution. Percent leakage was calculated 
after volume correction for dilution. 

CD. Egg PC sonicated vesicles (1.5 mM) were pre- 
pared using the buffer as a hydrating medium. Small 
aliquots (2.5% (v/v)) of a 2 mM trichopolyn 
I/methanol solution were added to the vesicle suspen- 
sion or the buffer. The CD spectra were recorded on a 
computerized Jasco J-600 instrument. The instrumen- 
tal outputs were calibrated using non-hygroscopic am- 
monium d-camphor-10-sulfonate [33]. A quartz cuvette 
of 1-mm path length was thermostated at 30 :t: 0.5°C. 
Eight scans were averaged for each sample. Averaged 
blank spectra (the vesicle suspension or the buffer) 
were subtracted to yield the 'pure' spectra of the 
peptide. The reported spectra were the average of 
three independent preparations for each type of sam- 
ple. The standard deviations were indicated by error 
bars. 

DSC. DPPC (3 mg) and trichopolyn I (0-0.5 mg) 
were weighed into an aluminum pan. A drop of chloro- 
form/methanol (1:1, v/v) was added to dissolve the 
peptide and the lipid. The solvent was removed by 
overnight drying. After water addition (30 p~l), the 
hermetically sealed sample was heated at 60°C for 10 
min and then cooled to room temperature. The heat- 
ing-cooling procedure was repeated twice. The DSC 
thermogram of the sample was recorded on a Shi- 
madzu DT-30 thermal analyzer with a SC-30 unit at a 
heating rate of 10 C °/min. The heat and the tempera- 
ture outputs were calibrated with palmitic acid. 

FTIR-PA TR spectroscopy. Cast dry films of DPPC or 
DPPC/peptide (20: 1, mol/mol) were prepared by 
uniformly spreading a chloroform/methanol solution 
(0.4 ml) of 20 mM DPPC or 20 mM DPPC/1 mM 
peptide on one face of a germanium ATR plate (52 × 
18 × 2 mm) followed by gradual evaporation of the 
~olvent. The film thickness estimated from the applied 
amount of the lipid was about 6 /zm. The plate was 
then placed in a thermostated homemade Teflon cell 
consisting of three parts (I-III), as shown in Fig. 2 [28]. 
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Fig. 2. Illustration of tile Teflon cell for tile FTIR-PATR experiment. 

III 

The germanium plate was sandwiched between Parts 1 
and 11 so that the film coated side of the plate faced 
Part II. Part II has two cempartments, A and B, 
separated by a silicon wafer, which is fixed by Part II1. 
D20 for hydration was injected into Compartment B 
through Pipes b. A thermc, stated ethylene glycol/water 
(1 : 1, v/v) was circulated into Compartment A throut::h 
Pipes a. The temperature in Compartment B was 
directly monitored with an inserted copper-constantan 
thermocouple. The accuracy of the temperature con- 
trol and reading was within 5:0.1 C o. 

The temperature-dependent spectroscopic study was 
performed as follows: After the thermostated cell was 
mounted in the spectrophotometer chamber, the spec- 
tra of the dry film were recorded. The film was then 
hydrated with D20 (2 ml) for 1 h at 50°C. We con- 
firmed that this condition was sufficient for complete 
hydration. The sample was cooled to 20°C, and sub- 
jetted to FTIR-PATR measurements in the tempera- 
ture range 20-55"C. Spectra were recorded on a Nico- 
let 6000C FTIR speetrophotometer equipped with an 
Hg-Cd-Te detector. To minimize spectral contributions 
of atmospheric water vapor, the instrument was purged 
with dry air. PATR measurements were carried out 
using a Perkin-Elmer multiple ATR attachment and an 
AgBr polarizer. The angle of incidence was 45 ° and 
the number of total reflections was 12 on the film side. 
Three hundred interferograms collected with a maxi- 
mum optical retardation of 0.25 cm were accumulated 
with a resolution of 4 cm -t.  Subtraction of gently 
sloping water vapor bands was accomplished to im- 
prove the background prior to the frequency measure- 
ment. The accuracy of the frequency reading was bet- 
ter than 5:0.1 cm-t .  The dichroic ratio, defined by 
AAtt/AA.t was calculated from the polarized spectra. 
The absorbance (AA) was obtained as the peak height 
of each absorption band. The subscripts II and _t. refer 
to polarized light with its electric vector parallel and 
perpendicular to the plane of incidence, respectively. 

