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We used solid-state NMR spectroscopy to investigate the oligo-
meric structure and insertion of protegrin-1 (PG-1), a B-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]. 'H 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. '°F spin
diffusion data indicates that 75% of the B-hairpins have ho-
modimerized N strands and C strands in the anionic membrane. The
resulting (NCCN), multimer suggests a membrane-inserted p-bar-
rel enclosing a water pore. The lipids surrounding the B-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
B-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 | "®FNMR |
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 '°F-labeled peptides reduces the equilibrium intensity
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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 A (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 B-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 'H 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 'F and 'H 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
B-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 uM (13-15). In con-
trast, the concentrations causing 50% lysis of human erythrocytes
are 12-80 uM (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 B-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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Fig. 1. 'H spin diffusion data of PG-1 in POPE/POPG membrane. (a) 2D '3C-detected 'H spin diffusion spectrum of POPE/POPG (3:1) bilayers with ('3Ca-Leus,
3C"-Valyg) PG-1 at t, = 400 ms. (b) Leu Ca 'H cross-sections for various ty,. The CH, and CHj3 signals are already visible at 100 ms. The 'H one-pulse spectrum is
shown at the top for comparison. (c) CH (open circles) and H,O (filled squares) buildup curves. The best fit for both is obtained with a distance of 2 + 2 A from

the peptide by using D, = 0.012 nm2/ms, D; = 0.00125 nm2/ms, Dy = 0.03 nm2/ms, and Dp = 0.3 nm2/ms.

membrane. The high cholesterol concentration (45 mol%) of the
latter is required to remove the PG-1 induced isotropic peak in the
31P spectra, which is indicative of bilayer disruption into micelles or
small vesicles (Fig. 7, which is published as supporting information
on the PNAS web site).

A 2D 3C-detected 'H spin diffusion experiment was conducted
to determine the depth of insertion of PG-1. Fig. la shows a
representative 2D spectrum at f,, = 400 ms. The peptide is labeled
with Val;s 3C’ (172 ppm) and Leus 1*Ce (51 ppm), thus cross-peaks
between these and the lipid chain CH; (1.3 ppm) or CH3 (0.9 ppm)
signals indicate spin diffusion from the acyl chains to the peptide.
Fig. 1b shows the 'H cross-sections of Leus Ca at several ¢, values.
The lipid CH peak is visible at ¢, as short as 100 ms, indicating that
PG-1 is in close proximity with the hydrophobic center of the
membrane.

To extract distances, we analyze the cross-peak intensities as a
function of #,,. The intensities are read off from peak heights in the
1D cross-sections, corrected for 'H T relaxation (=700 ms for H,O
and CHj3 and ~600 ms for CH;), and normalized with respect to the
maximum H,O intensity at ,, = 100 ms. Because the equilibrium
intensities of CH, and CHj peaks are only 36% and 14%, respec-
tively, of the H,O intensity (Fig. 1b, top spectrum), the CH,, (n =
2, 3) buildup curves are further scaled by these factors to account
for the fact that, even at full-spin diffusion equilibrium, these
cross-peaks are lower than the H,O peak. The normalized CH; and

CHj; intensities give the same buildup curves; thus, we analyze only
the higher-sensitivity CH, data below.

Fig. 1c shows the buildup curves of the H,O and CH, peaks of
the anionic membrane. To fit the data, we calculate magnetization
(M;) transfer as a discrete process along the bilayer normal by using
AM;/At = —20M; + OM; 4, + OM,_, where the transfer rate ()
depends on the diffusion coefficients of the lipid (D), water (Dw),
peptide (Dp), and peptide-lipid or peptide-water interface (Dr). D
and Dp were estimated previously (11, 18) to be 0.012 nm?/ms and
0.3 nm?/ms, respectively. The buildup curve is determined by the
thickness of the soft membrane between the source proton and the
closest peptide residue, because its small Dy, limits the rate of spin
diffusion. This is the distance of interest. The interfacial Dy is an
adjustable parameter in the simulation: it can be an order of
magnitude smaller than Dy, because of the transient nature of the
peptide-lipid association. Fortunately, the effect of D; on the
buildup curve can be distinguished from the effect of the peptide-
lipid separation (Fig. 8, which is published as supporting informa-
tion on the PNAS web site).

