








bilayer with its b-sheet plane meeting the least resistance, and

this insertion mode is completely different from the wild-type

peptide. It is striking that the removal of a few hydrogen-

bonding groups in the guanidinium ions leads to such a

significant change in the activity and structure of the peptide

in the membrane. The remaining antimicrobial activity of

Argmm-PG-1 is clearly mediated by a different mechanism,

which we call in-plane diffusion.53

Dynamics of b-hairpin antimicrobial peptides in lipid

membranes

Biological membranes are highly dynamic entities, with lipid

molecules undergoing fast lateral diffusion and uniaxial rota-

tional diffusion. As a result membrane proteins are also

dynamic. Small membrane peptides often exhibit whole-body

motion54,55 while larger membrane proteins usually have

significant segmental motions.56,57 For AMPs, the dynamics

is indicative of their oligomeric state and their interaction with

the lipids. In particular, the motion of the Arg residues in

AMPs is interesting to examine.

We compared the internal dynamics of two Arg residues in

PG-1, one on the b-strand and the other at the b-turn. We

measured dipolar couplings, CSAs, and relaxation times of

these two residues in POPE–POPG-bound peptide.58 The

order parameters obtained from dipolar couplings (Fig. 4B)

and CSAs showed that the backbone of Arg4 on the b-strand is

rigid, consistent with the highly oligomerized nature of the

peptide in this membrane, whereas the backbone of Arg11 at

the b-turn is mobile (Fig. 4A). This mobility is understandable

because the b-turn is less involved in oligomerization and is

close to the mobile water molecules on the membrane surface.

Both Arg residues have highly mobile sidechains, but the Arg4
sidechain has larger order parameters, or smaller amplitudes

of motion, than Arg11. This is also consistent with the fact that

Arg4 in the b-strand is heavily constrained by b-sheet packing.
For comparison, the mutant Argmm-PG-1 exhibits whole-

body uniaxial rotation in the anionic lipid membrane, as

indicated by reduced order parameters for the backbone of

strand residues and uniaxial lineshapes of the Ca CSAs.39

This supports a monomeric state of Argmm-PG-1 near the

membrane surface. Thus, peptide dynamics clearly reflects the

different interactions of PG-1 and Argmm-PG-1 with the lipid

bilayer.

Mechanism of antimicrobial activity of PG-1

Based on the above findings about PG-1 depth of insertion,

orientation, oligomeric structure, dynamics, and interactions

with the lipids, we conclude that a toroidal pore mechanism

accounts for PG-1’s antimicrobial activity (Fig. 3B). PG-1

molecules aggregate through intermolecular hydrogen bonds

between b-strands and insert into the bilayers to form TM

b-barrels that act as pores.29 Due to the strong guanidinium–

phosphate interaction, some lipid molecules are dragged by

the Arg residues into the center of the bilayer, thus creating

torus-shaped defects.30 Because of the oligomerization and

the TM orientation, the b-strands are close to the center of the

bilayer and mostly rigid, while the b-turn is close to the

membrane surface and is mobile. In contrast, the hydrogen-

bond deficient Argmm-PG-1 resides on the membrane surface

and undergoes fast uniaxial rotation around the bilayer

normal in a monomeric state.39 Despite the weaker interaction

with the lipid headgroups, Argmm-PG-1, through its large-

amplitude rotational diffusion in the plane of the membrane,

disrupts the cell membrane (Fig. 3E). This in-plane diffusion

mechanism also accounts for the activity of TP-I.53

Future outlook

The above review illustrates the rich structural and dynamical

information that can be obtained from solid-state NMR

studies of antimicrobial peptides and other membrane-active

peptides. By examining three major structural aspects: orien-

tation and insertion, lipid interaction, and oligomeric struc-

ture, one is well positioned to deduce the mechanism of action

of these immune-defense molecules (Fig. 5). Peptide dynamics

can affect the spectra of all three aspects and always needs to

be examined in detail before the mechanism of action can be

concluded.

Fig. 4 (A) Dynamics of PG-1 arginine residues in the lipid

membrane. Arg11 on the b-turn is much more mobile than Arg4 on

the b-strand. For simplicity, only two peptides are shown, although

PG-1 is oligomerized into larger barrels. (B) Representative C–H

dipolar coupling data that revealed the Arg dynamics in PG-1 in lipid

membranes.58

Fig. 5 Summary of the main structural aspects of antimicrobial

peptides that have been studied using solid-state NMR. Insertion

and orientation, interactions with lipids, and oligomeric structure

information are combined to deduce the mechanism of action of

the peptides. The peptide dynamics reflect all three aspects and is

important to examine to validate the mechanism.
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Future studies should investigate how general the above

mechanism of action of PG-1 is among b-sheet antimicrobial

peptides. Addressing this question will require comparative

high-resolution structural studies of other peptides. Work

from our laboratories suggests that changes in the distribu-

tion of the cationic residues versus hydrophobic residues can

readily alter the antimicrobial mechanism, and formation of

long-lasting pore is not the only mode of membrane disrup-

tion. Other mechanisms include, for example, membrane

perturbation caused by highly dynamic peptides that undergo

fast rotational diffusion in the membrane plane39,53,55 and

massive aggregation of peptides on the membrane surface.52,53

One family of b-sheet-rich antimicrobial peptides that is

particularly worthy of SSNMR structural investigation is the

human defensins.59 These are larger peptides with more

complex three-dimensional folds, as they contain not only

b-strand segments but also coils and helices. Their direct

relevance to human innate immune defense makes them

important targets for high-resolution structure determination

in the bilayer milieu.
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