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The binding of basic amphipathic fluorescent peptides to lipid bilayers was studied in relation to their antimierobial 
activity. F~ur fluorescent peptides containing pyrenylalanine or tryptophan in an amphipathic basic peptide (4 4) 
consisting ~f four repeated units of tetrapeptide, -L-Leu-L-Ala-L-Arg-L-Leu-, were found to have antimicrobial activities 
against Gram-positive bacteria and to take conformations with fairly high a-helical content both in aqueous solutions 
and liposomes. The fluorescence spectroscopic data suggested that the pyrenylalanine-peptide existed as a monomer in 
methanol or liposomes but as an oligomer in aqueous solutions to form an excimer beteen pyrenylalanyl residues. Upon 
binding with liposomes, the fluorescence spectra of the tryptophan-containlng peptide shifted to a shorter wavelength, 
indicating the change in the state of tryptophan from hydrophilic environment to hydrophobic one. The analytical data 
for the quenching of tryptoph~n fluorescence by I -  anion suggest that the tryptophan residue in the peptide is not 
deeply buried in the hydrophoUic core of the bilayers. Based on these findings, it is suggested that the peptides may 
interact with liposomes in such a manner that they lie parallel to the surface of the lipid bilayers with their hydrophobie 
regions shallowly in the amphipathic moiety of the bilayers. 

Introduction 

The interaction of a variety of basic and amphipathic 
peptides found in natural sources with lipid bilayers has 
been extensively studied with regard to their antimicro- 
bial activity [1-4]. Some of the basic model peptides 
designed from a common feature of the extension 
peptides of mitochondrial protein precursors exhib;t 
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potent antimicrobial activities against Gram-positive 
bacteria, and such biological activities have been attri- 
buted to the amphiphilicity of the peptides [5,6]. Re- 
cently, attention has been directed to the unique proper- 
ties of the synthetic model peptides: the model peptides 
so far examined can not solubilize membrane-bound 
enzymes from mitochondria and mierosomes [7]. In this 
respect, the amphipathie peptides differ from deter- 
gents. Such a difference in the properties of the model 
peptides and detergents has been advantageously utilized 
as a criterion to discriminate the membrane-bound en- 
zymes from the soluble protein molecules [8]. There is 
also evidence indicating that the peptides perturb the 
structure of the lipid bilayer, resulting in the fusion of 
liposomes [9]. Thus, the amphipathic peptides with an 
antimicrobial activity have attracted a great deal of 
interest because of their unique characteristics. How- 
ever, the mode of the interaction of the peptides with 
lipid bilayers has not been understood completely. To 
shed further light on the structure-function relationship 
of the amphipathic peptides, in the present study, four 
fluorescent peptides (Fig. 1) in which pyrenylalanine 
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(Pya) or t ryptophan was introduced into the amphi-  
pathic and antimicrobial peptide. AC-(L-Leu-L-Aht-L- 
Arg-L-Leu-)4-NHCH 3 (44), were synthesized. Their 
binding to liposomes and their orientation in lipid hi- 
layers were analyzed by C D  and fluorescent spec- 
troscopy. 

Materia ls  and M e t h o d s  

Materials. DPPC was purchased from Sigma Chem- 
ical Co., St. Louis. All other reagents were of the highest 
analytical grade. 

Synthesis of the peptides. Synthetic route for peptide 2 
is shown in Fig. 2. The fully protected peptide 14 was 
obtained through fragment condensat ion of the oc- 
tapeptide acid 10 and the octapeptide amide 11 as 
described previously [10]. Protecting group of 14 was 
removed with sod ium/ l iqu id  ammonia  as follows. To a 
stirred solution of 14 (70 rag, 24 #tool) in liquid am- 
monia  was added sodium metal until a dark color was 
stable for more than 3 min. The ammonia  was removed 
by blowing nitrogen stream. To the residue was added 
10% acetic acid. The solution was passed through the 
Sephadex G-25 column. The fractions containing the 

peptide were collected and lyophilized to give peptide 2 
as a yellow powder. Yield, 44 mg (63%). Compounds 1, 
3 and 4 were prepared by essentially the same proce- 
dure as described for peptide 2. Chemical and physical 
constants of final products  are listed in Table I. 

