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ABSTRACT: Tachyplesin-I (TP-I) is a 17-residueâ-hairpin antimicrobial peptide containing two disulfide
bonds. Linear analogs of TP-I where the four Cys residues were replaced by aromatic and aliphatic residues,
TPX4, were found to have varying degrees of activities, with the aromatic analogs similarly potent as
TP-I. Understanding the different activities of the linear analogs should give insight into the mechanism
of action of TP-I. To this end, we have investigated the dynamic structures of the active TPF4 and the
inactive TPA4 in bacteria-mimetic anionic POPE/POPG bilayers and compared them with the wild-type
TP-I using solid-state NMR spectroscopy.13C isotropic chemical shifts and backbone (φ, ψ) torsion angles
indicate that both TPF4 and TPA4 adoptâ-strand conformations without aâ-turn at key residues.1H spin
diffusion from lipid chains to the peptide indicates that the inactive TPA4 binds to the membrane-water
interface, similar to the active TP-I. Thus, neither the conformation nor the depth of insertion of the three
peptides correlates with their antimicrobial activities. In contrast, the mobility of the three peptides correlates
well with their activities: the active TP-I and TPF4 are both highly mobile in the liquid-crystalline phase
of the membrane while the inactive TPA4 is completely immobilized. The different mobilities are manifested
in the temperature-dependent13C and15N spectra,13C-1H and15N-1H dipolar couplings and1H rotating-
frame spin-lattice relaxation times. The dynamics of TP-I and TPF4 are both segmental and global.
Combined, these data suggest that TP-I and TPF4 disrupt the membrane by large-amplitude motion in the
plane of the membrane. The loss of this motion in TPA4 due to aggregation significantly weakens its
activity because a higher peptide concentration is required to disturb lipid packing. Thus molecular motion,
rather than structure, appears to be the key determinant for the membrane-disruptive activities of
tachyplesins.

Tachyplesin I (TP-I1) is a 17-residue disulfide-linked
â-hairpin antimicrobial peptide found in the hemocytes of
the horseshoe crabTachyplesus tridentatus(1). It is active

against a broad spectrum of Gram-negative and Gram-
positive bacteria and fungi, with minimum inhibitory con-
centrations (MICs) from 0.3µM to 13 µM (2, 3). Compared
to otherâ-hairpin antimicrobial peptides, TP-I is similarly
effective as PG-1 and more potent than RTD-1 (4). The MIC
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of TP-I against the Gram-negative bacteriaE. coli is 1 µM,
and the MICs against maize fungal pathogens such asF.
graminearumare in the range of 8-13 µM. Since peptides
without disulfide bonds are easier to synthesize, linear
analogs with potent activities but low toxicities are desirable.
A number of structure-activity studies have been carried
out on linear derivatives of TP-I, where the two disulfide
bonds constraining theâ-hairpin structure were removed (3,
5, 6). Interestingly, unlike theâ-hairpin peptide PG-1 (7),
several linear derivatives of TP-I retained most of the
antimicrobial activities. For example, when all four cysteines
were replaced by the aromatic residue phenylalanine (TPF4)
or tyrosine (TPY4), the activities are comparable to those
of the wild-type TP-I. The MICs of TPF4 againstE. coli
and fungal pathogens are 1µM and 4-13 µM, respectively
(3). This was thought to result from the retention of the
â-hairpin structure in solution through aromatic ring stacking
interactions, as suggested by1H NMR data (5). In compari-
son, when the cysteines were substituted by alanine (TPA4),
the antimicrobial activities are significantly attenuated (3).
The MICs againstE. coli and fungi increased to 3µM and
>35 µM, respectively. This is thought to be related to the
TPA4’s random coil structure in solution (5). However,
despite their different conformations in solution,31P NMR
line shapes of glass-plate-aligned membranes show that
TPY4 and TPA4 cause similar membrane disorder, which
differs from the isotropic disorder caused by TP-I (8). When
the cysteine thiol groups were protected by acetamidomethyl
(Acm) groups, the linear compound TP-Acm was found to
cause less dye leakage than the wild-type TP-I but more
membrane perturbation, as shown by light scattering and
electron microscopy data (9, 10). Recently, a TP-I mutant
where all cysteines were deleted and not replaced by other
residues was found to retain antimicrobial activity without
significant hemolytic activity (6). The decrease in hemolysis
was attributed to a decrease of the hydrophobic character of
the peptide (11).

While these structure-activity studies provided valuable
information on the biological and physical behaviors of
various tachyplesin analogs, they do not provide a cohesive
understanding why some linear analogs retain significant
activities while others do not. This is partly due to the fact
that the three-dimensional structures of these disulfide-
removed peptides in the lipid membrane are generally
unknown. To identify the key molecular structural factor that
determines the antimicrobial activity of tachyplesins, we
undertook a solid-state NMR study of the conformation,
dynamics, and depth of insertion of two tachyplesin linear
analogs, TPF4 and TPA4, in lipid bilayers. TPF4 and TPA4
were chosen because of their very different activities, which
should be linked to distinct structural or dynamical properties.
Solid-state NMR spectroscopy is a powerful tool for obtain-
ing atomic-level high-resolution structure information and
dynamics of proteins bound to lipid bilayers (12, 13). We
use the anionic POPE/POPG (3:2) membrane to mimic the
bacterial cell membrane. Combining conformation-dependent
13C isotropic chemical shifts and backbone (φ, ψ) torsion
angles, we find that both the active TPF4 and inactive TPA4
have a â-strand conformation without aâ-turn at key
positions where TP-I adopts a turn conformation. Moreover,
the insertion depth of the inactive TPA4 is at the membrane-
water interface, the same as the active TP-I. In comparison,

the mobility of the peptides in the membrane correlate with
their activities: the active TP-I and TPF4 exhibit large-
amplitude motions on the NMR timescales while the inactive
TPA4 is immobilized. These dynamic differences were
manifested in temperature-dependent spectral intensities,
motionally averaged dipolar couplings, and nuclear spin
relaxation times. Thus, peptide motion in the membrane plays
a central role in the antimicrobial activity of TP-I, in contrast
to the well-studiedâ-hairpin peptide PG-1 (13, 14).