The base line method was used to minimize the back 
ground artifact. See Appendix for details. 

Results 

Leakage 
Addition of trichopolyn I caused an efflux of cal- 

cein, a fluorescent marker trapped within egg PC SUVs. 
Membrane-lytic peptides alter lipid membrane perme- 
ability in two steps, i.e. the binding of the peptide to 
the membrane and the ensuing membrane disruption. 
Accordingly, two determinants of the leakage are (1) 
the membrane affinity of the peptide (the binding 
isotherm) and (2) its membrane-perturbing activity. 
These factors can be obtained by analyzing both the 
peptide concentration and the lipid concentration de- 
pendences of the leakage rate [11,16,17]. Fig. 3 shows 
these dependences. An increase in the peptide concen- 
tration or a decrease in the lipid concentration resulted 
in an enhanced leakage rate, suggesting that the amount 
of the membrane-bound peptide per lipid molecule, r, 
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Fig. 3. Dependence of calcein leakage rate op peptide and lipid 
concentrations for trichopolyn l-egg PC SUY system at 30°C. The 
caicein leakage rate, defined as the percent leakage for the initial 
(first) minute, is plotted as a function of the peptide concentration, 
[P]o, at different lipid concentrations, [L]. [I] (/~M): o, 518; l ,  885; 

A, 1230. 
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Fig. 4. Estimation of  free and membrane-bound peptide concentra- 
tions, Three pairs of [P]o and [L] values where a given leakage rate 
was observed were obtained from Fig, 3. [Ph is plotted against [L] 
according to the equation in the text. The free peptide concentra- 
lion, [P]t, and the amount of membrane-bound peptide per lipid 
molecule, r, were evaluated from the intercept and the slope, respec 
tively. Leakage rate (the percent leakage for the initial (first) minute: 

e, 30: B, 40; A, $0. The lines are least-squares fits. 

determines the leakage rate. Here the leakage rate 
defined as the percent leakage for the initial 1 min is 
used as a measure of the initial leakage rate because 
the true rate was too rapid to pr¢cizely measure with- 
out a stopped-flow apparatus. The amount, r, can be 
connected to experimental conditions (the total pep- 
tide concentration, [P]0, and the lipid concentration, 
[L]) through a material balance equation: 

[P]o " [PI t+ r i L l  

where [P]f is the free peptide concentration. A pair of 
r and [Pit values corresponding to a given leakage rate 
can thus be estimated with three sets of [Pie and [L] 
values where the leakage rate was observed. Fig. 4 
shows that the [Pie vs. [L] plots at any given leakage 
rates gave linear relations (the square correlation coef- 
ficients were greater than 0,99), The r and [P]f values 
were obtained from the slopes and the intercepts, 
respectively, Fig, 5a shows the t-[P] r relationship thus 

estimated (i.e., the binding i~otherm) with data for the 
hypelcin A-egg PC SUV system [11]. The slope (2.0.10 3 
M-~) of the linear isotherm was about one-third of 
that of hypelcin A (6.6.10 3 M-m), indicating a smaller 
affinity of trichopolyn I. The ,~catter of the data for 
trichopolyn I is ascribable to the indirect estimation of 
the binding isotherm. The error!~ in [P]f and r were 
estimated to be +20% and + 10%, respectively. Fig. 
5b illustrates the leakage rate-r relationship, i.e. the 
membrane-perturbing activity of the peptide [11,16,17]. 
The leakage requires the binding of, one trichopolyn I 
molecule to 30-50 lipid molecules~ The membrane- 
perturbing activity of the peptide was also approx. 
one-third of that of hypelcin A. During the leakage, 
neither a change in 90 ° light scattering intensity nor 
lipid mixing [12] was observed, demonstrating that nei- 
ther the complete solubilization nor the fusion of the 
vesicles occurred (data not shown). 