Preparation of liposomes. A mixture of uni- and 
muhi-lamellar liposomes was prepared as follows. A 
lipid film obtained by evaporation of a chloroform 
solution of DPPC (20 mg) was hydrated in Tris-HCI 
buffcr  (pH 7.4) (2 hal) by repeated vortexed-mixing at 
5 0 ° C  for 30 min, followed b) a sonication using a 
Tomy Seiko ultrasonic disrupter model UR-200P at 
5 0 ° C  for 30 min. The liposomes obtained were diluted 
to desired concentrat ions by Tris-HC1 buffer. 

Spectroscopic e.,;periments. Circular dichrolsm (CD) 
spectra were recorded on a JASCC, ,I'-'0A snectro- 
polarimeter connected with a JASCO d a t ,  -cocessor 
Model J-dry using a quartz cell of 1 mm pathlength. 
For  measurements of the C D  spectra of peptides in 
DPPC liposomes, the peptides were dissolved directly in 
20 mM Tris-HCI buffer (pH 7.4) containing 0.9 mM 
DPPC liposomes. To scan a scattering due to liposomes. 
the C D  spectrum of liposomes was subtracted from the 
spectrum of the peptide in the presence of liposomes. 
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All measurements were performed at 20"C  and the 
data were expressed in terms of mean residue cllipti- 
cites. The u-helical content was calculated on the basis 
of the theoretical value of [0].,22 for a 100% a-helix of 
the number of amino acid residues in each peptide as 
described by Chen et al. [11]. There is a possibility that 
Pya has some effect on the CD band in the far ultra- 
violet region. In the present case, however, contribution 
of the Pya residue in peptides to the CD band was 
negligible since CD spectra showed only the character- 
istics of a-helical band but not any other band due to 
Pya. 

Fluorescence spectra were recorded on a JASCO 
FP-550A spectroflurometer equipped with a thermo- 
statted cell holder. The spectra were measured with 
excitation at 342 nm for the Pya-containing peptides 
and 280 nm for the Trp-containing peptide. All mea- 
surements were done at 25 ° C. 

Titration curces for binding of  Pya-containing peptides 
to liposomes. To attain the titration curves for binding 
of peptides to liposomes, appropriate aliquots of DPPC 
liposomes (1.0 mM) were successively added to a solu- 
tion (2.5 ml) of peptide (0.6 ttM) in 20 mM Tris-HC1 
buffer (pH 7.4). After each addition of liposomes, the 
mixture was kept at 25°C for 10 min to achieve the 
equilibration. Fluorescence intensities were corrected 
for blank measurements from suspension of liposomes 
in buffer. Corrections were made for dilution of peptide. 
The data were analyzed according to Eqn. 1: 

I - ~= 11 - Eb)-- K.jtl - E)/nm (1) 

where Ka is the dissociation constant of lipid-peptide 
complex, m denotes the lipid concentration, and n is 
the number of binding sites per lipid. The quantity e 
characterizes the relative change of the spectrsocopic 
parameter accompanying binding of the peptide to the 
liposomes at a particular lipid concentration, m. This 
quantity is defined as the relative change for intensity 
ratio of fluorescence of pyrene monomer and excimer, 
l t~/l  M. according to Eqn. 2: 

r = ( l i J l  M )/( l l , / l  m )o (2) 

where the parameters ( l i J l m )  o are the intensity ratio 
of the initial excimer and monomer fluorescences, re- 
spectively. The fluorescence intensities for pyrene 
monomer ( lm) and excimer t IE)  were obtained at 376 
and 6,50 nm, respectively. The parameter e b char- 
acterizes the spectral properties of lipid-bound peptide. 
It is equal to the limiting value of e when all peptides 
present in the solution are bound to the membrane. 
This parameter will have a specific value for each 
peptide and lipid system. As derived from Eqn. 1, the 
slope of a plot of (1 - e) versus (1 - e ) /m  yields Ka/n .  

The 1 - e  b value is given by the ordinate intercept in 
the plot of (1 - e) versus (1 - e) /m.  