MATERIALS AND METHODS

Preparation of Membrane Peptide Samples.13C- and15N-
labeled amino acids were purchased from Sigma-Aldrich
(Miamisburg, OH) and Cambridge Isotope Laboratory (An-
dover, MA) and converted to Fmoc derivatives in house. TP-I
(NH2-KWCFRVCYRGICYRRCR-CONH2) was synthesized
on an ABI 431A synthesizer using standard solid-phase Fmoc
chemistry as described previously (15). After purification
of the reduced peptide by HPLC, the disulfide bonds were
oxidized in 0.1% acetic acid at a concentration of 0.1 mg/
mL at 25°C for 24 h. The reaction was stopped by adding
acetic acid to 5% followed by purification. The linear
peptides TPA4 (NH2-KWAFRVAYRGIAYRRAR-CONH2)
and TPF4 (NH2-KWFFRVFYRGIFYRRFR-CONH2) were
synthesized on an ABI 432A synthesizer. All peptides were
purified by HPLC in an acetonitrile/water solvent system
with 0.1% TFA on a Vydac C-18 reverse-phase column.
MALDI mass spectrometry was used to confirm the identity
of the peptides. Final purity of the peptides is greater than
95% as tested by analytical HPLC.

Three consecutive residues, G10, I11, and F12 in TPF4
and G10, I11, and A12 in TPA4, were uniformly labeled
with 13C and15N for measuring conformation-dependent13C
isotropic chemical shifts. For TPF4, a second sample was
synthesized that contained uniformly13C,15N-labeled V6 and
G10 and15N-labeled F7 and I11.

Isotopically labeled peptides were reconstituted into POPE/
POPG (3:2) membranes by mixing the aqueous peptide
solution and the lipid vesicle solution at∼298 K, above the
phase transition temperature of the membrane, which is 291
K. A peptide:lipid molar ratio of 1:15 was used for all
samples. The peptide-lipid mixture was ultracentrifuged at
150 000g to give a wet pellet, which was then lyophilized
and rehydrated to 35% water by mass. This procedure
produces membrane samples with low salt concentrations
and well-defined hydration levels.

Solid-State NMR Experiments. All NMR experiments were
carried out on a Bruker DSX-400 spectrometer (Karlsruhe,
Germany) operating at a resonance frequency of 400.49 MHz
for 1H, 100.70 MHz for13C, and 40.58 MHz for15N. Triple-
resonance MAS probes with a 4 mmspinning module was
used. Low-temperature experiments were conducted using
air cooled by a Kinetics Thermal Systems XR air-jet sample
cooler (FTS Systems, Stone Ridge, NY). Typical cross-
polarization (CP) time was 0.5 ms with a Hartman-Hahn
match at 50 kHz.13C and 15N 180° pulse lengths were
typically 10µs and 12µs, respectively.1H decoupling fields
of 62 kHz were used during acquisition, and 71-82 kHz
were used during X-channel irradiation such as the SPC5
double-quantum period and the C-N REDOR period (see
below). Recycle delays ranged from 1.5 s for frozen samples

1106 Biochemistry, Vol. 47, No. 4, 2008 Doherty et al.



to 2.5 s for room-temperature experiments to protect the
protein from excessive radiofrequency (rf) heating.13C and
15N chemical shifts were referenced externally to theR-Gly
13CO signal at 176.49 ppm on the TMS scale and the
N-acetylvaline15N signal at 122.0 ppm on the NH3 scale.

13C chemical shift of labeled sites were assigned by a
combination of 2D13C-13C correlation experiments and 1D
double-quantum-filter experiments (16). The TPA4 experi-
ments were carried out at 298 K while the TPF4 experiments
were done at 263 K to freeze its motion. The 2D correlation
experiments used the1H-driven 13C spin diffusion pulse
sequence, with a 50 ms mixing time under 8 kHz magic-
angle spinning (MAS).

ψ torsion angles were measured using the NCCN tech-
nique, which correlates the15Ni-13CRi and 13COi-15Ni+1

dipolar couplings to obtain the relative orientation of the two
bonds (17, 18). 13CR-13CO double quantum coherence was
excited by the SPC5 sequence (16) and evolved under the
13C-15N dipolar coupling, which was recoupled by a
REDOR pulse train (19). The SPC5 sequence used a13C rf
field of 25 kHz under 5 kHz MAS. The total double-quantum
excitation and reconversion time was 800µs. For each C-N
REDOR mixing time, a reference spectrum (S0) without the
15N pulses and a dephased spectrum with the15N pulses (S)
were measured.S/S0 values of the CR or CO peak were
plotted as a function of the C-N mixing time to yield the
ψ-dependent curve. The NCCN experiments were conducted
under 5 kHz MAS at 233 K for TPF4 and 253 K for TPA4.

The depth of insertion of TPA4 was measured using a 2D
1H spin diffusion experiment where1H spin diffusion from
the mobile lipid to the rigid peptide is detected via the peptide
13C signals (20). The rate of spin diffusion depends on the
1H-1H dipolar coupling, which in turn depends on the
distance between the peptide and the mobile lipid chains.
The spin diffusion mixing times varied from 49 to 400 ms.
A 1H T2 filter of 1 ms was applied before the evolution period
to destroy the initial magnetization of the rigid peptide while
retaining that of the mobile lipids and water. 128 t1 points
were collected in the indirect1H dimension. The experiments
were conducted at 298 K under 4 kHz MAS. The peak
heights from the 1D cross-sections at various mixing times
were processed in the following way to generate the buildup
curve for distance fitting: they were first corrected for1H
T1 relaxation during the mixing time, small drifts in the CP
efficiency, and differences in the number of scans. The
corrected intensities were then normalized to the water-
peptide cross-peak intensity at 100 ms. The lipid-peptide
cross-peak intensities were further scaled by the lipid-to-
water intensity ratio in the 1D1H direct excitation spectrum.
This accounts for the fact that even at spin diffusion
equilibrium, the lipid-peptide cross-peak intensity differs
from the water-peptide cross-peak intensity by a factor
because of the different total magnetization of the lipid and
water protons in the system.