Our preliminary study found that trichopolyn ! as 
well as hypelcin A caused hemolysis of porcine erythro- 
cytes. The peptide concentrations necessa~ for 50% 
hemolysis were 25 and 15/zM for trichopolyn I and 
hypelcin A, respectively (1% (v/v) erythroc, ytes in a 
phosphate-buffered saline, 1 h incubation at 37°C). 
The hemolytic activity of trichopolyn I was again weaker 
than that of hypelcin A. 

CD 
The conformational change of trichopolyn I upon 

binding to egg PC membranes was estimated on the 
basis of its CD spectra (Fig. 6). In the buffer, the 
spectrum suggested that the peptide is in an unordered 
conformation. A CD spectrum measured at 5/zM was 
superimposable onto the spectrum in Fig. 6, indicating 
that the peptide is soluble in the buffer up to 50/zM 
with its conformation urialtered. Addition of egg PC 
SUVs appeared to drastically change the CD spectrum. 
Under this condition, about three-fourths of the pep- 
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Fig. 5. Quantitative analysis of trichopolyn I and hypelcin A induced leakage at 30°C. The relationships (a) between the amount of the 
membrane-bound pepfide per lipid molecule, r, and the free peptide concentration, [P]r, (i.e. binding isotherms) and (b) between the leakage 
rate and r are shown. The leakage rate is expressed as the percent leakage for the initial 1 min. Peptides: o, trichopolyn I; o, hypeicin A. Data 

for hypelcin A were taken from Ref. 11. 
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Fig. 6. CD spectra of trichopolyn I in the absence and presence of 
egg PC SUVs at 30°C. The CD spectra of a 50 p,M trichopolyn 
I/buffer solution were recorded in the absence (dashed line) and 
presence (solid line) of !.5 mM egg PC SUVs. The error bars 

indicate standard errors for three independent preparations. 

tide molecules present are membrane-bound (Fig. 5a). 
Prior to the interpretation of this spectral change, 
however, the contribution of optical artifact,,; should be 
clarified: in vesicle suspensions, CD spectra may be 
distorted by two optical effects, differential light scat- 
tering and differential absorption flattening [34,35]. 
These artifacts are found to be negligible in our experi- 
mental condition, as discussed elsewhere [11]. The 
observed spectral change included the conspicuousness 
of double minima around 209 and 225 nm, suggesting 
an increase in the helical content. A similar change has 
been reported for other Aib containing peptides, 
alamethicin [36-38] and hypelcin A [11]. Unfortu- 
nately, for these peptides, the helical content cannot be 
reasonably estimated using a conventional least-squares 
curve fitting procedure [39], as reported previously 
[11,36,38]. 
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Fig. 7. DSC heating curves of trichopolyn l incorporated DPPC 
vesicles. The heating rate was 10 C o min- t. Peptide content (mol%): 
curve 1, 0; curve 2, 1.4, curve 3, 2.9; curve 4, 4.9; curve 5, 7.2; curve 6, 
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reflects the modification of the lipid-lipid interactions. 
Fig. 7 depicts the DSC heating curves of the DPPC 
membranes for different peptide contents. In the ab- 
sence of the peptide (curve 1), a sharp onset of the 
main transition appeared at 41°C with a pretransition 
at 35°C, typical of DPPC multilamellar vesicles [40]. 
Similar to the hypelcin A-DPPC system [11], incorpora- 
tion of trichopolyn I resulted in the disappearance of 
the pretransition and a broadened DSC curve with a 
reduced transition enthalpy (curves 2-5). At a peptide 
content of 9.3 mol%, the phase transition was com- 
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DSC 
The effects of trichopolyn I on the gel to liquid- 