Quenching of tryptophan fluorescence by KL Quench- 
ing of tryptophan fluorescence of peptide 4 by KI was 
performed in Tris-HCl buffer (pH 7.4) in the absence 
and presence of 200 #M DPPC liposomes. Aliquots of 4 
M sodium iodide solution in the buffer containing 1 
mM Na2SO 3 were added to the DPPC liposomcs to 
prevent the formation of 13-. The quenching data were 
analyzed by Stern-Volmer plot using Eqn. 3: 

Fo/F= l + Kq[Q] (3) 

where F,j and F are the fluorescent intensities at 280 
nm in the absence and presence of quencher at con- 
centration [Q], respectively. Kq is the Stern-Volmer 
quenching constant. 

Antimicrobial activity. The antimicrobial activities of 
the peptides were measured by the serial dilution method 
using Bacillus subtilis IFO 3007 and Escherichia coil B 
as described previously [6]. 

Results and Discussion 

Design and synthesis of  the peptides 
As well as tryptophan, the fluorescent amino acid, 

Pya, has been advantageously employed as a fluorescent 
probe for elucidation of the structure-function relation- 
ship of biologically active peptides, particularly for 
analysis of the peptide-l ipid and peptide-peptide inter- 
actions because of its high quantum yield and long life 
time [13-17]. It has also been known that Pya can form 
an excimer between an excited-state and ground-state 
[13]. As previously reported [51, 44 is a basic and 
amphipathic peptide and has an antimicrobial activity 
against Gram-positive bacteria, but this peptide has no 
fluorescence suitable for spectroscopic analysis of 
peptide-peptide oi' peptide-l ipid interactions. There- 
fore, introduction of the fluorescent probe to 44 is 
expected to facilitate the studies on the structure-func- 
tion relationship of this peptide. Four fluorescent ana- 
logs of 44, in which Leu and Arg residues were replaced 
by Pya or Trp, were designed as shown in Fig. 1. As 
shown in Fig. 3, peptides 1 and 2 in which Leu 9 and 
Leu 5"9, respectively, are replaced by Pya are considered 
to retain the lipophilic region of the mother peptide 44. 
Replacement of Arg 7 by Pya yields a less amphipathic 
peptide 3 compared to 44, assuming that it adopts the 
a-helical structure as well as peptides 1 and 2. It is 
reasonable to consider that the amphiphilicity of the 
mother peptide 44 is retained in pepdde 4, in which 
Leu '~ is replaced by Trp. 

Optically active pyrenylalanine was prepared through 
the stereoselective hydrogenation of a dehydrodiketo- 
piperazine derivative [18]. As shown in Fig. 2, synthesis 
of the peptides are essentially based on the convenient 
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Fig. 3. a-Helical wheels of the fluorescent peptides. On peptide 1. as an example, the projection of amino acid residues in a-helical segment shows 
the distribution of the eharged residues on the top surface and the hydrophobic residues on the bottom surface. One-letter symbols of amino acids 

are used for concise representation. Pyreuytalanine is represented by X. 

condensation of peptide fragments. The protected tetra- 
peptides were prepared stepwise and then the fragment 
peptides were coupled with EDC-HOBt to give the 
hexadecapeptide. When the peptides was treated with 
HF  [19] or methanesulfonic acid method [20] to depro- 
tect the NSU~"~d~"°-tosyl group, the resulting peptide 
showed fluorescence spectra different from that of 
pyrenyl chromophore, indicating that the treatment of 
the peptide with the strong acid was accompanied by a 
side reaction attributable to modification of pyrenyl 
chromophore by the tosyl cation (unpublished data). 
Therefore the peptides were deprotected by the 
sodium/liquid ammonia reduction method [21] to yield 
the final products. The yields and physical constants of 
the fluorescent analog~ of the peptide 44 are sum- 
marized in Table I. These peptides were obtained in 
fairly high yields, and all the analytical data confirmed 
the structure of the designed peptides. 