13C-1H and15N-1H dipolar couplings were measured with
the DIPSHIFT experiment either without (21) or with dipolar
doubling (22, 23). The doubled DIPSHIFT experiment
amplifies the effect of weak couplings under MAS and was
used to measure the15N-1H dipolar couplings and the13C-
1H couplings of mobile residues with13C direct excitation.
A spinning speed of 3.472 kHz was used, and an MREV-8

sequence with a1H 105° pulse length of 4.0µs was used
for 1H homonuclear decoupling (24).

The 1H rotating-frame spin-lattice relaxation times, T1F,
were measured using a Lee-Goldburg spin-lock sequence
with a 1H effective spin-lock field strength of 68 kHz. A
short Lee-Goldburg CP of 80µs followed the spin lock
period to achieve selective transfer of the1H magnetization
to its directly bonded13C spin. The spin-lock experiments
were conducted from 243 to 310 K at a spinning speed of 5
kHz.

RESULTS

Secondary Structure of TPA4 and TPF4.We have recently
determined the conformation of TP-I in lipid bilayers through
torsion angle, distance, and chemical shift constraints. These
data indicate that TP-I adopts a regularâ-hairpin structure
in lipid bilayers, with G10 as the corner of the hairpin (25).
In the present study, we focus on the secondary structure of
the two variants, TPF4 and TPA4, to compare with the
previously studied wild-type peptide. To obtain conforma-
tion-dependent13C isotropic chemical shifts we labeled
residues 10-12 in TPF4 and TPA4. These residues were
chosen because G10 is the center of theâ-turn in the wild-
type TP-I, so these residues are the most likely to adopt non-
â-sheet conformations (26). Residue 6, Val, was also labeled
in TPF4 because this site was implicated as part of a turn in
TP-I and TPY4 in dodecylphosphocholine (DPC) micelles
(5).

A representative 2D13C-13C correlation spectrum and 1D
double-quantum-filtered13C spectrum are shown in Figure
1 for TPA4 bound to POPE/POPG bilayers. The CO, CR,
and Câ peaks are well resolved, and their isotropic chemical
shifts are summarized in Supporting Information Table S1.
These experimental chemical shifts are compared to the
random coil shift values of Zhang et al. for each amino acid
(27) to obtain the secondary shifts, which provide qualitative
information on the backbone conformation. All labeled

FIGURE 1: 2D 13C-13C correlation spectrum of G10, I11, A12-
labeled TPA4, measured with a 50 ms mixing time under 8 kHz
MAS at 298 K. Superimposed at the top is the 1D13C double-
quantum filtered spectrum with the peak assignment.
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residues in TPA4 and TPF4 give significantly negative CO
and CR secondary shifts and positive Câ secondary shifts
(Figure 2), which indicateâ-strand conformation (27). In
particular, the G10 CO chemical shifts are not close to the
random coil value, suggesting that neither TPF4 nor TPA4
retain theâ-turn of the wild-type peptide.

To obtain more quantitative constraints on the peptide
conformation, we measured theψ torsion angles using the
NCCN technique (17, 18). For a triplet of consecutively
labeled residues, theψ torsion angles of the first two residues
can be measured in this way. Figure 3 shows the NCCN
data. For TPA4 (a), the best-fitψ angles are 161( 10° for
G10 and 157( 5° for I11, both confirming theâ-sheet
conformation. If aâ-turn is present, as in wild-type TP-I,
then G10 would be thei+2 residue of the turn, and the
maximumψ angle possible for thei+2 residue in all types
of â-turn is 80° (28). This is incompatible with the data, as
shown by an rmsd analysis (Figure 3b). It is worth noting
that the NCCN technique has the highestψ angle resolution
between 140° and 180°; thus, it detects theâ-sheet confor-
mation with high accuracy. Due to the uniaxial nature of
the dipolar coupling interaction, the sign of theψ angle can
be either positive or negative. However, the negative solution
can be reasonably ruled out because they fall into an
unpopulated region of the Ramachandran diagram.

For TPF4 (Figure 3c,d), the G10 NCCN data is best fit
by a ψ angle 160( 5°. Partial overlap of the I11 and F12
CR peaks prevented the accurate extraction of the I11ψ
angle. We also measured the V6ψ angle on a V6, F7-labeled
sample and found a best-fitψ angle of 140( 5° (Figure
3c). This value also falls into theâ-sheet regime, consistent
with the V6 secondary chemical shifts. Additionalφ torsion
angle measurements using the HNCH technique (29) gave a

V6 φ angle of -140° or -100° (Supporting Information
Figure S1), confirming theâ-strand conformation of this
residue.

Therefore, the13C chemical shifts and torsion angle results
indicate that neither TPF4 nor TPA4 are bent at the G10
position where the wild-type TP-I has theâ-turn. In addition,
TPF4 exhibits a normalâ-strand conformation at V6 in the
lipid bilayer, similar to TP-I at this residue in lipid bilayers
(25). Thus, no conformational difference exists between
TPF4 and TPA4 in the lipid bilayer for the residues
examined.

