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SUMMARY 

During the past decade, endogenous antimicrobial peptides have become recognized' as 

important, ubiquitous, and ancient contributors to the innate mechanisms which permit animals 

(including humans) and plants to resist infection. Most of these host defense peptides are small 

(18-35 amino acids), amphipathic and possess either an a-helical or cystine-stabilized P-sheet 

structure. These peptides are probably too small for enzymatic function and, so far, no specific 

receptors have been found. All evidence indicates that their target of action is the lipid matrix of 

the bacterial cytoplasmic membranes. This project aimed at clarifying the mechanism of peptide- 

membrane interactions, in particular the pore formation by the peptides which appear to be the 

mode of action of these antimicrobials. Tremendous progress was made during the project period. 

We summarize our findings in the following report. 
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Antimicrobial peptides are recent discoveries (Boman, Marsh & Goode, 1994). They have 
been discovered in the innate immune systems of mammalian mucosal surfaces, in insect 
.hemolymph, in amphibian skin, etc. They are apparently integral parts of the host-defence sys- 
tems developed throughout the animal kingdom. Unlike the conventional antibiotics that have 
stereo-specific receptors, these peptides have been shown to exert their activity directly on the 
lipid bilayer of the cytoplasmic membranes. The evidence includes (1) D- and L-enantiometric 
pairs of peptides show the same activities and (2) the peptides kill bacteria almost instantaneously. 
What are the molecular mechanisms of these peptides? How do they kill bacteria without harm- 
ing the host cells? Indeed the most interesting question is: how do they accomplish the membrane 
specificities? 

Most of the antimicrobial peptides are 18 to 40 amino acids long. Each has a well defined 
configuration when they are associated with lipid bilayers. The known configurations are a-heli- 
ces, P-sheets or mixtures of the two. Our project concentrated on two helical peptides, Le., alame- 
t h i ck  (a fungal peptide) and magainin (a peptide secreted in frog skin). Magainin exhibits a 
broad-spectrum antibacterial, antifungal, and tumoricidal activities. However, at the bactericidal 
concentrations, the peptide does not harm eukaryotic cells--it does so only if the concentrations 
are increased 100- to 1000-fold. On the other hand, alamethicin is hemolytic at the concentrations 
it is bactericidal. However, this does not mean that alamethicin lyses all cells equally. Even 
among various bacteria, there is a 1000-fold difference in their sensitivity to alamethicin (Jen et 

In their natural environment, antimicrobial peptides interact with cell membranes in two 
steps. First they bind to the lipid matrix of the cytoplasmic membranes. This step has been stud- 
ied by vesicle binding experiments (Schwarz for alamethicin; Matsuzaki for magainin). As 
expected, it is strongly dependent on the charges carried by the peptides and lipids. Our research 
concentrated on what happens after the peptides bind to lipid bilayers. 

All our experiments started with the 
peptides already mixed with lipid bilayers. 
Each sample has a chosen peptide-to-lipid 
molar ratio (P/L). The mixtures were aligned 
into parallel lamellae either on one plane sub- 
strate surface or between two (there is no dif- 
ference between the results from one- 
substrate and two-substrate samples). The 
water contcnt of the sample was determined 
by the relative humidity the sample was equil- 
ibrated with. Since the samples tend to flow 
off the substrate if the relative humidity was 
>98%, the experimental range of relative 
humidity was -70% to -98%RH (most exper- 
iments were performed in the La phase). The 

al., 1987). 
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Fig. 1 Orientation of alamethicin helices i 
DPhPC bilayers in the phase diagram P/L vs rel- 
ative humidity. The symbols represent the per- 
centage of alamethicin oriented perpendicularly. 

hydration dependence of our experiments was 
extremely helpful for interpreting the results. 
In particular we were able to extrapolate the 
results to the full hydration from the humidity dependent data. 