Antimicrobial actioities of  synthetic peptides 
The growth inhibitory potencies of the synthetic 

peptides against both B. subtilis and E. coil are sum- 
marized in Table II. All the peptides showed antimicro- 

bial activities, but their potencies to inhibit the growth 
of bacteria were lower compared to the mother peptide, 
4,,. Lower activities of peptides I and 2 compared with 
those of 4 and 44 may be attributable to the bulkiness 
of Pya residue a n d / o r  to the less a-helical nature of the 
peptides in lipid bilayers (see below). It should be 
noticed that peptide 3 shows higher antimicrobial activ- 
ity relative to peptides I and 2, despite its lower 
amphiphilicity. We previously reported that amphi- 
pathic peptide Ac-(Leu-Ala-Arg-Leu),_-NHCH3 (4,_) 
consisting of two units of tetrapeptide had an ability to 
inhibit the growth of Gram-positive bacteria [5]. Taking 
these facts into account, the fairly high antimicrobial 
activity of peptide 3 may be interpreted as being due to 
the conserved sequence in the C-terminal segment be- 
tween peptides 3 and 4.,. Peptide 4 was the most potent 
of fluorescent peptides tested, and its ability to inhibit 
the growth of bacteria was almost identical to that of 
44. It appears that the replacement of Leu ~ by Trp does 
not have much effect on the antimicro! ' q  activity of 4 
because of the less bulky side chain of the Trp residue 
than the Pya side chain at position 9. 

These findings directed us to carry out a spectro- 

TABLE I 

Yield and physical constants of model peptides 

Peptide Formula a (mol. wt.) Yield R,.,,~ b Amino acid analysis ~ 

(%) Ala Leo Arg 

I. 4AcOH C too H 16s Or7 N29" 4Cz H 40,,." I l H 20 ( 2502.0) 68 0.82 3.96 7.1)0 3.98 
2 .4AcOH Cl13HI67OI7N29-4C2H402. l I H 20 (2624.1) 63 0.80 3.92 6.00 4.24 
3.3AcOH Cloo HI64OITN26" 3C2 H 402- 6H 20 (2290.8) 63 0.74 4.08 8.OO 2.57 
4.4AcOH C,~2 HI62OITN3o'4C2 HaO2.6H zO (2308.8) 77 0.87 4.43 7.00 3.77 

a The reasohable compositions are considered from the results of elemental analysis. 
b Paper electrophoresis was carried out a Toyo Roshi No. 52 paper with the solvent system of HCOOH-AcOH-MeOH-H_,O for 2 h at fop V. 

Arginine was used as a reference. 
Amino acid analyses were performed on a Hitachi KLA-5 amino acid analyzer after the hydrolysis in 6 M HCI in sealed tubes at I l0 ° C for 24 h. 
The values of pyrenylalanine could not be calculated for compounds 1.2 and 3 because no elution took place under the conditions of standard 
amino acid analysis. The value of tryptophan was 0.87 for compound 4. 
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TABLE 11 
Antimicrobial activi O' of synthetic peptides and 4~ 

Peptide MIC ~ (lag/ml) 

47 0.5 - 1.25 5-10 
1 2.5 5 25 
2 5 -12.5 25 
3 2.5 - 5 25 
4 1.25- 2.5 5-12.5 

Minimum inhibitory concentration. 

scopic analysis for the interaction of the fluorescent 
peptides with liposomes as a model system for the 
binding of 44 to lipid bilayer. 

Spectroscopic properties o f  peptides 
CD spectra of the peptide 1 measured in Tris-HCI 

buffer (pH 7.4) and TFE are shown in Fig. 4, compared  
with the spect, am taken in the presence of DPPC 
liposomes. The spectrum measured in the buffer  solu- 
tion had a CD band  of double minimum at 206 and  222 
nm, which is characteristic of a-helix. The C D  spectrum 
of the peptide in TFE was similar in shape to that  
measured in the buffer solution, but was characterized 
by a decreased molar  ellipticity and a shift of  C D  band  
to shorter wavelengths. Similar spectra were obtained 
for other peptides (data not shown). By analyzing the 
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Fig. 4. CD spectra of peptide 1 in various solvents. The spectra were 
measured in 20 mM Tris-HCI buffer (pH. 7.4) in the absence ( . . . . . .  ) 
and the presence of 100 /tM DPPC liposomes ( . . . . .  ). and in 
trifiuoroethanol ( - - )  at 21° C. The concentration of the peptide 

was 10 ~M. 

TABLE I11 

a-helical contents of peptides 

Peptide a-helical content (~gl b 

Buffer a TFE DPPC 

44 38 39 58 
1 49 38 52 
2 54 38 49 
3 37 36 46 
4 40 32 58 

At the concentration of 20 mM Tris-HCl (pH 7.4). 
h These values are given with an experiment error of a few percent. 