Membrane Binding Topology of TPA4.The membrane-
bound topology of proteins, whether they are transmembrane
or bound to the membrane surface, can be measured using
a 1H spin diffusion experiment that transfers the1H mag-
netization from lipids to the protein in the liquid-crystalline
(LC) phase (20). The experiment requires that the peptide
be immobilized to receive the1H magnetization from the
mobile lipids and water. TPF4 is dynamic in the LC phase
of the membrane (see below) and thus is not amenable to
this technique, whereas TPA4 is immobilized. A representa-
tive 2D spectrum of TPA4, acquired with a spin diffusion
mixing time of 400 ms, is shown in Figure 4a. The cross-
peaks of interest are the lipid (CH2)n to the peptide CR peaks.
The sum of the1H cross-sections for the peptide CR sites
are shown in Figure 4b, along with a1H direct polarization
(DP) spectrum for comparison. After the cross-peak intensi-
ties are corrected for1H T1 relaxation and normalized by
the equilibrium intensity of the CH2 peak relative to the water
peak, we obtain the CH2-to-peptide buildup curve, shown
in Figure 4c. The buildup curve rises slowly and reaches
about 30% of the full equilibrium intensity by 400 ms. To
compare this with previously measured cases, we superim-
pose the best-fit buildup curves of PG-1 in the POPE/POPG
membrane (dash-dotted line) and PG-1 in POPC/cholesterol
membranes (dashed line) (30). The former represents the
transmembrane case and the latter the surface-bound case,
with distances of 2 Å and 25 Å, respectively, from the acyl
chain ends (30). The TPA4 buildup curve falls between the
two PG-1 limits, indicating that the peptide on average is
inserted to the membrane-water interface, near the glycerol
backbone and carboxyl groups of the bilayer. This ap-
proximate depth is similar to what we measured for wild-
type TP-I in DMPC bilayers (25). Quantitative simulation
of the TPA4 data gave a best-fit single distance of 5 Å from
the lipid acyl chains; however, a low interfacial diffusion
coefficient of 0.000125 nm2/ms had to be used to reproduce
the shape of the curve. This suggests that the insertion depth
of TPA4 is somewhat heterogeneous, with a dominant
fraction at a distance longer than 5 Å from the chains and a
small fraction in closer contact with the chains.

Dynamics of TP Peptides in Lipid Bilayers.Since the depth
of insertion of the inactive TPA4 does not differ from that
of TP-I, and the conformation of the active TPF4 and inactive
TPA4 are also identical, the static conformation and topology
of the three TP peptides do not correlate well with their
antimicrobial activities. Thus, we turn to an investigation of
the dynamics of the three peptides in the lipid membrane.
1H-13C CP efficiency is a robust measure of the dynamic
properties of molecules. Spectral intensities obtained from
CP are high for immobile proteins but low for molecules
undergoing large-amplitude intermediate-time scale motion.

FIGURE 2: Secondary chemical shifts of CO, CR, and Câ for labeled
residues in (a) TPA4 and (b) TPF4. Random coil shifts are taken
from ref 27.
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If the protein reaches the fast motional limit at higher
temperatures, then the CP intensities rise again. Figure 5
shows the CP spectra for the three tachyplesin peptides in
the POPE/POPG membrane at 298 K (top row) and 273 K
(middle row), above and below the phase transition temper-
ature of 291 K for the POPE/POPG membrane. Both TP-I
(a) and TPF4 (b) show much lower intensities at 298 K than
at 273 K. This means that TP-I and TPF4 undergo anisotropic

motion in the LC phase and the motion is partly frozen in
the gel phase. In contrast, the TPA4 intensities (c) are little
affected in this temperature range, indicating that TPA4 is
already rigid in the LC phase. Even at 273 K, the TP-I and
TPF4 CP intensities are still lower than TPA4, indicating
that they are still more mobile than TPA4. Since all three
samples were prepared with the same P/L molar ratios of
1:15, and all peptides are highly soluble in water and bind

FIGURE 3: ψ torsion angles of TPA4 and TPF4 in the POPE/POPG bilayer from the NCCN experiment. (a, b) TPA4. The G10 and I11 data
are best fit to(161° and(157°, respectively, based on the rmsd analysis in part b. (c, d) TPF4. The V6 and G10 data are best fit to(140°
and (160°, respectively, based on the rmsd analysis in part d. Representative spectra are shown for each sample in parts a and c. The
NCCN spectra were measured under 5 kHz MAS at 253 K for TPA4 and 233 K for TPF4. For comparison, the V6ψ angle in TP-I was
previously found to be(142° (25).

FIGURE 4: 13C-detected1H spin diffusion spectra of TPA4 in the POPE/POPG membranes at 298 K. (a) A representative 2D spectrum,
measured with a mixing time of 400 ms. The peptide cross-peaks to the lipid (CH2)n are indicated by a dashed line. (b) Sum of the peptide
1H cross-sections at various mixing times, compared to the directly excited1H spectrum (top). (c) The CH2 buildup curve for TPA4 (filled
symbols). Best fit (thick solid line) gives a distance of∼5 Å. The buildup curves for PG-1 in the POPE/POPG membrane (dash-dotted line)
and PG-1 in the POPC/cholesterol membrane (dashed line) are shown for comparison (30).
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to the anionic lipid bilayers with high affinity, the different
dynamics result from intrinsic differences among the three
peptides rather than sample preparation differences. More-
over, the immobile TPA4 is in molecular contact with the
lipids, as shown by the1H spin diffusion data above; thus,
it is not phase-separated from the membrane. A second TPA4
sample at a P/L ratio of 1:30 showed the same temperature-
independent high CP intensities (Supporting Information
Figure S2), confirming that TPA4 maintains its immobiliza-
tion, which implies aggregation, even at the lower concentra-
tion.

A closer examination of the TP-I CP spectrum at 298 K
shows two V613CR peaks, a narrow peak at 57.9 ppm and
a broad peak at 57.4 ppm. This is confirmed by the13C DP
spectrum (bottom row), which shows a very narrow V6 CR
peak at 57.9 ppm. The13C T2 of this peak is very long, about
50 ms. Thus, a small population of TP-I molecules is nearly
isotropically mobile in the membrane. This V6 heterogeneous
dynamics may be the result of different interactions of TP-I
with the POPE and POPG lipids.

