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ABSTRACT: The amphiphilicR-helical peptide (KIAGKIA)3-NH2 (MSI-103) is a designer-made antibiotic,
based on the natural sequence of PGLa fromXenopus laeVis. Here, we have characterized the concentration-
dependent alignment and dynamic behavior of MSI-103 in lipid membranes by solid-state2H and 19F
NMR, using orientational constraints from seven Ala-d3-labeled analogues and five 4-CF3-phenylglycine
labels. As previously found for PGLa, MSI-103, too, assumes a flat surface-bound S-state alignment at
low peptide concentrations, and it also realigns to a tilted T-state at higher concentrations. For PGLa, the
stability of the T-state had been attributed to the specific assembly of antiparallel dimers; hence, it is
remarkable that the artificial KIAGKIA repeat sequence can also dimerize in the same way in liquid
crystalline lipid bilayers. Oriented circular dichroism analysis shows that for MSI-103 the threshold for
realignment from the S-state to the T-state is∼3-fold lower than for PGLa (at a peptide-to-lipid ratio of
1:240 in dimyristoylphosphatidylcholine, compared to 1:80). Furthermore, MSI-103 becomes laterally
immobilized in the lipid bilayer at a concentration ratio of 1:50, which occurs for PGLa only above 1:20.
The superior antimicrobial activity of MSI-103 over PGLa thus appears to correlate with its stronger
tendency to realign and self-assemble. The hemolytic activities of MSI-103 and its analogues, on the
other hand, are shown here to correlate purely with the respective changes in hydrophobicity.

Many species, from prokaryotes to humans, use antimi-
crobial peptides as a first line of defense against bacteria
(1-5). There is much interest in the detailed functional
mechanisms of these peptides, which have very heteroge-
neous primary structures but similar effects. Many of them
are cationic and form amphipathicR-helices when bound to
lipid membranes, for example, the magainin family of
peptides found in the skin of the African frogXenopus laeVis
(6). For magainin, it was shown that the all-D form has the
same biological activity as the normalL-peptide, which
indicates that no chiral receptor is involved (7). It thus seems
likely that the peptides bind to the bacterial membranes,
disrupt their function, and kill the microorganism (1). The
positive charge confers them with a high selectivity, since
bacterial membranes contain many negatively charged lipids,
which do not usually occur in the outer leaflet of eukaryotic
plasma membranes.

PGLa1 (“peptidyl-glycylleucine-carboxyamide”) belongs
to the magainin family of peptides and shows a strong
antimicrobial activity and high selectivity against bacteria
(8-10). Its conformation has been described by CD and
liquid-state NMR as a random coil in aqueous solution, but
as anR-helix in the presence of lipids (11-14). Helical wheel

projections of PGLa and MSI-103 are shown in Figure 1.
Solid-state NMR has been extensively used to study PGLa
in lipid membranes, as this technique is well-suited to
determining the conformation, alignment, and dynamic
behavior of membrane-active peptides with quasi-atomic
resolution (15, 16). By 2H, 15N, and 19F NMR, we have
recently demonstrated that PGLa changes its orientation in
lipid bilayers in a concentration-dependent manner. Above
a certain threshold, it realigns from an “S-state”, where the
helix is aligned parallel to the membrane surface, to a tilted
“T-state” with an oblique peptide orientation (13, 17, 18).
The stability of the unusual tilt angle was attributed to the
proposed formation of antiparallel peptide dimers at high
concentrations, as it is known that magainin and its relatives
have a tendency to dimerize (19-21). A more detailed2H
NMR study showed that the presence of charged lipids and
the degree of sample hydration also had an influence on the
equilibrium among the free peptide, the S-state, and the
T-state (22). Interestingly, when PGLa was mixed with
magainin 2 in an equimolar ratio, it assumed an almost
upright helix orientation in the lipid bilayer, representing an
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inserted “I-state” (23). In this transmembrane alignment, it
seems that PGLa-magainin 2 heterodimers are formed,
which may further assemble as a toroidal pore in the
membrane. These NMR results can explain the previously
observed synergistic antimicrobial effect between PGLa and
magainin 2, both of which are simultaneously present in the
frog skin.

Here, we have used solid-state19F and2H NMR for an
analogous structure analysis of the designer-made antimi-
crobial peptide MSI-103, the sequence of which is derived
from PGLa (3). The main modification is a replacement of
Gly1 and Ala8 with charged Lys residues, which increases
the charge and the amphiphilic moment of the peptide (see
Table 1 and Figure 1), two properties proposed to be
important for antimicrobial activity (3, 24). With the general-
ized heptameric repeat (KxxxKxx)n as a basic pattern,
combinations with different amino acids were synthesized
and tested. The trimeric motif (KIAGKIA)3-NH2 exhibited
the highest antimicrobial activity and is called MSI-103 (3).
Like PGLa, MSI-103 was also seen by CD to change from
a random coil in solution to anR-helix in the presence of
lipid vesicles (25) and to induce leakage of vesicles. It
exhibited a 4-8 times lower minimum inhibitory concentra-
tion (MIC) than PGLa against three bacterial strains that were
tested (3, 25), but also a higher hemolytic activity (25). In a
recent study, we found a slightly higher antimicrobial activity
for MSI-103 than for PGLa against some different bacterial
strains, and a hemolytic activity similar to that for PGLa
(26).

MSI-103 has been previously investigated by solid-state
NMR (under the name of “K3”) in lipid systems that were
either frozen or lyophilized (20, 21). Chemical shifts and
distances were measured in isotope-labeled peptides using
MAS and REDOR experiments, which confirmed theR-heli-
cal conformation and suggested the formation of parallel
dimers that remained in contact with the phospholipid

headgroups. The REDOR data suggested the simultaneous
presence of monomeric and dimeric peptides forming a pore,
though the orientation of the helices in the membrane was
not accessible from these distance measurements. Initial19F
NMR experiments with a 3F-Ala-labeled analogue in ori-
ented NMR samples suggested that MSI-103 is able to
change its membrane alignment in a concentration-dependent
manner, but a quantitative analysis had not been possible
with this single19F label (21).

Here, we have acquired a large number of orientational
constraints from a series of selectively19F- and2H-labeled
peptides to determine the concentration-dependent alignment
and mobility of MSI-103 in lipid bilayers. In this solid-state
NMR study, all samples are in the liquid crystalline state,
which is biologically more relevant than a frozen or
lyophilized system. As a model membrane, we focus on
DMPC and also include a DMPC/DMPG mixture to imitate
the negative charge of bacterial membranes. The conforma-
tion, alignment, and dynamic behavior of MSI-103 can thus
be compared with our previous NMR results for PGLa in
the same environments. Oriented CD is introduced here as
a method complementary to NMR, for determining the
threshold of realignment more accurately. Specifically, we
were interested in determining whether and at which
concentration MSI-103 can realign from an S-state to a
T-state or I-state. Whether the artificial KIAGKIA repeat
sequence can dimerize in a fashion similar to that of the
natural peptide PGLa is also intriguing. After all, it may be
expected that specific dimerization interfaces have evolved
such that PGLa can function optimally, both as a homodimer
on its own and as a heterodimer in synergy with magainin
2. If we compare the two peptides PGLa and MSI-103 in
terms of their respective antimicrobial and hemolytic activi-
ties, any similarities and differences must be related to the
subtle differences in their primary sequences and can then
hopefully be interpreted in light of the structural NMR and
CD results. Ultimately, the aim of this study is to identify
specific physicochemical parameters that correlate with the

FIGURE 1: Helical wheel representation of the amphiphilic peptides
MSI-103 and PGLa. The hydrophobic sector of the peptide is
shaded, and the charged lysines and N-terminus are marked with a
plus. The positions in MSI-103 labeled with Ala-d3 are marked
with circles, and positions labeled with CF3-Phg are indicated with
stars. In the bottom panel, an end view of each helix is shown with
the amino acid side chains in stick representation.

