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We used solid-state NMR spectroscopy to investigate the oligo-
meric structure and insertion of protegrin-1 (PG-1), a �-hairpin
antimicrobial peptide, in lipid bilayers that mimic either the bac-
terial inner membrane [palmitoyloleoylphosphatidyl ethanolamine
and palmitoyloleoylphosphatidylglycerol (POPE�POPG) bilayers] or
the red blood cell membrane [neutral palmitoyloleoylphosphati-
dylcholine (POPC)�cholesterol bilayers]. 1H spin diffusion from
lipids to the peptide indicates that PG-1 contacts both the lipid acyl
chains and the headgroups in the anionic membrane but resides far
from the lipid chains in the POPC�cholesterol bilayer. 19F spin
diffusion data indicates that 75% of the �-hairpins have ho-
modimerized N strands and C strands in the anionic membrane. The
resulting (NCCN)n multimer suggests a membrane-inserted �-bar-
rel enclosing a water pore. The lipids surrounding the �-barrel have
high orientational disorder and chain upturns, thus they may act as
fillers for the pore. These results revise several features of the
toroidal pore model, first proposed for magainin and subsequently
applied to PG-1. In the POPC�cholesterol membrane, the N and C
strands of PG-1 cluster into tetramers, suggesting the formation of
�-sheets on the membrane surface. Thus, the membrane compo-
sition plays a decisive role in defining the assembly and insertion
of PG-1. The different oligomeric structures of PG-1 help to explain
its greater toxicity for bacteria than for eukaryotic cells.

membrane composition � spin diffusion � toroidal pores � 19FNMR �
protegrin-1

Antimicrobial peptides (AMPs) are part of the innate immune
system of many animals and plants (1). They protect the host

organism against bacterial and fungal attacks by destroying the
barrier function of the invading microbe’s membrane (2). AMPs
selectively disrupt the microbial cell membranes while maintaining
the integrity of the host cell membranes. This selectivity is com-
monly believed to result from the different compositions of the two
types of membranes. The most striking difference is that bacterial
membranes are rich in anionic lipids but devoid of cholesterol,
whereas red blood cell (RBC) membranes contain as much as 50
mol% cholesterol but few anionic lipids in the outer leaflet (3).
However, how different membrane compositions affect the struc-
ture of AMPs is unknown.

The oligomeric assembly of AMPs is one structural aspect that
may depend on the membrane composition. Existing models of
antimicrobial mechanisms commonly assume aggregation of these
peptides at some stages of their membrane-bound state (4). In the
barrel-stave model (5) and the toroidal pore model (6, 7), the
peptides cluster in the pores, whereas in the carpet model (8),
densely aggregated peptides on the membrane surface thin the
membrane until it micellizes. Yet direct determination of the
aggregated structure of AMPs is scarce. We recently introduced a
19F spin diffusion NMR technique, centerband-only detection of
exchange (CODEX), to determine the oligomeric number and
intermolecular distances of membrane proteins in lipid bilayers (9).
In this experiment, distance-dependent polarization transfer be-
tween singly 19F-labeled peptides reduces the equilibrium intensity

of a spin echo to 1�n, where n is the oligomeric number of the
peptide. The time-dependent change of the echo intensity can be
analyzed to extract intermolecular distances up to �15 Å (10).
Using this method, we showed that the M2 peptide of influenza A
virus forms tetramers in dimyristoylphosphatidylcholine (DMPC)
bilayers (10), whereas protegrin-1 (PG-1), a �-hairpin AMP, has
dimerized C strands in palmitoyloleoylphosphatidylcholine
(POPC) bilayers (9).

Another distinction among various antimicrobial models is the
degree of peptide insertion into lipid bilayers. The pore models
postulate well inserted peptides, whereas the carpet model indicates
surface-bound peptides. The depth of insertion can be determined
by 1H spin diffusion from the lipid chains to the protein (11). The
greater the peptide-lipid separation, the slower the polarization
transfer. Thus, a surface-bound membrane peptide exhibits slow
spin diffusion from the lipid chain protons to the peptide, whereas
an inserted peptide shows fast spin diffusion.

In this work, we use 19F and 1H spin diffusion to determine the
oligomeric structures of PG-1 in anionic membranes and choles-
terol-containing neutral membranes. PG-1 is a disulfide-linked
�-hairpin peptide originally isolated from pig leukocytes (12). It is
active against a broad spectrum of pathogenic microorganisms, with
minimum inhibitory concentrations of 0.1–2 �M (13–15). In con-
trast, the concentrations causing 50% lysis of human erythrocytes
are 12–80 �M (14, 16) and are even higher for sheep and pigs (13).
Thus PG-1 is at least 10-fold more selective against microbial cells
than mammalian erythrocytes. The activity and the �-sheet con-
formation (17) of PG-1 are representative of many AMPs, such as
human defensins (12). Thus, understanding the effect of membrane
composition on PG-1’s oligomeric structure may provide general
insight into the origin of selective membrane disruption. We find
that PG-1 adopts dramatically different oligomeric structures be-
tween the anionic membrane and the cholesterol-containing mem-
brane, and the structure in the anionic membrane revises existing
concepts of pore formation.

Results
Membrane Insertion of PG-1 in Anionic and Cholesterol-Containing
Membranes. PG-1 structure was investigated in two lipid bilayers.
The anionic palmitoyloleoylphosphatidyl ethanolamine and palmi-
toyloleoylphosphatidylglycerol (POPE�POPG) bilayer (mole ratio
3:1) mimics the bacterial inner membrane, whereas the neutral
POPC�cholesterol bilayer (mole ratio 1.2:1) resembles the RBC
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