To further characterize the dynamics of the three peptides
in the lipid membrane, we measured the1H rotating-frame
spin-lattice relaxation times, T1F, which is sensitive to
molecular motions on the microsecond time scale. We
measured the1H T1F using a13C-detected Lee-Goldburg spin-
lock sequence with an effective spin-lock field of 68 kHz
(31). Figure 6 compares the1H T1F relaxation decay at 298
K of the G1013CR site in the three peptides. TPA4 G10R
shows the longest T1F of 8.4 ms while TP-I G10R has a much
shorter T1F of 0.39 ms, which is more than an order of
magnitude shorter than TPA4. TPF4 G10R has an intermedi-
ate T1F of 4.6 ms (Table 1). Thus, TP-I and TPF4 exhibit

extensive motion on the 10-5 s time scale at 298 K while
TPA4 is much less mobile.

Nuclear spin relaxation times depend both on the ampli-
tude of motion, quantified by order parameters, and by the
rates of motion on the relevant timescales. To determine
whether it is primarily the amplitude or the rate that causes
the different T1F relaxation times among the three tachyplesin
peptides, we measured the13C-1H and 15N-1H dipolar
couplings of the labeled residues using the DIPSHIFT
experiment. Reduction of the dipolar couplings from their
rigid-limit values signify motion. To provide an accurate
control for the order parameter calculation, we directly
measured the rigid-limit couplings from crystalline model
compounds under the same multiple-pulse irradiation condi-

FIGURE 5: 13C cross-polarization (CP) and direct polarization (DP) spectra of TP peptides in POPE/POPG membranes at 298 and 273 K.
(a) TP-I, (b) TPA4, (c) TPF4. Peptide resonances are highlighted in red. The spectra are plotted to keep the lipid glycerol and headgroup
signal intensities roughly constant. The TP-I and TPF4 CP intensities are weak at 298 K and much stronger at 273 K. The TPA4 CP
intensity is almost not affected by the temperature.13C DP spectra (bottom) show a sharp TP-I V6R peak at 57.9 ppm. All spectra were
measured under 5 kHz MAS.

FIGURE 6: 13C-detected1H rotating-frame spin-lattice relaxation
of G10R in TPA4 (open circles), TPF4 (open squares), and TP-I
(filled squares) at 298 K. The relaxation decay constants are 8.4,
4.6, and 0.39 ms, respectively. A1H spin-lock effective field of 68
kHz and a spinning speed of 5 kHz were used. A short1H-13C
LG-CP of 80µs was used to ensure selectivity of the measured1H
T1F values.
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tion as the membrane peptides. The C-H dipolar couplings
are resolved by the13C chemical shifts in the direct dimension
of the 2D spectra. For the peptide backbone, TPA4 exhibits
the strongest CR-HR dipolar couplings or largest C-H order
parameters of 0.95-1.00 (Table 2), indicating that the
motional amplitude is negligible. In contrast, the TPF4 and
TP-I backbones have lower CR-HR order parameters of
0.57-0.91 among the detectable sites, indicating medium-
to large-amplitude motions. For SCH close to 1, one can
calculate the root-mean-square (rms) amplitude of motion,

x〈θ2〉, according toSCH ≈ 1 - (3/2)〈θ2〉 without assuming
a specific geometry of motion. The TPA4 backbone C-H
bond motional amplitude is less than 10° while TPF4 and
TP-I CR-HR bonds have larger rms angles of greater than
14°.

To extract the N-H dipolar couplings of TPF4, we first
assigned the15N peaks from13C-15N 2D correlation spectra.
Figure 7a shows the TPF415N MAS spectra from 298 to
263 K. All four labeled sites, V6, F7, G10, and I11, are
resolved at 298 K, with full-widths-half-maximum of 1.4-
3.3 ppm except for the low peak at 118.4 ppm, which has a
line width of 4.0 ppm. As the temperature decreases, the

15N lines broaden, with a significant transition between 293
and 283 K, across the phase transition temperature of the
membrane. At 283 K, the peak at 118 ppm is no longer
resolved in the 1D spectrum, suggesting intermediate time
scale motion at this site (32). A 2D 15N-13C correla-
tion spectrum at 283 K allowed the assignment of all four
15N peaks, with the 118 ppm peak assigned to I11 (Figure
7b).

The N-H dipolar DIPSHIFT curves of the four labeled
sites in TPF4 at 298 K are shown in Figure 8. V6, F7, and
G10 have N-H dipolar couplings of 8.5-9.6 kHz, corre-
sponding to order parameters of 0.80-0.91 (Table 2), or rms
angles of motion of 14-21°, while I11 has a much smaller
order parameter of 0.30, indicating large-amplitude local
motion.

A similar N-H order parameter measurement was carried
out on TPA4, whose data are shown in Figure 9. 2D13C-
15N correlation spectrum allowed the assignment of all three
15N-labeled sites, G10, I11, and A12. Consistent with the
C-H dipolar coupling data, the N-H DIPSHIFT curves of
TPA4 show near rigid-limit couplings, with order parameters
of 0.91 and 1.00, which translate to small rms amplitudes
of 14° and 0°, respectively.

Therefore, the dipolar order parameters of the three
tachyplesin peptides decrease in the order of TPA4, TPF4,
and TP-I, which is the same as the trend of decreasing
1H T1F relaxation times from TPA4 to TP-I. This suggests
that it is the nearly vanishing motional amplitudes, rather

Table 1: 1H T1F Relaxation Times for the Three Tachyplesin
Peptides in POPE/ POPG Membranes at 298 Ka

peptide site
T1F, 68 kHz

(ms)
T1F, 40 kHz

(ms)
τc

(µs )

TP-I V6R, 57.4 ppm 4.7( 0.2 2.3 3.5
G10R 0.39( 0.01

TPF4 V6R 6.6( 0.3 3.3 3.5
G10R 4.6( 0.3 2.7 2.2

TPA4 G10R 8.4( 0.3 4.7 2.5
I11R 9.1( 0.4 4.6 2.4
A12R 7.6( 0.2 4.4 2.3

a Effective spin-lock fields were 68 kHz and 40 kHz. The ratio of
the T1F values was used to calculate the motional correlation timeτc as
shown in ref31.