Table 1: Amino Acid Sequences of the Peptides Used

a Nonperturbing labels.
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antimicrobial function or hemolytic side effects, which will
allow us to predict and improve the therapeutic potential of
new peptide sequences.

MATERIALS AND METHODS

Materials. Dimyristoylphosphatidylcholine (DMPC) and
dimyristoylphosphatidylglycerol (DMPG) were purchased
from Avanti Polar Lipids (Alabaster, AL), and deuterium-
depleted water was from Acros (Schwerte, Germany) and
Sigma-Aldrich (Taufkirchen, Germany). MSI-103 was la-
beled at seven different positions with Ala-d3 (from Cam-
bridge Isotope Laboratories, Andover, MA) and at five
positions with 4-CF3-Phg (from ABCR, Karlsruhe, Ger-
many), replacing Ala, Gly, or Ile (Table 1). All peptides were
synthesized using standard Fmoc protocols, purified by
HPLC, and identified by MALDI, as previously reported in
detail (13, 27). The 19F-labeled peptides were synthesized
using a mixture ofL- andD-CF3-Phg, and the peptide with
theL-amino acid was identified as previously described (27)
to be used in the NMR experiments. In an attempt to
synthesize a sixth analogue withL-CF3-Phg at the Ala14
position, the L- and D-epimeric peptides could not be
separated by HPLC; hence, this labeled site was not included
in the analysis.

Biological Tests.Antimicrobial assays and hemolysis tests
were performed on the mutated peptide analogues to check
whether they were still biologically active, as described
previously (26). Antimicrobial activity was measured by a
standard minimal inhibitory concentration (MIC) assay,
carried out with Gram-positiveBacillus subtilis(ATCC 6633)
andMicrococcus luteus(DSM 1790) and with Gram-negative
Escherichia coli(DH5R) andAcinetobactersp (DSM 586).
Hemolytic activity was examined with a serial 2-fold dilution
assay, by incubating erythrocytes with peptide solutions at
37 °C for 20 min with gentle shaking. The tubes were
centrifuged at 20000g for 5 min to pellet the cells, and the
absorbance at 540 nm was recorded against water. The
percentage lysis was then calculated relative to 0% lysis with
buffer and 100% lysis by Triton X-100. The absorbance
measurement was repeated three times, and the averaged
values were used.

Circular Dichroism Spectroscopy.CD spectra were re-
corded on a Jasco J-810 spectropolarimeter (Jasco Co.,
Tokyo, Japan), as reported previously (13). The peptides were
measured at 20°C in 10 mM sodium phosphate buffer (pH
7.0) containing 50% (v/v) trifluoroethanol (TFE) and aver-
aged 3-fold, and an averaged baseline of the pure solvent
mixture was subtracted. Due to the difficulty in accurately
determining the absolute peptide concentrations, the spectra
were normalized to the ellipticity of the wild-type peptide
at 191 nm, with the intention of emphasizing any changes
in the line shape.

The home-built setup used for the oriented CD (OCD)
measurements is described in detail elsewhere (28, 29). The
macroscopically oriented multilayered peptide/lipid samples
for the OCD measurements were prepared as described
previously (30), following the same protocol as for oriented
NMR samples below. Briefly, for OCD,e0.2 mg of lipid
and the appropriate amount of peptide were deposited on a
quartz window (patch∼10 mm in diameter) from a 1:1
mixture of chloroform and methanol. After evaporation of

the solvent, the sample was further dried under vacuum for
3 h. The window was assembled in the OCD cell and
hydrated for∼15 h at 30°C and 97% relative humidity using
a saturated K2SO4 solution.

NMR Spectroscopy.Oriented and nonoriented samples for
solid-state NMR were prepared as previously described (18),
following a procedure similar to that used for OCD. For
nonoriented multilamellar vesicle (MLV)2H NMR samples
we used 2 mg of peptide, for oriented2H NMR samples 1.2-
2.0 mg of Ala-d3-labeled peptides, and for oriented19F NMR
samples 0.15-2.0 mg of CF3-Phg-labeled peptides. The
respective amount of lipid was calculated to give the desired
peptide-to-lipid molar ratio (P:L).

All NMR measurements were carried out on a Bruker
Avance 500 or 600 MHz spectrometer (Bruker Biospin,
Karlsruhe, Germany) at 308 K.31P NMR was used to check
the quality of the lipid orientation in the samples, using a
Hahn echo sequence with phase cycling (31). 2H NMR
experiments were performed using a quadrupole echo
sequence (32) with a 4.5µs 90° pulse, an echo delay of 30
µs, a 80 ms relaxation delay time, a 250 kHz spectral width,
and 2048 data points. Between 100 000 and 1 000 000 scans
were collected and processed by zero filling to 16 384 data
points and a 400 Hz exponential multiplication, followed by
Fourier transformation.19F NMR experiments were per-
formed with an antiringing sequence to reduce background
signals from the probe (33), using a 2.0µs 90° pulse, a 1 s
relaxation delay time, a 500 kHz spectral width, 2048 data
points, and proton decoupling with a ttpm20 sequence (34).
Between 2000 and 10 000 scans were collected; the data were
processed by zero filling to 4096 data points and a 200 Hz
exponential multiplication, followed by Fourier transforma-
tion. Spectra were referenced to a 100 mM NaF solution for
which the19F signal was set to-119.5 ppm.

Structure Calculations.The alignment and dynamics of a
rigid peptide in the membrane can be described by three
parameters, namely, the tilt angleτ of the dominant symmetry
axis with respect to the bilayer normal, the azimuthal rotation
angleF around this axis, and the molecular order parameter
Smol. Several different membrane-bound peptides have been
characterized this way (13, 16-18, 22, 23, 27, 35-40).
Given that the effective quadrupolar/dipolar tensor is col-
linear with the C-CD3/C-CF3 axis of a2H-labeled/19F-labeled
peptide, at least three orientational constraints are required
to determineτ, F, andSmol. In practice, more than three are
needed, especially for2H NMR where the sign of the
quadrupole splitting is not accessible (41-44). In a rapidly
rotating CF3 group, the sign of the dipolar splitting is evident
from the one-pulse spectrum, and typically four orientational
constraints are sufficient (13, 38, 40).