crystalline phase transition of DPPC bilayers were ex- 
amined using the DSC technique. The phase transition 
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Fig. 8. FTIR-PATR spectra of a DPPC/hypelcin A (20:1, moi/mol) film fully hydrated with DzO, for the IR beam with its electric vector 
parallel (solid line) and perpendicular (broken line) to the plane of incidence at 22.5°C. (a) The methylene stretching region and (b) the amide I'  

and polar headgroup region. 
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pletely abolished (curve 6). These phenomena have 
been often observed for peptides or proteins interact- 
ing with the hydrophobic region of the membranes 
[41-44]. 

FTIR-PA TR spectroscopy 
We examined the peptide-lipid interactions at a 

molecular level using the FTIR-PATR technique. This 
method can elucidate orientations as well as conforma- 
tions of both peptide and lipid molecules [20-25,27-30]. 
Fig. 8 shows an example of polarized spectra of a 
DPPC/hypelcin A (20:1, mol/mol)film fully hydrated 
with D20, measured at 22,5°C. 

First, the methylene stretching bands will be consid- 
ered. The frequencies of the methylene antisymmetric 
(~ 2920 cm-t) and symmetric (~ 2850 cm-t) stretch- 
ing bands are known to be sensitive to trans-gauche 
conformations of the lipid acyl chains [19]. In peptide 
containing samples, absorptions due to peptide side 
chains often interfere with these bands. We estimated, 
by measuring the spectra of peptide cast films, that for 
both peptides, the contributions of the side chain bands 
to the methylene stretching region are less than 10% 
and about 15% near 2850 cm-t and 2920 cm-t, re- 
spectively. The methylene symmetric stretching vibra- 
tion, less affected by the peptide bands, was used to 
investigate the conformation of the lipid hydrocarbon 
chain. The advantage of monitoring the symmetric 
stretching band has been described previously [19]. Fig. 
9a depicts the temperature dependence of the fre- 
quency of the symmetric stretching band. After an 
experimental run, the sample was cooled again to 25°C, 
and then reheated to 50°C. We confirmed that the 
spectra were reproducible during this recooling-reheat- 
ing cycle. For a pure DPPC film, the peak maximum 
exhibited an abrupt shift (m 1.5 cm - t)  to a higher 
frequen~ around 42°C, indicating the gel to liquid- 
crystalline phase transition increases the number of 
gauche conformers in the acyl chain [19]. A similar 
frequency shift has been reported for DPPC multi- 

lamellar vesicles suspended in a D20-containing buffer 
[45]. The error bars indicate the standard des, iations 
estimated from three independent experiments. Addi- 
tion of 5 mol% hypelcin A somewhat broadened the 
phase transition, but little affected the conformation. 
In contrast, incorporation of trichopolyn I solidified 
the acyl chains in the fluid state. 

The orientation of the hydrocarbon chain was evalu- 
ated from the observed dichroic ratio using Eqn. A-6. 
For the methylene symmetric stretching band, the S' 
value is -0.5 [25]. Fig. 9b shows the temperature 
dependence of the S value (the order parameter of the 
hydrocarbon chain axis with respect to the plate nor- 
mal). The order parameter for the DPPC membrane 
dropped at the phase transition temperature, coincid- 
ing with the frequency shift. The presence of the 
peptides reduced the order parameter in the whole 
temperature region. The effect of hypelcin A was more 
significant than that of trichopolyn I. 