Using Dy = 1.25 X 1073 nm?/ms, we obtained the best fit for the
CH, buildup with a peptide-lipid distance of ~2 A. Thus, PG-1 is
in close contact with the acyl chains of the POPE/POPG bilayer.
The H,0 buildup curve also fits to an ~2-A distance, indicating that
PG-1 also contacts the membrane surface. Because of the approx-
imate nature of Dy and Dy values, the uncertainties of these
distances are approximately +2 A.
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Fig. 2.

H spin diffusion data of PG-1in POPC/cholesterol membrane. (a) 2D '3C-detected 'H spin diffusion spectra of POPC/cholesterol (1.2:1) membranes with

("3Ca-Leus, '3C’-Valyg) PG-1 at t, = 529 ms. Assignment for lipid and cholesterol (italic) '3C peaks is indicated in addition to the two peptide labels. (b) Combined
H cross-sections for Leus-Ca and Valy-'3C". The CH; and CH3 peaks are absent until 225 ms. The "H one-pulse spectrum is shown at the top. (c) CH3 (open circles)
and H,O (filled squares) buildup curves, best fit by distances of 20 + 2 Aand2 = 2A, respectively.

Mani et al. PNAS | October 31,2006 | vol.103 | no.44 | 16243

BIOPHYSICS



Lo L

P

1\

=y

10 4F-Phg12-PG-1

0.0 0 0.5 1.0 1.5 2.0 2.5

Time (s)

1.0 4F-Phg7-PG-1
0.8
® 1 0.62
0.6 T ?
0.2 s
0.0 L0 100 -15Q s s
0 0.5 1.0 1.5 2.0 25
Time (s)

Fig.3. '9F CODEX data of 4F-Phg1>-PG-1 (a) and 4F-Phg;-PG-1 (b) in POPE/POPG bilayers. So and S spectra at t, = 1 s are shown for each sample. The data in
a is best fit with a 60%:40% mixture of a 9.0 = 0.5 A and a 5.0 *+ 0.5 A nearest-neighbor distance. The best fit for b is obtained with a 75%:25% mixture of a

dimer with a distance of 6.5 A and a monomer.

The 'H spin diffusion of PG-1 in POPC/cholesterol bilayers
differs dramatically from the anionic membrane case. Although the
CH,-peptide cross-peak is clearly visible at 529 ms (Fig. 2a), it is
completely absent until 225 ms (Fig. 2b). This result suggests that
PG-1 does not insert into the hydrophobic part of the POPC/
cholesterol bilayer. In contrast, the H,O buildup is rapid, reaching
a plateau at 100 ms. The T;- and equilibrium-intensity-corrected
buildup curves (Fig. 2¢) quantitatively exhibit the different rates of
spin diffusion from these two types of protons. The decay of the
H,O intensity at longer times is attributable to net polarization loss
to PG-1 and the lipids. Using the 1D lattice model, we find the best
fit to the CHj data at 20 = 2 A and the H,O data at 2 = 2 A
indicating that PG-1 lies on the surface of the bilayer, away from the
center of the membrane. For the CHj3 curve, a small Dy of 2.5 X
10~* nm?/ms was required to reproduce the small slope of the
buildup, whereas the large distance reproduces the slow onset of
spin diffusion.

PG-1 Oligomerization in Anionic Membranes. To determine the
oligomeric structure of PG-1, we carried out the '"F CODEX
experiment. Two '°F-labeled peptides were used: one with 4-1°F-
Phgy, near the B-turn on the C-terminal strand (C strand) and the
other with 4-'F-Phg; on the N-terminal strand (N strand). The
replacement of Phe by Phg, which does not have a B-CH, group,
removes x; torsional freedom, thus eliminating one possible mech-
anism of motional exchange. Antimicrobial assays indicate that
Phg-containing PG-1 has very similar activities as wild-type PG-1
(Fig. 9, which is published as supporting information on the PNAS
web site). The remaining motion of the Phg side chain, 180° flip of
the ring, does not change the 'F position or the '°F chemical-shift
tensor orientation, thus cannot cause exchange during fy. To
minimize possible slow backbone motion, which could interfere
with spin diffusion, the experiments were carried out at tempera-
tures well below the phase-transition temperature (=291 K) of the
POPE/POPG bilayer (225 K for Phg;,-PG-1 and 233 K for
Phg;—-PG-1).