Table 2: 13C-1H and15N-1H Dipolar CouplingsωXH, Order
Parameters SXH, and rms Motional Amplitude〈θ2〉1/2 of Tachyplesin
Peptides in POPE/POPG Membranes at 298 K

peptide site ωXH (kHz)a SXH
b 〈θ2〉1/2

TP-I V6 CR-HR, 57.4 ppm 20.2 0.91 14°
V6 CR-HR, CP, 57.9 ppm 12.8 0.57 large
V6 CR-HR, DP, 57.9 ppm 3.0 0.13 large

TPF4 V6 CR-HR 18.1 0.81 20°
G10 CR-HR 18.0 0.81 20°
I11 CR-HR 17.0 0.76 23°
I11 CR-Hâ 11.7 0.52 large
F12 CR-HR 17.0 0.76 23°
V6 N-H 8.5 0.80 21°
F7 N-H 9.6 0.91 14°
G10 N-H 8.5 0.80 21°
I11 N-H 3.2 0.30 large

TPA4 G10 CR-HR 22.3 1.00 0°
I11 CR-HR 21.3 0.95 10°
I11 CR-Hâ 13.8 0.62 29°
A12 CR-HR 22.3 1.00 0°
G10 N-H 10.6 1.00 0°
I11 N-H 9.6 0.91 14°
A12 N-H 10.6 1.00 0°

a The dipolar couplings reported are the true couplings obtained by
dividing the measured values by the MREV-8 scaling factor (0.47) and
the doubling factor where appropriate.b A rigid-limit C-H coupling
of 22.3 kHz and N-H coupling of 10.6 kHz were used to calculate
the order parameters.

FIGURE 7: 15N spectra of V6, F7, G10, I11-labeled TPF4. (a) 1D
15N CP-MAS spectra as a function of temperature. Note the
significant line broadening from 293 to 283 K. (b) 2D15N-13C
correlation spectrum at 283 K for15N resonance assignment. All
spectra were measured under 5 kHz MAS. A13C-15N REDOR
period of 1.2 ms was used to transfer the13C and15N coherence.
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than slow motional rates, that give rise to the slow relaxation
of TPA4. To verify this, we examined the1H T1F as a
function of temperature for the three peptides (Table S2,
Supporting Information). Figure 10 shows the loga-
rithmic plot of T1F as a function of inverse temperature. TPA4
exhibits the highest T1F values, as expected. Interestingly,
most sites in all three peptides are on the fast side of the
T1F minimum at 298 K, indicating that their motional rates
are similar and all slightly faster than the spin-lock
field strength of 68 kHz. However, this fast motion has
little effect on TPA4 T1F relaxation due to its miniscule
amplitude. Indeed, comparing the T1F values at spin-lock field
strengths of 68 kHz and 40 kHz allowed us to extract the
correlation times of motion for the three peptides using a
previously established procedure (31), and the resulting
correlation times all fall into a narrow range of 2.2-3.5 µs
(Table 1). This confirms that it is the amplitudes of motion,
not rates, that distinguish the three tachyplesin peptides.

Figure 10 also shows that the T1F minima are broad for
most sites, suggesting the presence of a distribution of
motional correlation times. The only exception to the fast
motional rate at 298 K and the broadness of the T1F minimum
is G10R in TP-I, the onlyâ-turn residue among all sites
examined. Its T1F minimum is much lower and sharper than
the other sites, and at 298 K the motional rate is slower than
the spin-lock field strength of 68 kHz. We are not able to
turn the corner of the minimum to the fast side without
risking overheating the sample (>310 K). The particularly
low T1F minimum of G10 indicates large-amplitude motion,
while the shifted temperature position of the minimum
indicates slower rates of motion than the other sites
examined.

DISCUSSION

Among the three tachyplesin peptides studied, the anti-
microbial activities are similarly strong for TP-I and TPF4
and much weaker for TPA4 (3). Previously, we measured
the static31P spectra of oriented lipid membranes of several
compositions in the presence of TP-I, TPY4, and TPA4. TP-I
does not cause membrane disorder in POPC, POPC/POPG,

and POPC/cholesterol membranes, but induced a significant
isotropic peak in the bacteria-mimetic POPE/POPG mem-
branes, indicating the formation of micelles or small isotropic
vesicles. In contrast, the31P spectra of TPY4 and TPA4
showed an intermediate level of orientational disorder
without any isotropic signals in all membranes studied. Thus,
the wild-type peptide and its linear derivatives differed in
the specificity of the peptide-lipid interaction and the type
of membrane disorder induced, but no correlation was found
between membrane orientational disorder and antimicrobial
activities. In this work, we address the question of what
molecular-level structural or dynamical parameters of the
tachyplesin peptides account for their antimicrobial activities.

We first considered the peptide conformation in the lipid
bilayer. In a previous study, we measured13C isotropic
chemical shifts, torsion angles and internuclear distances to
show that TP-I adopts aâ-strand conformation at V6 and
C7 but aâ-turn conformation at G10 in lipid bilayers (25).
This confirms solution NMR results that the two disulfide
bonds constrain TP-I conformation to be a regularâ-hairpin
in aqueous solution and in 60 mM DPC micelles (5, 26, 33).
In comparison, the present13C chemical shift and torsion
angle data for TPF4 and TPA4 show that all residues
examined adopt aâ-strand conformation, with no sign of a
â-turn at G10 (26, 33). Thus, in anionic POPE/POPG
bilayers, the active TPF4 and much less active TPA4 both
have aâ-strand conformation, which is different from the
active TP-I. Thus backbone structure does not account for
the activity differences among the tachyplesin peptides.