To calculate orientational constraints from the NMR data,
a quadrupole coupling constant (e2qQ/h) of 167 kHz for an
aliphatic C-D bond was used, giving a maximum quadru-
polar splitting of 84 kHz for the Ala-d3 labels (45), and a
maximum19F dipolar splitting of 15.8 kHz was taken for
CF3-Phg (13). The peptide MSI-103 was modeled as an ideal
helix, the alignment of which was fitted to the orientational
constraints. In this molecular frame, the tiltτ defines the
angle between the helix axis (N- to C-terminus) and the
bilayer normal. The azimuthal angleF is defined as a right-
handed rotation around the helix axis, withF ) 0° being
defined as the orientation when the vector projecting radially
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through the CR atom of Lys12 is aligned parallel to the
membrane plane, as illustrated in Figure 2. The orientation
of the CR-Câ bond in the molecular frame is described by
an angleâ between the bond vector and the helix axis. The
angleR is defined by the vector radiating from the helix
axis through the CR atom and by the projection of the CR-
Câ bond vector onto a plane perpendicular to the helix. In
the same plane, the rotational angle between two consecutive
amino acids along the helix is calledω. For the Ala-d3 labels,
we described anR-helix (model A) using aâ of 121.1°, an
R of 53.2°, and anω of 100°, as deduced from anR-helical
polyalanine model constructed in SYBYL using aæ of -58°
and aψ of -47° (13). To investigate the possibility that the
peptide might form other helical structures, the parameters
corresponding to an ideal 310-helix (â ) 111.2°, R ) 53.5°,
andω ) 119°) andπ-helix (â ) 131.1°, R ) 52.5°, andω
) 85.3°) also were tested (13). For the CF3-Phg labels, a
differentR-helical side chain geometry (model B) was also
used, in whichâ ) 110°, R ) 47°, andω ) 100° (13). This
model had been proposed on the basis of an energy-
minimized R-helix and was previously found to fit better
than the idealR-helix to the19F NMR data of PGLa labeled
with CF3-Phg and CF3-Bpg (13, 40).

To take motional averaging into account in the analysis,
a third parameter is introduced, namely, a simplified order
parameter,Smol, which describes global wobbling motions
of the peptide. Its effect in our calculations is to reduce all
splittings by a constant factor between 1.0 and zero,
corresponding to a uniaxial ordering tensor. In a grid search
for the best-fit peptide structure, the helix is systematically
rotated, and the theoretical quadrupole splittings are calcu-
lated for different combinations ofτ, F, and Smol. The
parametersτ and F are changed in steps of 1° from 0 to
180°, andSmol is changed in steps of 0.01 from 0 to 1, to
find the parameters giving the lowest root-mean-square
deviation (rmsd) with respect to the experimental data. The
meaning of the rmsd is interpreted the following way: The
experimental error in our quadrupole splittings was estimated
to be no more than 1 kHz, which was found by repeated
measurements on a sample or by use of duplicate samples.

All rmsd values below this must be called “good” fits. It
should be noted that our structural model is based on the
assumption of an idealR-helical structure. Slight deviations
are expected for amphiphilic peptides; hence, even larger
rmsd values may be acceptable. In a previous study on
uniformly hydrophobic transmembrane model peptides, the
fit to an idealR-helix had been justified by the very small
rmsd values of typically less than 1 kHz (36, 38). Here, we
estimate that for MSI-103 at 1:200 the intrinsic error inτ
and F is approximately(3°, according to the area in the
error plot covering a rmsd of 1 kHz around the best fit. When
the2H and19F NMR data are compared, the maximum value
of the respective interaction should be taken into account,
which is 84 kHz for Ala-d3 and 15.8 kHz for CF3-Phg, the
latter being a factor of 5.3 lower. Thus, a rmsd of 1.0 kHz
for a 2H fit is comparable with a rmsd of 0.2 kHz for a19F
fit.

RESULTS

Biological ActiVities of the Labeled MSI-103 Analogues.
For solid-state NMR structure analysis, a series of 12 MSI-
103 analogues (see Table 1) were synthesized with single
Ala-d3 or CF3-Phg labels. Except for the entirely nonper-
turbing substitutions of a native Ala residue with Ala-d3, the
other labeled peptides contain one amino acid that differs
from the wild-type MSI-103 sequence. To check whether
these mutations have any effect on the antimicrobial activity,
minimum inhibitory concentrations (MICs) were determined
for wild-type MSI-103 and its analogues. Table 2 shows that
the antimicrobial activities are almost the same, except for
that of MSI-G11-19F, which had a considerably lower activity
against most bacterial strains that were tested. It can therefore
be expected that the functionally relevant membrane interac-
tions of the labeled peptides are the same as for the wild-
type MSI-103, expect for the analogue in which Gly11 was
replaced with CF3-Phg.

In view of its therapeutic potential as a drug, it is also
important to assess the hemolytic side effects of MSI-103
and the labeled analogues. It is seen in Table 3 that the
hemolytic activity was much more sensitive to small changes
in the primary sequence than the antimicrobial activity. When
Ile9 or Ile13 was replaced with the less hydrophobic Ala-
d3, the hemolytic activity was almost completely abolished,
whereas replacing Gly7 with the more hydrophobic Ala-d3

induced a higher activity. When Ile9 or Ile13 was replaced

FIGURE 2: Definition of angles used in the calculations. (A) The
helix tilt angleτ is the angle between the peptide axis (from N- to
C-terminus) and the bilayer normaln̂ which is usually aligned
parallel to the magnetic field directionB0. For τ ) 0°, the helix
would be oriented alongn̂. The angleâ fixes the CR-CD3 bond
vector relative to the helix axis. (B) View perpendicular to the helix,
with the C-terminal direction out of the paper. The azimuthal
rotation of the peptide is defined by the angleF. For F ) 0°, the
radial vector from the helix center through the CR atom of residue
Lys12 would be aligned with they-axis, which is parallel to the
membrane surface. The projection of the CR-CD3 bond vector onto
the plane perpendicular to the helix axis is fixed by the angleR.
(C) Equivalent definitions for the CF3-Phg side chain.

Table 2: Antimicrobial Activity of the Peptides

minimum inhibitory concentration (µg/mL)

Gram-negative Gram-positive

peptide
E. coli
(D5R)

Acinetobacthersp
(DSM 586)

B. subtilis
(ATCC 6633)

M. luteus
(DSM 1790)

PGLa wta 8 8 4 4
MSI-103 wta 4 8 8 8
MSI-A7-19F 8 16 8 8
MSI-I9-19F 8 8 8 4
MSI-A10-19F 8 32 8 4
MSI-G11-19F 32 128 32 8
MSI-I13-19F 8 8 8 4
MSI-I9-2H 8 8 32 8
MSI-G11-2H 8 8 8 4
MSI-I13-2H 16 8 8 16

a From ref26.
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with CF3-Phg, the hemolytic activity was slightly reduced
compared to that of the wild-type peptide, but when Ala10
or Gly11 was replaced with the hydrophobic CF3-Phg, a
much higher activity was observed. It should be noted that
typical MIC values were around 8 mg/mL, while hemolysis
was usually still weak even up to 125 mg/mL; therefore,
different mechanisms are likely to cause these distinct
biological effects. The large difference in concentration
needed to kill bacteria and to lyse erythrocytes is a measure
of the selectivity of the peptides; hence, MSI-103 is a good
drug candidate with a high therapeutic index (3, 25, 26).

Conformation and Helix Alignment by CD.The conforma-
tion of MSI-103 was examined by circular dichroism in a
membrane-mimicking environment to check whether any of
the2H or 19F labels had a perturbing effect of the conforma-
tion of the helix. Figure 3 shows the CD spectra of the wild-
type peptides and mutated MSI-103 analogues in a TFE/
buffer solution (1:1, v/v). It is seen that all peptides are
predominantlyR-helical, and within the intrinsic error of the
determination of the peptide concentration, no change in the
secondary structure is found for any of the labeled analogues.