Second, the effects of the peptides on the lipid polar 
groups will be evaluated. The peptides had no interfer- 
ing absorptions below 1100 cm-t. The band assignable 
to the asymmetric stretching vibration of N-(CH 3)3 was 
observed at = 970 cm-I. Neither the frequency nor 
the dichroic ratio was affected by the two peptides, 
suggesting these peptides do not interact strongly with 
the choline head group of DPPC. The symmetric PO 2 
stretching band appeared around 1090 cm-1. For the 
pure DPPC bilayers, the peak position was changed 
slightly (1092 cm-! in the gel phase to 1090 cm-t in 
the liquid-crystalline state)when the membrane passes 
through the phase transition. This shift may be ascrib- 
able to an increased hydration in the fluid state [46]. 
The presence of 5 mol% hypeicin A red shifted the 
peak position by about 2 cm -I, whereas addition of 
trichopolyn I blue shifted the maximum by 2-3 cm-t 
over the whole temperature region. These results indi- 
cate that both peptides more or less influence the 
phosphate group of the lipid. The orientation of the 
polar group was not examined because of a significant 
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Fig. 9. Temperature dependences of parameters characterizing conformation and orientation of lipid hydrocarbon chain obtained from 
F'~R-PATR measurements. ~)  The frequency of the methylene symmetric stretching band and (b) the order parameter of the hydrocarbon 

chain calaflated from Eqn. (A-6). Symbols: o, pure DPPC; s, DPPC/trichopolyn I (20: ], tool/tool); A, DPPC/hypelcin A (20:1, tool/tool). 
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overlap of the adjacent R-O-P-O-R' vibration around 
1065 cm - I [46]. 

Finally, the amide I' bands of the peptides will be 
reported. The amide I '  band contour is sensitive to the 
secondary structure of a peptide [47]. The frequencies 
of the amide I '  bands of hypeicin A and trichopolyn I 
in DPPC membranes were 1659 and 1666 cm -~, re- 
spectively, irrespective of the temperature. These fre- 
quencies are assignable to the a-helix and 3~0-helix, 
respectively [48]. Some 310-helix structure may be pre- 
sent in hypelcin A as in the case of alamethicin [49]. 
Our CD data (Ref. 11 and Fig. 6) support the conclu- 
sion that these peptides mainly adopt helical conforma- 
tions in lipid bilayers. The dichroic ratios of the amide 
I' bands were around 2.0 (1.9-2.2) over the whole 
temperature region. For the a-helix, the 0 value has 
been estimated to be 27 ° [50]. The observed R values 
correspond to the S values of -0.043 to 0.079 (a, 
56 o_52 o ), suggesting that the helices distribute almost 
randomly or happen to be oriented at angles around 
the magic angle (54.7 °) As for the O value of the 
3~0-helix, polarized IR spectra of an oriented 3Hrheli- 
cal peptide [51] shows a parallel dichroism for the 
amide I' band, suggesting a 0 value smaller than the 
magic angle (judging from the spectra, the 0 value may 
be around 45 ° ) Thus, the above picture on the orienta- 
tion of the helix also holds for the 3,rhelix. in the case 
of hypelcin A, if the whole molecule folds into a helix, 
the presence of Pro ~4 will bend the helix by an angle of 
approx. 20 o [49]. The S value should be then divided 
by 0.95 (=(14/20)+(6 /20) (3  cos 2 20 ° -  1)/2). This 
correction never changes the above conclusion. 

Discussion 

Both trichopolyn 1 and hypelcin A are Aib contain- 
ing hydrophobic peptides which exhibit similar bioac- 
tivities involving membrane-modifying properties [1- 
5,11,12]. However, they differ in molecular size and 
constituent amino acids. The molecular weight of tri- 
chopolyn I is about half of that of hypelcin A. Hypelcin 
A contains three polar amino acid residues (Gin) 
whereas trichopolyn I has no polar residues. Compari- 
son between the interactions of the two peptides with 
lipid bilayers seems to be important for understanding 
the molecular machinery of the bioactivities. 