Circular dichroism data had previously shown that TPA4
is a random coil in water, 50% trifluoroethanol, and mixed
phosphocholine/phosphatidic acid liposomes (3). Solution
NMR spectra indicated that this random coil conformation
of TPA4 is preserved in 320 mM DPC solution as well (5).
These results contrast with the currentâ-strand conformation
of TPA4 found in POPE/POPG bilayers. On the other hand,
FT-IR data showed that TP-Acm adopts an antiparallel
â-sheet conformation in phosphatidylglycerol lipid films (9).
Thus, anionic lipid membranes appear to promoteâ-strand
conformation in linear tachyplesin analogs.

We next measured the depth of insertion of TPA4 using
1H spin diffusion from the lipid chains. The experiment
yielded a buildup curve intermediate between full insertion
into the membrane center and surface binding, indicating that
TPA4 binds at the membrane-water interface. This depth
of insertion is similar to that of wild-type TP-I, which we
have shown by13C-31P distances and orientation experi-
ments to lie at the glycerol backbone and carboxyl region
of the membrane, roughly parallel to the plane of the bilayer
(25, 34). Thus, the inactive TPA4 has the same membrane-
binding topology as the active TP-I, excluding insertion depth
as the cause for the different antimicrobial activities. In fact,
so far partial insertion into the membrane-water interface
has been found for all tachyplesin peptides, including TP-I,
TP-Acm (9), and a cysteine-deleted mutant, CDT (6).
Although we cannot measure the depth of insertion of TPF4
using the 1H spin diffusion technique because of the
dynamics of the peptide, the fact that the active TP-I shares
the same topology as the inactive TPA4 is sufficient to
exclude depth of insertion as the determining factor for
antimicrobial activity.

FIGURE 8: 15N-1H doubled DIPSHIFT curves of labeled sites in
TPF4 at 298 K. (a) V6. (b) F7. (c) G10. (d) I11. The indicated
couplings are the true values after taking into account the MREV-8
scaling factor and dipolar doubling. The data were acquired under
3.472 kHz MAS.

1112 Biochemistry, Vol. 47, No. 4, 2008 Doherty et al.



Finally, we turned to an examination of the dynamics of
the three peptides in the POPE/POPG membrane and found
a surprisingly good correlation with the antimicrobial activ-
ity: in the liquid-crystalline phase of the membrane at 298
K, TPA4 is immobile while TP-I and TPF4 undergo complex
reorientational motions with significant amplitudes. This is
clearly manifested in the temperature-dependent CP intensi-
ties, C-H and N-H dipolar order parameters, and1H T1F

relaxation times. The loss of CP spectral intensities is a
classical sign of motion on the time scale of1H decoupling
fields and/or 1H-13C cross-polarization spin-lock field
strengths, and has been used to assess motion in many
proteins (35-38). The fact that cooling the samples to lower
temperatures restored the CP intensity confirms the dynamic
origin of the low intensities at higher temperature. The lack
of this temperature dependence and the persistently high CP
intensities of TPA4 confirm its rigid nature in the LC phase
of the membrane.

The dynamics of TP-I and TPF4 show residue-specific
differences and some heterogeneity among different mol-
ecules. For TP-I, three different V6 components are de-

tected: a DP-detected peak at 57.9 ppm with a very long
13C T2 that suggests near isotropic motion, and two CP peaks
at 57.9 and 57.4 ppm with C-H order parameters of 0.57
and 0.91, respectively. This heterogeneity may result from
differential binding of the peptide to POPE and POPG lipids.
For G10, the strikingly short1H T1F indicates large-amplitude
motion of theâ-turn on a time scale comparable to the spin-
lock field strength of 68 kHz. In addition to these motions,
we have previously observed reduced-width uniaxial static
line shapes of13CO and15N-labeled sites in DLPC-bound
TP-I (34), which indicate that TP-I undergoes global uniaxial
rotation around the bilayer normal. Combining all this
information, it appears that TP-I undergoes both whole-body
rotational diffusion around the membrane normal and local
segmental motion, with particularly large amplitude at the
â-turn.

TPF4 exhibits reduced order parameters of 0.76-0.91 for
most backbone sites, which translate to root-mean-square
angles of∼20°. The exception is I11 N-H, which has more
pronounced local motion, as manifested by its particularly
low 15N CP intensity and its small N-H order parameter of

FIGURE 9: 15N-1H doubled DIPSHIFT data of TPA4 at 298 K. (a)13C-15N 2D correlation for15N chemical shift assignment. (b-d) N-H
DIPSHIFT slices of (b) G10, (c) I11, and (d) A12. The indicated couplings are the true values after dividing the fit values by the MREV-8
scaling factor and the dipolar doubling factor. The data were acquired under 3.472 kHz MAS.

FIGURE 10: 13C-detected1H T1F relaxation times of the three tachyplesin peptides as a function of temperature. (a) TP-I. (b) TPF4. (c)
TPA4. The temperature of 298 K is marked by a vertical dashed line and the T1F of 5 ms is marked by a horizontal line to guide the eye
for the different positions of the T1F curves among the three peptides. The V6 in TP-I corresponds to the 57.4 ppm peak in the CP spectrum,
which is the most rigid component among the three V6 peaks detected (Table 2).
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0.30. The T1F data indicate that the medium- to large-
amplitude motions of TPF4 have rates near the T1F minimum
at 298 K, 2.2-3.5 µs. Finally, TPA4 contrasts with TP-I
and TPF4 in that no measured backbone site has any
significant amplitude. The motion at 298 K is thus likely
very small-angle local torsional fluctuation, which is inef-
fective in causing relaxation.