Oriented circular dichroism (OCD) is well suited to
studying the membrane-boundR-helical peptides, as it can
be used to determine the approximate helix tilt angle (28,
29, 46, 47). This sensitive method does not require any
labeling and is perfectly complementary to solid-state NMR,
as it uses the same kind of macroscopically aligned mem-
brane samples. We collected OCD spectra of MSI-103 in
DMPC over a wide range of different peptide-to-lipid ratios
from 1:400 to 1:20 (see Figure 4A). The line shapes at low
concentrations closely resemble the OCD spectra of PGLa
and related peptides in their surface-bound S-state, while at
high concentrations, the spectra indicate a tilted T-state (28,
29, 48). On the basis of the pure S- and T-state spectra at
the most extreme concentrations (1:400 and 1:20), all other
line shapes at intermediate concentrations could be decon-
voluted into their two respective contributions. That way it
was possible to quantify the relative amount of S- and
T-states and to determine the threshold concentration for the
realignment (see Figure 4B). This threshold is defined as
the lowest concentration for which a tilted state starts to
appear, which is found to be at a P:L of 1:240 for MSI-103
in DMPC. In the same system, all peptides have then finally
reached the T-state at 1:60. For comparison, the same
analysis of PGLa under the same conditions in DMPC had
given a threshold of 1:80, with all peptides reaching the
T-state at 1:20 (28). MSI-103 is thus found to realign in
membranes at a much lower peptide concentration than

PGLa. For the following NMR analysis of MSI-103, these
OCD results are extremely useful, as they allow us to decide
which concentration range to address with the more elaborate
NMR measurements and how to interpret any differences in
its behavior compared to that of PGLa.

Choice of Oriented or Nonoriented NMR Samples.Ori-
entational constraints of membrane-bound peptides are most
readily extracted using macroscopically oriented NMR
samples on glass supports. Such samples are always mea-
sured with the bilayer normal parallel (0°) to the magnetic
field. An additional experiment at a 90° sample inclination
can then determine whether the peptide is motionally
averaged by fast rotation around the membrane normal. All
19F NMR experiments were performed on oriented samples
over a wide range of peptide-to-lipid molar ratios (1:800 to
1:20). However, for the less sensitive2H NMR measure-
ments, it is difficult to prepare oriented samples with a low
peptide concentration, as a large amount of material would
have to be accommodated on the solid supports in the NMR
coil. Therefore, we decided to study only P:L values of 1:50
and 1:20 with oriented2H NMR samples, but to reach a P:L
of 1:200, we used nonoriented multilamellar dispersions
(MLV samples), which had been done previously for PGLa
(18, 22, 23). As long as a peptide is motionally averaged by
rotation about the membrane normal, the full information
content can be extracted from MLV samples (as the Pake
splitting then corresponds to half the splitting of an oriented
sample measured at 0°). Any concentration ratios lower than
1:200 could not be addressed by2H NMR (only 19F NMR),
as the natural abundance background of the lipids becomes
too dominant in such spectra. All oriented2H and19F NMR
samples were examined by31P NMR to check the quality of
alignment, and no conspicuous effect of the peptide of the
phospholipids was noted.

19F NMR Results.Five MSI-103 analogues were synthe-
sized withL-4-CF3-phenylglycine (CF3-Phg) substituted for
Ala7, Ile9, Ala10, Gly11, or Ile13 (see Table 1). Macro-
scopically oriented samples were prepared with P:L values
of 1:800, 1:400, 1:200, 1:50, and 1:20 in DMPC. Represen-
tative 19F NMR spectra are presented in Figure 5, and the
dipolar splittings of the CF3 groups are listed in Table 4. A
comparison of the samples oriented with the bilayer normal
parallel (0°) and perpendicular (90°) to the external magnetic
field shows that the 90° splittings are always related to the
0° splittings by a factor of-1/2, except if P:L) 1:20. This

Table 3: Hemolytic Activity of the Peptides

% hemolysis

peptide 125µg/mL 250µg/mL 500µg/mL 1000µg/mL

PGLa wt 1 3 18 86
MSI-103 wt 9 24 45 76
MSI-A7-19F 21 39 86 92
MSI-I9-19F 4 15 30 51
MSI-A10-19F 71 97 102 101
MSI-G11-19F 78 89 96 95
MSI-I13-19F 4 9 21 48
MSI-I9-2H -1 2 1 3
MSI-G11-2H 26 43 81 96
MSI-I13-2H 1 0 0 4

FIGURE 3: CD spectra in a 1:1 (v/v) TFE/buffer mixture of the
MSI-103 analogues, normalized to the same value at 191 nm. All
mutants show a very similar line shape as wild-type MSI-103,
confirming a mostlyR-helical conformation. The spectra are labeled
in the inset according to their order at 208 nm.

Orientation of MSI-103 in Lipid Bilayers Biochemistry, Vol. 47, No. 8, 20082605



means that the peptide rotates fast around the bilayer normal
at all concentration ratios up to 1:50. At a P:L of 1:20, on
the other hand, the lines are much broader and most splittings
are close to the value of-7.9 kHz, thus representing
immobilized peptides with a powder distribution. Only for
MSI-A7-19F was a different splitting seen, and in this case,
the peptide did rotate around the bilayer normal. We thus
conclude that most of the CF3-Phg-labeled peptides are
aggregated at a P:L of 1:20 and no longer maintain a well-

defined orientation in the membrane. At this very high
concentration ratio, the NMR data therefore cannot be used
to determine the structure of MSI-103, and only for the lower
P:L range will the dipolar splittings be fitted in the following
paragraphs to calculate the tilt and rotation of the helical
peptide in the lipid bilayer. A first, visual inspection of the
19F NMR data in Figure 5 suggests that MSI-103 must have
a well-defined alignment at low concentrations up to 1:200
and that it reorients into a different alignment at 1:50, as
suggested above by OCD.

2H NMR Results.The2H NMR spectra of seven MSI-103
analogues labeled with Ala-d3 at positions Ala7, Ile9, Ala10,
Gly11, Ile13, Ala14, and Ala17 are shown in Figure 6, for
three different peptide-to-lipid ratios (1:200, 1:50, and 1:20).
At a low concentration ratio of 1:200 in DMPC (Figure 6A),
the spectra of the nonoriented MLV samples reveal a
different Pake splitting for each of the analogues. However,
these signals are always overlapped by another component
with a constant splitting of∼26 kHz, which is attributed to
natural abundance deuterons in the lipids, as demonstrated

FIGURE 4: OCD results. (A) OCD spectra of MSI-103 in DMPC bilayers with different P:L ratios of (a) 1:400, (b) 1:300, (c) 1:200, (d),
1:125, (e) 1:100, (f) 1:80, (g) 1:40, (h) 1:30, and (i) 1:20. All curves are normalized to the same value at 198 nm. (B) Plot of the tilted
fraction of peptides as a function of concentration. The linear part of the plot is fitted to a straight line (dashed) which gives the threshold
concentration where the T-state starts to appear at a P:L* of 1:240.

FIGURE 5: Representative19F NMR spectra of MSI-103 in oriented
DMPC bilayers. (A) Analogues with CF3-Phg labels at different
positions, measured at a P:L of 1:200 with the bilayer normal
parallel toB0. (B) Spectra of MSI-I9-19F at different P:L values,
measured with the bilayer normal parallel toB0. (C) Spectra of
MSI-I9-19F measured with the bilayer normal perpendicular toB0
(the arrow indicates the same spectrum shown twice).