C D  spectra according to Chen et al. [11], the helical 
contents were calculated for individual peptides and 
summarized in Table III. It is evident that  the helical 
contents  of peptides 1, 2 and  4 in the buffer solution 
were higher compared  to those in TFE, a solvent capa-  
ble of increasing the helicities of peptides, while the 
mother  peptide, 44, and  3 had  an almost identical 
helical content  in the buffer solution and  TFE. These 
findings suggest that  the introduction of the fluorescent 
side chain of Pya and  Trp  into the hydrophobic  regions 
in peptide 44 may induce pept ide-pept ide  interactions 
which favor an  increase in a-helical structure. In the 
buffer  solution, there may be a self-association of 
peptides owing to the lipophilic region of amphipathic  
structure assuming that  these peptides adopt  the a-  
helices. 

Such a view can be supported by  the fluorescence 
spectroscopic da ta  of Pya-eontaining peptides. The fluo- 
rescence spectrum of  peptide 1 in methanol  as excited 
at  342 nm had emission maxima at 376 nm and  396 nm, 
similar to that  given for a model compound,  Boc-Pya- 
OH,  as shown in Fig. 5. Similar spectrum was also 
obtained for peptide 3. However, the fluorescent spec- 
t rum of peptide 1 taken in Tris-HCI buffer  (pH,  7.4) 
had an additional emission maximum at 450 nm. Such 
an emission maximum at 450 nm is characteristic of  the 
excimer and  can  only be due to the proximity of two 
pyrenyl side chains. Since peptide 1 possesses only one 
pyrenyl  group in the sequence, it is plausible that  peptide 
1 is self-associated in the buffer  but  exists as a mono-  
mer in methanol  and  in DPPC liposomes. On the other 
hand,  the fluorescence spectrum of peptide 2 in methanol  
exhibited a small but  distinct shoulder at  450 nm, 
suggesting that the excimer is present even in the organic 
solvent. It is reasonable to consider that  peptide 2 can 
display such an excimer fluorescence due to the proxim- 
ity of the two pyrenyl groups in the a-helical structure 
of the peptide. In buffer  peptide 2 exhibited the fluores- 
cence spectrum with an unusually high intensity of 450 
nm. There is a possibility that  the self-association of the 
peptide in buffer  may stabilize the intramolecular  or 
intermolecular interaction between pyrenyl residues in 
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Fig. 5. Fluorescence spectra of the synthetic peptides and Boc-Pya-OH. Panel A shows the fluorescence spectra of peptide 1 in 20 mM Tris-HCI 
buffer (pH 7.4) in the absence ( . . . . .  ) or presence of DPPC liposomes ( . . . . . .  ). and in methanol ( - - 1 .  The fluore~ence spectrum of 
Boc-Pya-OH (0.1 /xM) in methanol ( - - - )  is shown as a reference. Measurements were done with 0.6 /xM of the peptide and 100 ~M of DPPC 
liposomes at 25"C with excitation at 342 nm. and the emission spectra normalized to the same intensity at a Pya emission maximum at 376 nm are 

shown in panel B. The normalized emission spectra of peptide 2 are shown in panel C. 

the peptide. It has been reported that amphipathic  
helical peptides such as melittin and  mas toparan  self-as- 
sociate in buffer solution [22,23]. 

Binding of peptides to DPPC liposomes 
As shown in Fig. 4, upon binding to DPPC lipo- 

somes, the C D  band  of  peptide 1 shifted to longer 
wavelength by 2 nm, accompanied by the increase in the 
molar  ellipticity. It is noteworthy that only a slight 
increase in the a-helical contents was obtained for 
peptides 1 and  3 * on the addit ion of DPPC liposomes, 
while the a-helical content  of peptide 4, with a fairly 
high antimicrobial activity (Table I1), increased sub- 
stantially on binding with DPPC-liposomes, as did the 
mother  peptide, 4,.. On  the contrary,  the a-helical con- 
tent of peptide 2 with a low antimicrobial activity did 
not  increase even by the addit ion of DPPC liposomes. It 
is likely that  the bulky side chain of two Pya residues 
present at the a-helical region of peptide 2 may weaken 
the peptide-lipid interaction and  this may decrease the 
antimicrobial activity of peptide 2. 