Taken together, these NMR data indicate that the antimi-
crobial activities of the tachyplesin peptides are directly
related to their mobilities in the lipid bilayer. While we do
not know the full geometries of the motion in TP-I and TPF4,
it is clear that both peptides have specific sites with large
amplitudes of motion (G10 in TP-I and I11 in TPF4). In
addition, global uniaxial rotation is present in TP-I. By
analogy it might be present in TPF4 as well. What is also
clear is that TPA4 has none of these motions. Therefore, we
propose the following mechanistic model for the antimicro-
bial activity of the three peptides, illustrated in Figure 11.
TP-I (a) and TPF4 (b) act by an “in-plane motion” model
(39, 40) in which the peptides, parallel to the membrane plane
and immersed at the membrane-water interface, exhibit
significant segmental motion as well as global motion. A
few residues in these two peptides have particularly large
motional amplitudes, as indicated by arrows, and may
shepherd the destructive action of the peptides against the
membrane. Effectively, TP-I and TPF4 behave like “stirring
bars”, albeit soft ones, causing transient openings in the
membrane and allowing passage of water molecules and ions,
thus permeabilizing the membrane. The fact that TP-I is a
â-hairpin due to the disulfide bonds whereas TPF4 is mostly
a â-strand does not seem to change the dynamics signifi-
cantly. The presence of extensive motion suggests that both
peptides form at most small oligomers. In contrast, the
â-strand TPA4 is completely immobilized at the membrane-
water interface. The lack of mobility is a strong indication
of extensive aggregation, probably through the formation of
intermolecular hydrogen bonds.

Our conclusion of TPA4 is remarkably similar to the
model proposed for TP-Acm based on translocation and
calcein leakage assays, FT-IR, and light scattering experi-
ments (9, 10). TP-Acm does not form pores and does not
translocate across the membrane; instead, it aggregates on
the membrane surface, forming interchain hydrogen-bonded
â-sheets, in so doing destabilizing the bilayer organization
and morphology (10). The 1H spin diffusion data and the
dynamics data shown here indicate that TPA4 aggregates
and resides on the membrane surface in a similar manner to
TP-Acm. The remaining antimicrobial activity of TPA4 may
be mediated through the “carpet” mechanism, whose essential
features are an in-plane peptide orientation at the early stage,
significant aggregation, and eventual micellization of the
membrane (41, 42). The fact that TPA4 is much less potent
than TP-I and TPF4 implies that this static aggregation-based
carpet mechanism is less effective than the dynamic in-plane
motion mechanism, because a higher peptide concentration
is required. In other words, a mobile in-plane peptide
damages the membrane more effectively than a static in-
plane peptide.

The extensive dynamics of TP-I detected here are also
consistent with the findings of Matsuzaki and co-workers.
On the basis of electrophysiological experiments, fluores-
cence quenching, and calcein leakage data, they found that

TP-I permeabilizes the lipid membrane by forming transient
anion-selective pores (9, 10). The peptide, initially bound
to the outer membrane-water interface, translocates across
the lipid bilayer. The molecular motion observed here
provides a basis for the translocation and pore formation.

Interestingly, an analogous horseshoe crab antimicrobial
peptide, polyphemusin, does not appear to use the same
mechanism of action: it does not cause calcein leakage in
POPC/POPG large unilamellar vesicles (43) and causes
negative curvature strain (44). Both are opposite to the
behavior of TP-I (10). Thus, the motional model may not
apply to polyphemusin. It would be interesting to determine
how small sequence changes cause differences in the
behavior of these similar peptides.

The mechanism of action and structure of TP-I are also
in stark contrast with those of PG-1, another cationic

FIGURE 11: Structural models of the three tachyplesin peptides.
All peptides bind to the membrane-water interface. (a) TP-I has a
â-hairpin conformation and undergoes global rotational diffusion
around the membrane normal and large-amplitude segmental motion
at theâ-turn. These extensive motions suggest that TP-I has a low
oligomeric number, which is represented here schematically by a
mixture of monomers and dimers. (b) TPF4. The peptide conforma-
tion is mostly although not necessarily allâ-strand. The peptide
exhibits dynamics similar to that of TP-I with particularly large-
amplitude motion at I11. (c) TPA4 has aâ-strand conformation
and is completely immobilized, suggesting large-size oligomers.
A higher peptide concentration is required to inflict membrane
damage.
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â-hairpin antimicrobial peptide that we have studied exten-
sively by NMR (13, 14). PG-1 is transmembrane in most
lipid membranes examined, including DLPC (15, 45), POPC
(46), and POPE/POPG (30) membranes. It is immobilized
and oligomerized intoâ-barrels in POPE/POPG membranes
(30, 47). Thus, PG-1 exerts its membrane-disruptive action
by forming long-lasting pores (48-50). In contrast, TP-I is
surface-bound and does not form permanent pores (10) and
causes membrane permeabilization by in-plane motion.

This mobility mechanism of membrane disruption may
also be operative for other antimicrobial peptides. For
example, theR-helical antimicrobial peptides PGLa (51, 52)
and ovispirin (53) exhibit in-plane orientation and undergo
fast uniaxial rotation around the bilayer normal. This rotation
is manifested by the motionally narrowed spectra of the
peptides in bilayers oriented with the alignment axis per-
pendicular to the magnetic field.

The reason that TPF4 does not form immobile aggregates
like TPA4 is unclear at this point. One possibility is that
TPF4 may have non-â-sheet conformation at residues other
than the ones examined here. A previous solution NMR study
of TPY4 showed that in water TPY4 retains theâ-hairpin
fold, despite the lack of disulfide bonds, because of aromatic
ring stacking interactions (5). Thus, it is possible that residual
â-hairpin conformation may exist at other sites in TPF4 that
reduces its propensity to form large aggregates. If this is true,
then it would strengthen the hypothesis that it is the three-
dimensional fold of the peptide in the membrane rather than
the disulfide bonds themselves that is required for antimi-
crobial activity. Function-retaining alterations of disulfide
patterns have also been observed in defensins, which are
largerâ-sheet analogs of TP-I (54).

In conclusion, we find that TP-I and TPF4 derive their
antimicrobial activity from extensive motion in the plane of
the lipid membrane, while TPA4 activity is significantly
weakened by the fact that it is immobilized, probably due
to aggregation. Theâ-hairpin conformation may be important
for keeping the peptide from aggregating and thus maintain-
ing the membrane-disruptive motion.
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