Fig. 3 shows normalized exchange intensities of 4F-Phg;,—
PG-1 (Fig. 3a) and 4F-Phg;—PG-1 (Fig. 3b) in POPE/POPG
membranes. Phg;,—PG-1 shows an equilibrium value, (S/Sg)eq, of
0.45, whereas Phg;-PG-1 exhibits a higher (S/Sg)cq of 0.62. Thus,
each "°F spin on average experiences couplings to one other '’F
within a radius of ~15 A. The Phgy, (S/S0)eq of <0.5 suggests
that spin diffusion to a third, more remote °F spin is partly
detected. On the other hand, the Phg; (S/Sp)cq 0of >0.5 is possible
only if some monomers [with (S/Sp)eq = 1] coexist with oli-
gomers. The simplest oligomer is a dimer, in which case a dimer
fraction of 75% and a monomer fraction of 25% are required to
give the observed (S/Sp)eq = 0.62.

In addition to the different (S/Sp)cq, the two 4F-Phg residues
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show different decay constants (7sp). Phg;, exhibits a tsp of 1.2 =
0.4 s mixed with an initial fast component of 0.008 = 0.002 s,
whereas Phg;—PG-1 has a single-exponential 7sp of 0.06 = 0.01 s.
To extract quantitative distances, we simulated the f,,-dependent
curves by using a rate-matrix approach. The #,-dependence of
diffusion among n spins is described by M(t,,) = e X=M(0), where
K is an n-dimensional exchange matrix containing the rate con-
stants k;;. These rate constants depend on the F-F dipolar couplings,
wjj, and a spectral overlap integral, F(0), between the exchanging
spins (19). With a known F(0), dipolar couplings can be extracted
from curve flttlng, from which distances can be derived as wjj =
(¥Y*hipo/4m)/1;. We recently determined the 'F F(0) value to be 37
ps at 8 kHz magic angle spinning (MAS), by using model com-
pounds with known crystal structures (10).

Using this rate-matrix approach, we find the Phg; data are best
fit by a 75%:25% mixture of a two-spin cluster with a distance
of 6.5 A and an isolated spin (Fig, 3b). For Phgy,, a 60%:40%
mixture of a distance of 9.0 + 0.5 A and 5.0 + 0.5 A fit the data
well. The mixture is necessitated by the biexponentiality of the
decay: the short distance fits the fast initial decay, whereas the
long distance fits the slow decay. Note that these 'F-'"F
distances are more precise (=0.5 A) than the 'H spin diffusion
distances.

Because the Phg; data indicates 75% dimerization of the N
strand, the (S/So)eq of <0.5 for Phgy, is most likely attributable to
the presence of an additional 4F-Phg;, ~15 A away on a third
hairpin. Indeed, simulations show that a four-spin cluster with the
next-nearest-neighbor distance of 15 A in addition to the nearest
distance of 9 A or 5 A better reproduces (S/ So)eq- An odd-number
cluster is ruled out by the double-stranded nature of the hairpin and
the average cluster size of two for each '°F label. On the other hand,
even-number clusters larger than four are possible because the
detection limit is 15 A.

To verify whether residual motion contributes to the fast ex-
change at short times (Fig. 3a2), we measured the Phg;, 50-ms
CODEX at 225 K, 230 K, and 240 K. The 240 K data gave a
significantly lower S/Sy of 0.60 = 0.06, indicating the presence of
motional exchange. However, at 230 K, S/Sy = 0.72 = 0.05, which
is indistinguishable from the value of 0.75 = 0.07 at 225 K. Thus,
the main mechanism of exchange at 225 K is spin diffusion.

Taking the majority conformer for Phgi, (60%) and Phg;
(75%), we consider the structure of the dominant fraction, 45%
(= 60% X 75%), of PG-1 in POPE/POPG bilayers. Only four
molecules (A-D) are shown in Fig. 4a for clarity. The B- halrplns
pack in parallel. The C strand interfaces satisfy the Phg(5©
~Phgt:P F-F distance of 9 A, as well as previously measured Valiq
C’-Phe, 4F dlstances of 9. 3 A and 16 A and Cysls C'—Cys;s HN
distances of 2.5 A and 6.5 A (20). The N strand is constrained
by only the Phg;—Phg; distance (6.5 A), thus multiple packing

Mani et al.