Table 4: 19F NMR Dipolar Splittings (in kilohertz) of the
CF3-Phg-Labeled MSI-103 Analogues at Different Concentrations in
Oriented DMPC Samples

P:L (with sample orientation indicated as 0° or 90°)
position labeled
with CF3-Phg

1:400
0°/90°

1:200
0°/90°

1:50
0°/90°

1:20
0°/90°

Ala7 +2.2/-1.0 +2.3/-1.1 -3.6/+1.7 +4.0/-1.9
Ile9 +1.5/-1.0 +1.5/-0.75 -3.9/+1.9 -8.0/-7.4
Ala10 -2.7/+1.3 -2.8/+1.4 -3.4a/+1.7 -6.1/-7.1
Gly11b -5.1/+2.5 -1.8/+1c -2.4/+1.2 -6.7/-7.0
Ile13 +6.7/-3.4 +7.1/-3.45 +6.7/-3.3 -7.8/-6.1

a Badly resolved, calculated from the shown splitting measured at
90°. b Data not shown for 1:800, but same splitting as for 1:400.
c Splitting too small to observe, estimated value from 0°.

FIGURE 6: 2H NMR spectra of MSI-103 labeled with Ala-d3 at
seven different positions (as numbered) and reconstituted in (A)
DMPC at a P:L of 1:200. The central peaks are cut off. (B) DMPC/
DMPG (3:1) at a P:L of 1:200, (D) DMPC at a P:L of 1:50, and
(E) DMPC at a P:L of 1:20. The two samples at 1:200 (A and B)
were prepared as multilamellar lipid dispersions and show Pake
patterns, while the 1:50 and 1:20 samples (D and E) are macro-
scopically oriented and give defined splittings. The central panel
(C) shows a comparison of the full spectra of MSI-G11-2H in
DMPC and in DMPC/DMPG MLV samples at a P:L of 1:200, to
illustrate the enhanced binding of the cationic peptide to negatively
charged lipids.
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previously by2H NMR of pure DMPC (22). Even worse, a
third, large isotropic component is seen in these2H NMR
spectra, which is likely to contain a small amount of residual
deuterium from HDO in the water. The majority of this
central component, however, is attributed to free peptide
molecules tumbling rapidly in solution, as reported previously
for PGLa in MLV samples containing a slight excess of water
(22). It was argued that the cationic peptides can escape from
the zwitterionic DMPC vesicles, and MSI-103 is even more
charged and indeed highly water soluble. The spectra show
that the free peptide molecules are not in fast exchange with
the membrane-bound population giving rise to the anisotropic
splittings; however, in some cases, these splittings are so
small that they cannot be resolved in the presence of the
dominant isotropic peak.

The best way to avoid the isotropic component is to use
macroscopically oriented samples, as they are prepared at
96% humidity and do not contain any excess water. However,
as explained above, it is hard to observe2H NMR signals
from such samples at low peptide concentrations. Therefore,
we decided to prepare instead another series of MLV samples
consisting of MSI-103, DMPC, and DMPG at a 1:150:50
ratio. The presence of the negatively charged dimyris-
toylphosphatidylglycerol (DMPG) keeps the peptide elec-
trostatically attracted to the membrane and significantly
reduces the isotropic spectral component, as seen in Figure
6B. Note that the isotropic peaks in Figure 6A are cut off in
the display, but in Figure 6C, the full height of the spectra
is compared for MSI-G11-2H in DMPC and in DMPC/
DMPG bilayers, illustrating the larger isotropic peak using
uncharged membranes. The spectra in Figure 6B demonstrate
that the quadrupolar splittings are essentially the same for
the MSI-103 analogues in DMPC/DMPG bilayers (3:1) and
in pure DMPC (see also Table 5). We thus conclude that
the alignment of the membrane-bound peptide does not
change in the presence of DMPG, but this set of2H NMR
data can be analyzed much more readily in MLV samples.

At the higher peptide concentrations of 1:50 (Figure 6D)
and 1:20 (Figure 6E), a single quadrupole splitting is seen
for each MSI-103 analogue in the oriented DMPC samples
(Table 5). These data show that the peptide has a unique
and well-defined orientation in the membrane at these higher
concentrations, which differs from its alignment at a P:L of
1:200 (Figure 6B). We thus conclude that MSI-103 under-
goes a concentration-dependent realignment in the DMPC
bilayer, as suggested above by19F NMR and OCD.

Analysis of the Peptide Conformation.To describe the
alignment and dynamics of a folded peptide in terms ofτ,
F, andSmol (see Materials and Methods), its conformation in
the bilayer has to be known. MSI-103 was shown by CD to
form a helical structure in a membraneous environment
(Figures 3 and 4). In our previous analysis of PGLa, we had
attempted to fit the19F NMR data to several different helical
conformations and found that aπ-helix or a 310-helix model
did not support the data (13). Only theR-helical model based
on polyalanine gave good fits; hence, this model was also
used for all subsequent2H NMR data analyses of PGLa (18,
22, 23). Here, for MSI-103 we also tried the three types of
helices for fitting the2H NMR data at 1:200 and 1:50 in
DMPC. Of the seven Ala-d3 labels used, four of them are
entirely unperturbing; hence, the risk of a structural perturba-
tion or a misfit is low (see the discussion of the2H NMR
data below). The resulting quality of the fits is summarized
in Table 6 and can be judged in terms of the root-mean-
square deviation (rmsd). We found that anR-helical model
gives much better fits at both concentrations compared to
the other helical models. Especially the 310-helix gives
unacceptably high rmsd values, and at 1:200, both 310- and
π-helix would require an order parameterSmol of 1.0, which
is not reasonable for unaggregated peptides in fluid bilayers.
In dry powder samples of Ala-d3-labeled peptides, a splitting
of ca. 37 kHz is found (data not shown), meaning that already
in a dry powder there is some peptide motion which leads
to an averaging of splittings, corresponding to anSmol of 0.88.
In a highly mobile lipid bilayer, it is unlikely that there would
be less motion of peptides than in a dry powder. We have
previously found Smol to be 0.6-0.7 at a low peptide
concentration for PGLa (13, 17, 18, 22), which fits nicely
with the value found here for anR-helical conformation of
MSI-103. Considering the primary sequence of MSI-103, it
is also clear that theR-helical conformation represents a
pronounced amphiphilic profile with all charged lysine
residues on one face of the peptide (see Figure 1). This is

Table 5: 2H NMR Quadrupole Splittings (in kilohertz) of the Ala-d3-Labeled MSI-103 Analogues at Different Concentrations in Various Lipid
Samples

position labeled
with Ala-d3

MSI-103/DMPC
(1:200)

MLV samples

MSI-103/DMPC/DMPG
(1:150:50)

MLV samples

MSI-103/DMPC
(1:50)

oriented samples

MSI-103/DMPC
(1:20)

oriented samples

Ala7 8.6a/4.3b 8.8a/4.4b 17.0c 2.0c

Ile9 12.0a/6.0b 9.4a/4.7b 30.4c 28.5c

Ala10 24.1a/12.0b 24.2a/12.1b 31.2c 35.2c

Gly11 48.2a/24.1b 42.0a/21.0b 47.5c Ca 60c,d

Ile13 4.0a/2.0b 4.2a/2.1b 22.8c 23.9c

Ala14 14.8a/7.4b 15.4a/7.7b 31.0c 31.5c

Ala17 13.4a/6.7b 16.2a/8.1b 29.7c 29.5c

a Pake splittings from nonoriented MLV samples multiplied by two, corresponding to the 0° edge, for comparison with the oriented samples.
b Pake splittings measured from nonoriented MLV samples at the 90° peaks (Figure 6).c Splittings of the oriented samples aligned at 0° (spectra
in Figure 6).d Splitting not well-defined.