Peptide conformation and orientation 
The FTIR-PATR technique is a powerful tool for 

investigating peptide-lipid interactions because orien- 
tations as well as conformations of functional groups 
can be nonperturbingly estimated [20-25,27-30]. In 
this study, we measured the spectra of peptide-lipid 
films fully hydrated in the presence of excess D20. 
Under this condition, we should take into account the 
presence of the free peptide molecules. We estimated 

the fractions of the membrane-bound peptides based 
on the integrated intensity ratios of the carbonyl C = O 
~tretching band of the lipid around 1740 cm-~ to the 
amide I bands, calculated using Eqn. A-2. Hydration 
reduced the ratios to 60-70% and 70-80% of those 
before hydration for trichopolyn I and hypelcin A, 
respectively. These reductions are ascribable to escape 
of the peptides from the membrane phase to the excess 
aqueous phase. The stronger binding of hypelcin A is 
consistent with the binding isotherm (Fig. 5a). Thus, 
the observed amide I' bands are superpositions of the 
two spectra from the membrane-bound and the free 
peptides. The frequencies of the amide I' bands of 
hypeicin A (1659 cm-=) and trichopolyn I (1665 cm -I) 
are characteristic of the a-helix and the 3nrhelix [48], 
in keeping with the CD data (Ref. 11 and Fig. 6). For 
Aib containing peptides, the 3nrhelix is preferred for 
shorter peptides (8 residues or less), whereas the a 
helix is preferred for longer peptides (9-20 residues) 
[52]. Membrane-associating peptides tend to fold in 
helical conformations in the lipid environments 
[11,13,15-17,38,53-56]. We estimated the orientations 
of the helices in the membranes based on the R values 
calculated frorr the peak height ratios of the amide I' 
bands around 1660 cm-i .  The contributions to the R 
values from the free peptides seem to be much smaller 
than those expected from the free peptide fidctions 
(30-40% for trichopolyn I and 20-30% for hypelcin 
A), because the unbound 0eptides adopt unordered 
structures (Ref. 11 and Fig. 6) which usually show the 
amide I' absorptions near 5645 cm-~ [47]. (Here, we 
assumed that both the concentration and the confor- 
mation of the free pcptide in the interbilayer aqueous 
phase are similar to those in the bulk aqueous phase.) 
Consequently, we can conclude that the helices of 
these peptides in the membranes distribute randomly 
or happen to be oriented with angles around the magic 
angle (54.7°). In contrast, gramicidin, a helical 
channel-forming peptide, gives a rather high dichroic 
ratio (4.8) in dimyristoylphosphatidylcholine bilayers 
[27]. Fringeli and Fringeli reported that alamethicin, an 
Aib containing icosapeptide analogous to hypelcin A, is 
perpendicularly oriented to the membrane surface af- 
ter a hydration-drying procedure (The R value is 
greater than 5 for a film thinner than the penetration 
depth) [24]. The orientation of hypelcin A did not 
change after a gradual drying of the fully hydrated film 
(data not shown). 

Lipid conformation and orientation 
The peptide incorporation nonparallel to the mem- 

brane normal disordered the lipid acyl chain in the 
whole temperature region (Fig. 9b). The extent of the 
disordering by hypelcin A was more significant than 
that by trichopolyn I. This may be partly ascribed to 
the larger molecular size of hypelcin A and partly to its 
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stronger binding to the membrane. These disruptions 
result from a disordered orientational axis of the lipid, 
not from an increased gauche conformation because 
the frequency of the methylene symmetric stretching 
band did not shift to higher frequencies [19]. Addition 
of 5 tool% hypelcin A almost never changed the peak 
position, as in the case of a DMPC-ds4/alamethicin 
(50: I, mol/mol) system [57]. In contrast, incorporation 
of trichopolyn I fixed the acyl chains in an ahnost 
all-trans conformation above the gel to liquid-crystal- 
line phase transition temperature of DPPC. ,A molecu- 
lar model shows that if the whole peptide molecule 
folds into a 310-helix, the hydrophobic helix just fits the 
extended aeyl chain. The cross sectional area of the 
helix is approx. 80 A2 which is four times larger than 
that of the saturated hydrocarbon chain. Thus, the two 
long side chains of the peptide may interact with the 
two acyl chains of a l;pid molecule or the two side 
chains of a peptide molecule in the opposite leaflet of 
the bilayer. The disruption of the lipid packing which 
reduced interlipid interactions in the gel phase will 
mainly cause the disappearance of the phase transition, 
as detected by DSC, because the interchain van der 
Waais interaction, whose change is a major contributor 
to the phase transition enthaipy change, reduces pro- 
portionally to the inverse fifth power of the interchain 
separation [40]. In the case of the trichopolyn I-DPPC 
system, the extended acyl chain conformation in the 
fluid phase also contributes to this phase transition 
dissipation. 