First we measured the orientation of the helical axes of the peptides relative to the plane of 
the lipid bilayers. This was conveniently accomplished by the method of oriented circular dichro- 
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ism (Wu et al., 1990). Fig. 1 shows the orientation of alamethicin helices in diphytanoyl phos- 
ghatidylcholine (DPhPC) bilayers at various PA, and RH. Most surprisingly, the result resembles 
a phase diagram. For P/L below a critical value, (Pa),- 1/40, the helical peptides adsorb parallel 
to the membrane surface. Above the critical concentration, however, a fraction of the peptides are 
oriented perpendicular to the bilayers while the rest remain on the membrane surface. Above an 
even higher concentration, all of the peptides are oriented perpendicular to the plane of the 
membranes. It appears that this is the general behavior of alamethicin in all lipid bilayers (Huang 
and Wu, 1991). However, in most lipids, the critical concentration (P/L), and are very low, 
so that within the experimental range of P/L where the peptide orientation is detectable, one sees 
only the phase of perpendicular orientation (e.g., DMPC, POPC, etc.). Magainin also exhibits a 
similar phase diagram, but whether it has an all-perpendicular concentration (P/L)l is not clear 
(Ludtke et al., 1994). 

with P/L>(P/L), by neutron sc 
(He et al., 1965; 1996a; Ludtke et al. 
1996). We found pores in the 
branes whenever there are 
perpendicularly oriented. Int 
ingly alarnethicin and magainin 
two different types of pore (Fig. 
Both pores are large (water pa 

We have studied the samp! 

? 20w in diameter). In high densities, 
they are apparently lethal to the cell. 
Below the critical concentration, P 
L<(P/L),, the great majority of th 

number of transient pores (life 
times-ms) may appear as detected b 

Through thermal fluctuations, a sm 

ever, because cells have repair mecha- 

peptide are adsorbed on the 

patch-clamp measurements. 

a cylindrical pore with the peptide monomers lining the 
periphery. (The small cylinders represent the helical pep- 
tide monomers. The shaded area represents the head- 
group region of the lipid bilayer. The dotted cylinders 
represent the peptide monomers embedded in the head- 
group region.) Magainin always associates with the head- 
groups of the lipid. When magainins insert, they carry the 
headgroups with them. So the top monolayer bends and 
merges with the bottom monolayer like the inside of a 
torus. 

__I 

nisms, these transient pores are presumably nonlethal (Boman, Marsh & Goode, 1994). 
Therefore, what determines the action of a peptide is its membrane bound concentration relative 
to the critical concentration (P/L),. To see how the critical concentration comes about, we have to 
look into the energetics of peptide-membrane interactions, particularly when peptides are 
adsorbed on the membrane surface. 

The clue comes from x-ray diffraction experiments. We found that the membrane thick- 
ness decreases linearly with the peptide concentration on its surface (Fig. 3). This is the evidence 
that the peptide is adsorbed within the headgroup region of the bilayer. The adsorption expands 
the bilayer laterally and hence reduces its thickness (Fig. 4). From the (fractional) decrease in the 
thickness, one obtains the (fractional) increase in the lipid area M A ,  as a function of P/L. We 
found M(L/P) approximately equal to the cross section of alamethicin lying parallel to the 
bilayer (Wu et al., 1995). The membrane thinning effect by magainin also follows this simple 
mechanism (Ludtke et al., 1995). 
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We proposed to describe the bilayer 
deformation energy F (per unit area) by (Huang, 
1986; 1995) 