The binding of DPPC liposomes to peptide 1 led to a 
great  increase in the fluorescence intensities at  376 and  
396 nm concomitantly with the decrease in the excimer 
fluorescence at 450 nm (Fig. 5A). The spectrum of 1 in 
methanol is almost identical with that  in liposomes as 
seen in Fig. 5B, suggesting that  in DPPC liposomes 
peptide 1 may exist as a monomer.  The fluorescence 
spectrum of peptide 2 in liposomes was also charac-  

* Peptide 3 was almost but not totally bound to lipid at the con- 
centrations in CD measurement as can be seen in the lipid/peptide 
ratio on Fig. 6. 

terized by a decrease in the fluorescence intensity at 
450-550  nm which is representative of the excimer. 

To attain a better understanding of the nature of the 
pept ide-l ipid interaction, the binding of pcptides to 
DPPC liposomes was quantitatively analyzed by fluo- 
rescence spectroscopy. The fluorescence intensities at 
376 and 396 nm increased with increasing the DPPC 
concentrat ion (Fig. 6B). The values of Ka/n for the 
binding of peptides to lipid bilayers were obtained from 
plots of (I~.:/IM)/(IE/IM) o versus concentration of 
DPPC (Fig. 6A). The Ko/n value was 2.0 ,aM for 
peptide 1, 1.4 #M for peptide 2, and  13 #M for peptide 
3 at p H  7.4 and 25°C .  These Kj/n  values were smaller 
than those reported for other oligopeptides [12], suggest- 
ing that peptides 1-3  interact with DPPC liposomes 
with strong binding abilities. Peptides l and 2 gave 
lower K J n  values than peptide 3. Considering the fact 
that peptides 1 and 2 are more amphipathic  as com- 
pared to peptide 3, it can be concluded that the hydro-  
phobic region in the peptide principally contributes to 
the pept ide- l ip id  interaction. 

Fig. 7 shows the fluorescence spectra of peptlde 4 in 
the absence and  presence of DPPC liposomes. The 
t ryptophan fluorescence spectrum measured in Tris-HCI 
buffer (pH 7.4) in the absence of DPPC had an emis- 
sion maximum at 352 nm. Upon addition of DPPC 
liposomes, the fluorescence spectrum shifted to shorter 
wavelengths by 8 nm. Such a fluorescence spectrum of 
peptide 4 induced by binding with DPPC liposomes can 
be explained by the change in the state of Trp-9 from a 
hydrophilic to a hydrophobic  environment. Such a view 
is not inconsistent with the fluorescence quenching data. 
The fluorescence intensity of peptide 4 decreased with 
increasing concentrat ion of KI. The quenching data  
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Fig. 6. (A) Titration curves for binding of DPPC liposomes to the peptides. Fluorescence spectra were measured under the same conditions 
described in Fig. 5 except thai the concentration of DPPC was varied. The (I~./IM)/(IE/IM)o values were plotted against the concentration of 
DPPC. The plot was given for peptide I (o). 2 tO) and 3 (~). (B) Variation of fluorescence intensity of peptide 2 with increasing concentrations of 

DPPC (,aM) is shown. Details were described in Materials and Methods. 

were analyzed accord ing  the S te rn-Volmer  re la t ionship  
(Eqn. 3). As  shown in Fig. 8, the  plots bo th  in the  
absence and  presence of  D P P C  gave  s t ra igh t  lines, and  
the slope of  the plot in the presence of  D P P C  l iposomes  
was  smaller  than that  in the absence  of  D P P C .  These  

observa t ions  indicate  that  the b i n d i n g  of  the pept ide  to 
lipid bilayers decreased the accessibil i ty of  I -  an ion  to 
Trp-9  of  the peptide.  The  consensus  is that  l -  an ion  
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Fig. 7. The fluorescence spectra of peptide 4. The spectra were 
recorded in 2rris-HCl buffer (pH 7.4), in the absence ( - - - )  and 
presence of DPPC liposomes ( . . . . .  ). Spectroscopic measurements 
were done at 25°C with excitation of 280 nm. The concentrations of 

peptide and DPPC were 6 ~M and 100 ~M, respectively. 