Both peptides appear not to strongly interact with 
the choline head group of DPPC, in keeping with our 
NMR study on a hypelcin A-egg yolk phosphatidyi- 
choline system [ 12]. Peptide-phosphate group interac- 
tions were detected by FTIR spectroscopy. Although 
factors affecting the PO~ stretching band contours 
have not been fully understood, the red shift induced 
by hypelcin A may indicate a hydrogen bonding be- 
tween the phosphate, group and the hydrogen-donating 
groups (NH ~ of Gin and OH) in the C-terminal region 
of the peptide, The blue shift caused by trichopolyn ! 
may reflect a reduced hydration resulting from interac- 
tions with the hydrophobic peptide, 

P¢;~neability change 
Tnt;hopolyn I increased the permeability of 

phosphaticlylcholine bilayers as does hypelcin A (Fig. 
3). Our quantitative treatment revealed that the bind- 
ing of trichopolyn l to egg PC SUVs is expressed as a 
partition equilibrium with a partition coefficient of 
2,0, 10 -a M- i ,  about one-third of that for hypelcin A. 
The weaker binding of trichopolyn I is consistent with 
the FTIR data. The linear isotherms suggest that both 
peptides exist mainly as monomers in the membrane 
phase, provided that the peptides are monomeric in 
the aqueous phase. This assumption is compatible with 

the observation that their conformations in the buffer 
are concentration independent (up to 50 ~M) as re- 
vealed by the CD results (see Results and Ref. 11). 
Alamethicin is well known to form a voltage-gated ion 
channel [8,58,59]. A channel model based on X-ray 
diffraction results [49] assumes that several helices 
aggregate in bundles with their axes parallel to the 
bilayer normal. Our binding isotherms and FTIR re- 
sults indicate neither the peptide aggregation nor the 
parallel peptide orientation. Furthermore, the size of 
monomeric helical trichopolyn I is too small to span 
the bilayer. Hydrophobic trichopolyn I cannot form a 
polar pore, even if the peptide molecules aggregate. 
Hence, the channel mechanism for the leakage can be 
excluded. Leakage is not due to vesicle solubilization 
or fusion for hypeicin A [12] and trichopolyn I (see 
Results). In conclusion, hypelcin A and trichopolyn I 
penetrate into the hydrophobic region of the bilayer to 
enhance the membrane permeability through a com- 
mon mechanism: membrane-incorporated peptides dis- 
rupt lipid packing. However, molecular details, i.e. 
peptide-phosphate interactions and effects of the pep- 
tides on the acyl chain conformations are different. In 
the case of trichopolyn l, a 'phase sepa~ tion effect' 
[60] may contribute to increased membrane permeabil- 
ity in the fluid state. The presence of a transmembrane 
potential might alter aggregational states, orientations, 
and conformations of the peptides in membranes 
[37,61]. 
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Appendix 