Table 6: Best-Fit Values for Different Helical Structures Using2H
NMR Data

data set model
tilt angleτ

(deg)
rotation angleF

(deg) Smol

rmsd
(kHz)

DMPC, 1:200 R-helix 111 122 0.65 1.6
π-helix 72 140 1.00 4.7
310-helix 52 82 1.00 11.0

DMPC, 1:50 R-helix 128 105 0.83 3.1
π-helix 43 151 0.72 9.1
310-helix 96 108 0.84 7.7

Orientation of MSI-103 in Lipid Bilayers Biochemistry, Vol. 47, No. 8, 20082607



not the case for theπ-helix or 310-helix conformations, which
would not be energetically favorable when bound to a
membrane. On the basis of this analysis and in line with
previous PGLa studies (17, 18, 22, 23), we therefore used
an idealR-helix as a model structure for MSI-103 at all
concentrations to fit the2H and19F NMR data.

Helix Alignment from19F NMR Data.At very low peptide
concentrations, the amphiphilicR-helical MSI-103 is ex-
pected to bind as a monomer to the membrane surface with
an almost flat orientation. This would correspond to a tilt
angleτ of ∼90°, and an azimuthal rotationF that positions
the charged lysine side chains up toward the water, in a
fashion similar to that of other amphipathic peptides like
PGLa (17, 18, 22). However, the best fit for a P:L of 1:400
using our five19F NMR data points seems to produce a tilt
angle of∼43° and a large rmsd (Table 7). Figure 7A shows
the corresponding two-dimensional error plot for MSI-103
in DMPC at a P:L of 1:400, based on all five CF3-Phg labels
in the analysis. Here, the error (in kilohertz) is depicted by
a grayscale for all combinations ofτ andF. If we had also
wanted to display the dependence on the order parameter,

this would require a three-dimensional error plot; hence, we
show only theτ/F map obtained for the best-fit order
parameter value (Smol) of 0.39. This is very small compared
to the values previously found for PGLa, which were usually
around 0.6-0.7. It is also conspicuous that no minimum with
a rmsd below 2 kHz exists. The corresponding dipolar wave
plot for the best-fit values ofτ, F, andS is shown in Figure
7B and represents the nominal peptide structure (τ ) 43°, F
) 137°, andSmol ) 0.39). In this plot, the hypothetical dipole
splittings are calculated for each position around the helical
wheel and displayed on a curve from 0° to 360°. The curve
clearly does not fit well to the five data points.

Since the peptide mutant in which Gly11 had been
substituted with CF3-Phg had exhibited a much lower
antimicrobial activity than the wild type and all the other
MSI-103 analogues (see Table 2), we decided to exclude
MSI-G11-19F and fitted the19F NMR data of the remaining
four labels only. The resulting error plot is shown in Figure
7C and the dipolar wave in Figure 7D. In this case, a much
better fit was found, with a rmsd of 1.1 kHz. Now, the tilt
angle (τ) of 101° corresponds to the expected S-state

FIGURE 7: (A) Error plot for MSI-103 in DMPC bilayers at 1:400, using the19F NMR data from all five labeled positions. (B) Corresponding
quadrupolar wave plot, with the best-fit curve to all five data points identified by residue numbers. (C) Error plot calculated from only the
four data points of the biologically active analogues with CF3-Phg at Ala7, Ile9, Ala10, and Ile13. (D) Corresponding quadrupolar wave
plot, in which the data point of Gly11 (0) is not used for fitting.

Table 7: Best-Fit Orientation Parameters for MSI-103 in DMPC Lipid Bilayers from19F NMR Data

P:L labels used
tilt angleτ

(deg)
rotation angle

F (deg) Smol

rmsd
(kHz)

1:400 CF3 at A7, I9, A10, G11, I13 43 135 0.39 3.1
1:200 CF3 at A7, I9, A10, G11, I13 60 137 0.32 2.6
1:50 CF3 at A7, I9, A10, G11, I13 32 115 0.52 3.1
1:400 CF3 at A7, I9, A10, I13 101 130 0.63 1.1
1:200 CF3 at A7, I9, A10, I13 102 129 0.69 1.2
1:50 CF3 at A7, I9, A10, I13 109 113 1.00 0.7
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orientation of the peptide on the membrane surface. The fact
that the numerical value of the tilt angle is higher than 90°
means that the amidated C-terminus is inserted slightly
deeper into the membrane than the charged N-terminus. The
observed rotation angleF of 130° perfectly positions all
charged lysine residues on the hydrophilic face of the peptide
toward the aqueous phase. This alignment of MSI-103 fits
well with the orientation found previously for PGLa (also
using four19F labels) (13). If the functionally inactive peptide
analogue is excluded, the four data points are readily fitted
by three parameters, and the resulting structure makes sense.
However, in view of the few data points, it must be noted
that the best-fit values are rather sensitive to errors in the
data, and the structure should be taken as approximate, with
an error of(10° in τ andF.

For a P:L of 1:200, the19F NMR analysis gave a result
similar to that at 1:400. Also at this concentration, a fit using
all five labels gave an unexpectedly small tilt angle and order
parameter, and a very large rmsd, but if the mutant MSI-
G11-19F is excluded, the analysis using the other four data
points gave the same tilt and rotation angles as at 1:400,
with a similar rmsd and almost the same order parameter
(see Table 7). As seen in Table 4, this label at Gly11 is also
the only one whose splitting changes significantly on going

from 1:400 to 1:200. We thus conclude that at low
concentration ratios (1:400 and 1:200) MSI-103 has the
expected S-state orientation in DMPC. Only the splitting of
the mutated peptide with CF3-Phg at position Gly11 is not
consistent with the data set. This observation is not too
surprising, since among all mutations this one represents the
most dramatic change in volume. The strongly increased
hydrophobicity of CF3-Phg at the otherwise moderately
hydrophilic position 11 might force the peptide to rotate so
that it can be immersed deeper into the hydrocarbon region
of the membrane (see the helical wheel in Figure 1). An
alternative explanation could be attributed to an increased
propensity for peptide-peptide interactions to occur on this
face, which could introduce a population of dimers or
aggregates. To investigate whether MSI-G11-19F may have
undergone premature oligomerization at 1:400, an additional
sample with a P:L of 1:800 was prepared for this label, but
it gave the same splitting as 1:400 (data not shown). It thus
seems that this mutant has an intrinsically different orienta-
tion even from the monomeric wild-type MSI-103. Overall,
we conclude that MSI-103 and its biologically active CF3-
Phg-labeled analogues have an orientation very similar to
that of PGLa in a DMPC bilayer (13) at low peptide
concentrations.