+ 2 WJw*, Y)-C,(X,Y)l2 (1) 
The unperturbed bilayer is assumed to lie on the 
xy plane. D(x,y) is the deviation of the bilayer 
thickness from the equilibrium thickness 2a at 
the coordinate (x, y). M(x, y) is the displace- 
ment of the mid-plane of the bilayer from its 
equilibrium position. A is the Laplacian. B is 
the compressibilily moduias of the bilayer. I(, is 
Helfrich’s bending rigidity for a bilayer (Hel- 
frich, 1973). C,(x, y) is the local spontaneous 
curvature induced by peptide adsorption. Only 
the change of the bilayer thickness (the D-mode) 
will concern us here. The free energy of thick- 
ness deformation consists of only the first two 
terms, the compressibility term and the splay 
term. The qualitative picture of the peptides 
adsorbed on the membrane surface is as follows: 
The peptide-induced membrane deformation has 
a characteristic length k(aKJ2B)”4-13A. 
There is a membrane mediated interaction 
between two adsorbed peptide monomers 
described by the potential V(x), where x=r/n/ih 
and r is the distance between the two monomers. 
The potential is repulsive up to about r-37A. 
Therefore the peptide is dispersed on the bilayer 
surface as monomers. At low concentrations 
(the average inter-peptide distance >37& the 
membrane deformation energy is independent of 
the peptide concentration. However, if the con- 
centration is high such that the average inter- 
peptide distance is ~3781, the deformation 
energy increases quadratically with the peptide 
concentration. 

Thus the chemical potential ps of peptide 
adsorption consists of two parts: the binding 

f 

- 5 38 -4 

p- 
b f f 

f :: 
I i3’- b f 

f f 
2 
n a s -  

0 11150 1/80 1/47 1130 1/23 1/20 1/15 
PA. 

Fig. 3. The bilayer thickness is defined as the 
peak-to-peak (approximately phosphate-to- 
phosphate) distance in the electron density 
?rofiles measured by x-ray diffraction. For P/ 
L<(P/L),, the thickness decreases linearly 
with alamethicin concentration. 

+ 

Fig. 4. Membrane thinning effect. Imagine a 
peptide in the headgroup region creates a gap 
in the chain region. For this gap to be filled, 
the chains must become locally thinner. 
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Fig. 5.  The membrane mediated interact- 
ing potential between two peptide mono- 
mers adsorbed on the surface, normalized 
to one at large distance. x=rIJ&. 

energy (primarily due to hydrophobic matching) -E and the energy of membrane deformation per 
peptide f. We have just shown that at high peptide concentrations f is proportional to P/L. Imag- 
ine that we gradually increase the peptide concentration from zero. At first p, is a constant. Then 
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as the areal concentration exceeds - ( 1 / ~ 5 ~ ) ~ ,  p, begins to increase linearly with PL,  until it 
becomes equal to the chemical potential for insertion pp Until pS=p1, the great majority of the 
peptide molecules are adsorbed on the membrane surface. Only after ps reaches p1, a macro- 
scopic insertion is possible. Thus the concentration satisfies pS=p1 defines the critical concentra- 
tion (P/L),. A mean-field calculation based on the free energy (1) showed that indeed a phase 
transition as described by Figs. 1 and 3 takes place (He et al., 1996b). In this model we showed 
that (PL), is decided by many factors, including the elastic constants of the bilayers, the binding 
energy difference between the surface state and the pore state, the area expansion of the bilayer 
per peptide adsorbed and the thickness-matching condition of the bilayer to the inserted peptide. 
These factors are potentially the basis for the lipid specificities. 

As a simple test to the above model, we predicted that if the size of the lipid headgroup is 
reduced, the bilayer will accommodate a higher concentration of peptide on its surface. PE-PC 
mixtures were used to test this idea (Heller et al., 1997): 

where 8 is the fraction of PE in the PE-PC mix- 
ture. (P/L),(8) is the critical concentration as a 
function of 8. Cpc and are the cross sec- 
tions of PC and PE headgroup, respectively. r 
is the cross section of alamethicin. For exam- 
ple, the equation predicts that (P/L),(O. 1)-1/25 
at 1O%PE and (P/L),(O.O5)-1/31 at 5%PE. 
Both agree with the experiment (see Fig. 6) 
quite well. 

Fig. 6. Percentage of alamethicin insertion as 
a function of PL,  measured by OCD, in pure 
PC and three PE-PC mixtures. 
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