The FTIR-PATR technique, a powerful tool for 
estimating molecular orientations in an oriented sam- 
ple, has been applied to studies on peptide-lipid inter- 
actions [20-22,24,25,27,29]. Although the principle of 
this method has been reviewed elsewhere [20,22,24,25], 
we will describe it here briefly, because some confusing 
discussions have been reported. Fig. A1 illustrates the 
experimental setup. The molecular orientation can be 
evaluated from the experimentally obtainable dichroic 
ratio, R, which is defined as 

aA, e~.kx + E~.k~ 
R ~ ~  

A A  ± E2r.kr (A-l) 

Here, AAll and AA_L are absorbances of a vibration 
band, e.g., the methylene symmetric stretching band, 
for the IR beam with its electric vector parallel ([[) and 
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Fig. A1. Experimental setup for the F"I'IR-PATR experiment. A right-handed coordinate system is defined as illustrated. 
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perpendicular (.I.) to the plane of incidence, respec- 
tively. E and k denote the electric field amplitude and 
the absorption index, respectively, along the x-, y-, or 
z-axis. It should be noted that in an oriented sample, 
e.g., lipid films, the intensity of a band, which is pro- 
portional to k x + kr  + k z, must be calculated not from 
nonpolarized spectra but from polarized spectra using 
Eqn. A-2 where a uniaxial orientation around the 
z-axis (k x = ky) is assumed. 

kx+ky+k.=a. ~,AA,+. E;' ErE , AAj_ (A-2) 

Here, a is a constant involving the number of total 
reflections. This is important, for instance, when one 
estimates stzcondary structures of a peptide from its 
amide I band contour using a curve-fitting procedure. 

E values 
The thickness of the sample film, d, relative to the 

penetration depth, d o [26], is crucial for estimating the 
E values. In our experimental condition (angle of inci- 
dence, 45 °; refractive index of lipid film, 1.44; refrac- 
tive index of germanium, 4.0), dp is 0.2-0.8/xm in the 
range 3000-800 era-i.  If d >> dp, as in our case (d -- 6 
/zm), the E values can be calculated accordir, g to 
Flournoy-Schaffers' equation [62]. If d << dp, they can 
be estimated as described elsewhere [26]. For a particu- 
lar orientation, the R values are quite different be- 
tween both cases. For example, the R values for a 
randomly oriented vibrating group in a lipid film on a 
germanium plate (angle of incidence is 45 °) are 2.0 
and 1.2 in the former and the latter cases, respectively. 
The latter E ~,alues have often been used to evaluate 
the orientation without explicitly stating the film thick- 
ness. 

k values 
Fig. A2 shows a uniaxial orientation model. A 

molecular axis, e.g., a lipid hydrocarbon chain axis or a 

z 

,e 

x 

Molecular axis 
, r  

,e 

Transition 
moment 

Fig. A2. Uniaxial orientation model. A molecular axis is assumed to 
be oriented uniaxiaily with an angle a around the z-axis, the plate 
normal. The transition moment of a vibration is also presumed to be 

distributed uniaxially with an angle 0, around the molecular axis. 

peptide helix axis, is assumed to be oriented uniaxially 
with an angle, a, around the z axis. The transition 
moment of a particular vibration, e.g., a peptide amide 
I vibration, is again supposed to distribute uniaxially 
with an angle, 0, around the molecular axis. In this 
model, the k values can be correlated to a and 0 
through Eqns. A-3-A-5. 

kg  "- k x 
S.S' (A-3) 

kz + 2kx 

S = ~-(3 cosZa - 1) (A-4) 

S r ~  I ~(3 cosZ0 - 1) (A-5) 

Here, we used a relation k~ = k~ (uniaxial orientation). 
S and S' are order parameters of the molecular axis 
around the z-axis and of the transition moment around 
the molecular axis, respectively. We can estimate the S 
value from the observed R value with Eqn. A-6 unde: 



428 

our conditions [27], 

R 
E 2 R - 2.00 

S . S '  = = (A-6) 
E~-  2 E~ 2 R + 1.45 

The ~' value is known for each transition moment, 
e.g., - 0 5  for the methylene symmetric stretching vi- 
bration (0 - 90 ° ). 
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