FIGURE 8: (A) Error plot for MSI-103 in DMPC bilayers at 1:200, using only the2H NMR data from the four nonperturbing Ala-d3
substitutions at positions Ala6, Ala8, Ala10, and Ala14. (B) Corresponding quadrupolar wave plot, fitted to the four native Ala positions
(9). The experimental splittings from two Ile positions (O) and one Gly (4) are also shown but not used in the fit. (C) Error plot calculated
from all seven labeled Ala-d3 positions, showing a unique minimum as the best-fit solution. (D) Corresponding quadrupolar wave plot with
the curve calculated from all seven data points.

Orientation of MSI-103 in Lipid Bilayers Biochemistry, Vol. 47, No. 8, 20082609



At a P:L of 1:50, the19F NMR spectra show that MSI-
103 is still rotationally averaged around the bilayer normal,
but the dipolar splittings are not the same as at lower peptide
concentrations, indicating a change in the orientation of the
helix. When all of the five data points were used to calculate
the orientation, a very different tilt (32°) was found and the
rmsd was extremely high, 3.1 kHz (Table 7). Excluding the
perturbing CF3-Phg label at Gly11 again gave a better fit,
with a tilt angle (τ) of 109° and an azimuthal rotation angle
(F) of 113°, and a reasonable rmsd, but theSmol value was
unrealistically high, 1.0, which would correspond to a totally
immobilized peptide. WhenSmol was fixed to a more normal
value of 0.7, a best-fit solution was found with aτ of 107°,
a F of 112°, and a rmsd of 1.7 kHz, which is almost the
same alignment but again with a large error. Therefore, we
conclude that the conformation of the CF3-Phg-labeled MSI-
103 analogues appears to be distorted from an idealR-helix
at high concentrations, possibly due to suboptimal contacts
at a dimerization interface (see below).

The analysis of19F NMR data given above was performed
using R-helical model B (see the description in Materials
and Methods). Similar results were obtained using helix
model A (which was used for the2H NMR analysis) but in
general with higher rmsd, and therefore, we here show the
results using model B which gave better fits. The results
using model A are presented as Supporting Information.

Helix Alignment from2H NMR Data.The substitution of
a proton with2H does not perturb the chemical properties
of a molecule; hence, a substitution of a native Ala residue
(at position 7, 10, 14, or 17) with Ala-d3 will not affect the
behavior of wild-type MSI-103. However, when any other
amino acid is replaced with Ala-d3, the mutation might
change the properties of the peptide. To analyze MSI-103
in an entirely unperturbed conformation, we thus started off
using only the2H NMR data from the four native Ala
positions. At a P:L of 1:200, no clear-cut result was obtained,
as the two-dimensional error plot in Figure 8A contains
several minima with a rmsd below 2.0 kHz. Figure 8B shows
the quadrupolar wave corresponding to the lowest rmsd, but
this result is not yet trustworthy, since the signs of the
quadrupole splittings are not known. For such2H NMR
analysis, it is clear that more than four data points (i.e.,
absolute splittings) are needed to determine the orientation
of a peptide uniquely, in contrast to the use of four signed
splittings in the19F NMR analysis described above. When
three additional quadrupole splittings from the Ala-d3 labels
at positions Ile9, Gly11, and Ala13 are included in the2H
NMR analysis, a unique rmsd minimum is obtained (Figure

8C). All seven data points fit well on the quadrupolar wave,
as illustrated in Figure 8D, suggesting that the labeled stretch
is consistent with an unperturbedR-helical conformation over
its full length. When the rmsd values are being compared
between19F and 2H NMR data, it should be remembered
that 2H splittings are 5.3 times larger so that a19F rmsd of
1 kHz corresponds to a2H rmsd of 5.3 kHz. The relative
error is thus smaller for the fit from2H data than that found
above for19F data. The rmsd minimum corresponds to a helix
tilt angle (τ) of 111°, a rotation angle (F) of 122°, and an
order parameter (Smol) of 0.65 in DMPC, and in DMPC/
DMPG (3:1) bilayers, very similar results are obtained (Table
8). This structure describes the alignment of the MSI-103
helix in DMPC and in DMPC/DMPG bilayers such that its
C-terminus is inclined∼20° away from the membrane
surface toward the bilayer interior. The rotation angle of 122°
shows that the charged lysine residues are directed toward
the aqueous phase. Since all data points fit well together,
we conclude that the structure and orientation of MSI-103
at 1:200 are not influenced by a substitution of a small
glycine residue or a bulky isoleucine side chain with an Ala-
d3 label.

At higher peptide concentration ratios of 1:50 and 1:20,
the use of only four nonperturbing Ala-d3 labels was also
insufficient to obtain a reliable structure; hence, all seven
labels had to be used in the analysis. This is demonstrated
in panels A and C of Figure 9, showing the error plots at a
P:L of 1:50 using only four labels and all seven labels,
respectively. The corresponding quadrupolar curves are
illustrated in panels B and D of Figure 9. The analysis was
also carried out for a peptide-to-lipid ratio of 1:20, as seen
in panels E and F of Figure 9. Both peptide-to-lipid ratios
give practically the same result: at 1:50,τ ) 128°, F ) 105°,
andSmol ) 0.83, and at 1:20,τ ) 125°, F ) 109°, andSmol

) 0.92 (Table 7). This alignment of MSI-103 is very close
to the picture found previously for PGLa in DMPC and
DMPC/DMPG bilayers at high concentrations, which had
been named the tilted T-state (17, 18, 22). In both peptides,
at high concentrations the helix tilt angle is∼25° larger than
at low concentrations (from19F NMR at 1:400), while the
azimuthal rotation angle is somewhat smaller. The order
parameter is somewhat larger than at low concentrations,
indicating a lower degree of wobbling with an increase in
concentration. The2H NMR spectra of the oriented samples
rotated to 90° (data not shown) demonstrate that at 1:50 and
1:20 the peptide has stopped rotating around the bilayer
normal. This finding indicates that at high peptide concentra-
tions the helices are laterally immobilized in the membrane,

Table 8: Best-Fit Orientation Parameters for MSI-103 in Lipid Bilayers from2H NMR Data

P:L labels used tilt angleτ (deg) rotation angleF (deg) Smol rmsd (kHz)

DMPC
1:200 CD3 at A7, A10, A14, A17 63 148 0.62 1.8
1:50 CD3 at A7, A10, A14, A17 135 90 0.81 0.8
1:20 CD3 at A7, A10, A14, A17 123 109 0.98 2.1
1:200 CD3 at A7, I9, A10, G11, I13, A14, A17 111 122 0.65 1.6
1:50 CD3 at A7, I9, A10, G11, I13, A14, A17 128 105 0.83 3.1
1:20 CD3 at A7, I9, A10, G11,a I13, A14, A17 125 109 0.92 3.5

DMPC/DMPG
1:200 CD3 at A7, A10, A14, A17 61 160 0.59 0.2
1:200 CD3 at A7, I9, A10, G11, I13, A14, A17 111 122 0.60 1.7
a Value too uncertain to be used in the fit, but consistent with the remaining best-fit curve.
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while still maintaining a specific tilt angle and azimuthal
rotation angle.

DISCUSSION

In this study, we have used solid-state19F and2H NMR
on selectively CF3-Phg- and Ala-d3-labeled MSI-103 ana-
logues, to determine the orientation of this antimicrobial

peptide in DMPC bilayers at different concentrations. First,
we will compare the MSI-103 results at low and high peptide
concentrations. Then, the structures will be compared with
previous results for the related peptide PGLa. Finally, the
differences between MSI-103 and PGLa in terms of their
reorientation and dynamic behavior will be discussed in light
of their antimicrobial and hemolytic activities.