canno t  have  access  to the t ryp tophan  res idue bur ied  in 
the in ter ior  o f  the  pro te in  molecule  or  in the core  of  the 
lipid bilayer,  bu t  has  an  abi l i ty  to quench  t ryp tophan  
presen t  a t  o r  relat ively nea r  the  surfac~ of  the p ro te in  o r  
l ipid bi layer.  As  d e m o n s t r a t e d  here, Trp -9  in pept ide  4 
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Fig. 8. Stern-Volmer plots of the quenching of tryptophan fluores- 
cence in peptide 4 by KI. The fluorescence spectrum of peptide 4 was 
recorded in Tris-HCI buffer (pH 7.4) at 25 °C in the absence (o) and 
presence tO) of 200 .aM DPPC liposomes. The concentration of the 
peptides was 6 #M and the excitation wavelength was 280 nm. Data 
for quenching of free peptide and the complex with DPPC were 
plotted according to Eqn. 3. Details are described in Materials and 

Methods. 



is still quenched by I -  even in the presence of DPPC 
liposomes although the accessibility of this residue to 
the quencher decreased. The fluorescence maximum of 
peptide 4 (344 nm) in lipid bilayer was at a longer 
wavelength than :hat found for the tryptophan at the 
hydrophobic core (,f the lipid bilayer (330 nm), as 
reported by Voges et al. [24]. It is reasonable to consider 
that in the complex with DPPC liposomes the 
tryptophan residue in the peptide is not deeply buried 
in the hydrophobic cote of the lipid bilayer, in the lipid 
bilayer, Trp-9 in peptide 4 may be present at or near the 
boundary of the ester link (H belt) [25] and the hydro- 
phobic alkyl chain moiety of DPPC. It I:.as been sug- 
gested that a-helical and amphipathic peptides lie paral- 
lel to the membrane phase where the peptides penetrate 
only the hydrophobic region into lipids [26,27]. There is 
a possibility that peptides form channel oligomers by 
spanning lipid bilayer and exposing the hydrophobic 
side to the lipid and hydrophilic phase to the aqueous 
pore [28]. In the present case, however, this possibility 
can be disregarded since the Trp-9 residue is ~,n the 
middle in the chain of peptide 4. which means that 
Trp-9 would be located at hydrophobic core of the 
bilayers in order to form the pore. This model dose not 
agree with the results which suggest that the tryptophan 
residue penetrates only slightly into the lipid bilayer. 

The results represented here provide some insight 
into the structure-function relationships of the antimi- 
crobial peptide 4,,. Introduction of the pyrene or indole 
group into the amphipathic peptide 44 facilitates the 
analysis of features of the peptide-peptide and 
peptide-lipid interaction. As demonstrated here, spec- 
troscopic data strongly suggest that the model peptides 
are self-associated in aqueous solution but are dissoci- 
ated into monomer upon binding with DPPC lipo- 
somes. In aqueous solution, intermolecular interactions 
due to the hydrophobie sides of the a-helical regions of 
peptide may form an aggregation site, shielding these 
sides from the aqueous phase, while the positively 
charged side chain of the arginine residue may be still 
exposed to the aqueous phase. However, in DPPC lipo- 
somes, the interaction of polar amino acid side chains 
of the peptide with the polar head group of the lipid 
may release the peptide-peptide interaction, allowing 
the hydrophobic regions of monomeric peptide to 
penetrate into the surface of the phospholipid bilayer. 
Such a shallow penetration of these peptides into the 
phspholipid bilayers might produce a difference in the 
action profile between the present peptides and active- 
surf,"ce detergents: the peptides do not perturb the 
cell-membrane so drastically as detergents do. There is 
a possibility that peptides lead to the fragmentation of 
liposomes into discs and micelles at high ratios of 
peptide to lipid ( =  5) as has been suggested for melittin 
[29]. Our model peptides, however, do not induce such 
morphological changes in liposomes [9]. Although the 

mode of action of the model peptides is still not clear, it 
can be postulated that the peptides perturb the struc- 
ture of the lipid bilayer of the cell membrane and hence 
they inhibit the growth of Gram-positive bacteria. 
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