FIGURE 9: (A) Error plot for MSI-103 in DMPC bilayers at 1:50, using only the2H NMR data from the four nonperturbing Ala-d3 substitutions.
(B) Corresponding quadrupolar wave plot, fitted only to the four native Ala positions (9). The experimental splittings from two Ile positions
(O) and one Gly (4) are also shown but not used in the fit. (C) Error plot calculated from all seven labeled Ala-d3 positions. (D) Corresponding
quadrupolar wave plot from all seven data points. (E) Error plot for MSI-103/DMPC bilayers at 1:20, calculated from six labeled Ala-d3
positions (Gly11 not used). (F) Corresponding quadrupolar wave plot at 1:20 calculated from six data points.
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Surface-Bound S-State of MSI-103 at Low Concentrations.
The range of low peptide-to-lipid ratios is best addressed
by highly sensitive19F NMR measurements of CF3-Phg
labels, which provide sufficient signal intensity even at
concentrations as low as 1:800. Up to a P:L of 1:200, the
structure analysis of MSI-103 gave a consistent picture of
the helical peptide being aligned in the surface-bound S-state,
with a tilt angle (τ) of ∼101° (see Table 7 and Figure 7C,D).
The azimuthal rotation angle of∼130° is fully consistent
with the amphiphilic profile of MSI-103, and the value of
Smol of ∼0.65 suggests a monomeric state. As seen from the
samples measured at a 90° alignment, the peptide is free to
rotate about the membrane normal on the millisecond time
scale of the NMR experiment.

With an increase in the peptide concentration to 1:50, the
19F NMR splittings of all labels were found to change
compared to those in the low-concentration regime, indicating
a change in the orientation of the helix (see Figure 5). MSI-
103 still rotates around the bilayer normal, according to the
90° sample alignment. However, the fit to the four relevant
19F NMR data points is not convincing, giving either aτ of
109° and aF of 113° with an alarmingSmol value of 1, or
when a reasonableSmol is fixed, then the rmsd becomes very
high (see Table 7). Besides the position of Gly11 that
becomes perturbed by CF3-Phg substitution, it seems that at
high concentrations some other positions of MSI-103 are also
sensitive to mutations, due to changes in hydrophobicity or
dimerization contacts. The poor fit suggests that the19F NMR
data should not be considered to represent an accurate
orientation of MSI-103 at a P:L of 1:50. According to the
OCD analysis, the wild-type peptide exists as a mixture of
S- and T-states between 1:60 and 1:240 (Figure 4). It is
conceivable that the individual CF3-Phg-labeled analogues
may have slightly different equilibrium thresholds and that
some of the peptides may not have reached a pure T-state at
1:50, so the fit would not work. At 1:20, all peptide analogues
should clearly be in the T-state, but unfortunately at that
concentration, the19F NMR spectra (unlike2H NMR) showed
peptide aggregation and no fit was possible.

Tilted T-State of MSI-103 at High Concentrations.Given
the difficulties of the19F NMR data at high concentrations,
this range is better examined by2H NMR. Here, we obtain
two self-consistent sets of data at P:L values of 1:50 and
1:20, both of which yield essentially the same picture of a
tilted peptide in the T-state (see Figure 9). The helix tilt angle
is found to have increased to around 125°; F has decreased
slightly to 105°, and the order parameterSmol approaches
0.8 at 1:50 and 0.9 at 1:20 (see Table 8). These parameters
are consistent with the hypothesis that - just like PGLa (18,
22), the peptides have assembled into antiparallel dimers and
the changes in tilt and azimuthal angles reflect the preferred
packing of helices in this stable and distinct state.

Realignment of MSI-103 from the S-state to the T-state
occurs over a broad concentration range from 1:240 to 1:60,
according to the OCD analysis, with a threshold around
1:240. It is more difficult to extract such a threshold
quantitatively from the NMR data. Both analyses by2H and
19F NMR clearly indicate that the change in tilt angle occurs
between 1:200 and 1:50. However, according to19F NMR,
the alignment of MSI-103 at 1:200 still corresponds com-
pletely to the S-state, whereas2H NMR suggests an align-
ment that is halfway between the S- and T-states [τ ) 111°

and F ) 122° (see Table 8 and Figure 8)]. A similar
intermediate situation had been previously encountered for
PGLa and was interpreted as a 55:45 mixture of S- and
T-states in fast exchange, leading to an averaging of the
quadrupolar splittings (22). Since the relative error of the
2H NMR fit with seven Ala-d3 labels is smaller than for the
19F NMR data with four CF3-Phg labels, we trust that the
intermediate alignment of MSI-103 at 1:200 in DMPC
represents a more accurate and reliable result. Figure 10
summarizes the course of realignment of MSI-103, using the
data we consider most reliable (highlighted in boldface text
in Tables 7 and 8). Overall, an intrinsic error of(3° in τ
andF from 2H NMR and approximately twice as much for
19F NMR should be taken into account, given the assumption
that MSI-103 has a perfectly helical conformation.

Another subtle difference between the2H and 19F NMR
data concerns the dynamic behavior of MSI-103 in the
T-state. By 2H NMR, the peptides were found to have
stopped rotating around the bilayer normal at a P:L ofg1:
50, but they still maintained their alignment with respect to
the membrane surface [using both MLV and oriented samples
(data not shown)]. The19F NMR spectra suggested a more
extreme change in dynamics, namely that the peptides were
still averaged about the membrane normal at 1:50, while at
1:20 they not only stopped to rotate but also had lost their
alignment in the membrane. Again, these differences might
be attributed to slight differences in the equilibrium thresh-
olds of the individual19F-labeled peptides on which the
analysis was based. The qualitative agreement between the
2H and 19F NMR data is nevertheless remarkable, despite
these subtle differences in the absolute concentration range
over which the realignment or change in dynamics occurs.

FIGURE 10: Comparison of the structural and dynamic behavior of
MSI-103 and PGLa as a function of the peptide-to-lipid ratio in a
DMPC bilayer. The realignment from a surface-bound S-state to a
tilted T-state occurs at a lower threshold concentration for MSI-
103 than for PGLa. Fast exchange between S- and T-states is
illustrated by overlapping peptides with dynamic wings. The
formation of homodimers in the T-state is represented by the
presence of a second semitransparent peptide. Fast motional
averaging of a peptide about the membrane normal is indicated by
a circular arrow, which is crossed out where this rotation has ceased
and the peptides are laterally immobilized. The PGLa2H NMR
data are taken from ref22 [1:200 (MLV), 1:50 (MLV), 1:20
(oriented), and 1:400 (proposed S-state)]. The MSI-103 results are
from this study [1:400 (oriented) from19F NMR, model B; 1:200
(MLV) from 2H NMR; 1:50 (oriented) from2H NMR; and 1:20
(oriented) from2H NMR].
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Comparison of MSI-103 with PGLa.MSI-103 is a product
of rational drug design, whose sequence was derived from
PGLa, a peptide found in the skin of the frogX. laeVis (3,
25). It is therefore of interest to compare these results with
our earlier NMR studies of the parent peptide.19F NMR
analysis of CF3-Phg-labeled PGLa showed that this helical
peptide lies flat on the membrane surface in an S-state at
1:200, and it assumes a tilted T-state at 1:50 (13, 17). 2H
NMR using eight Ala-d3 labels gave a more accurate and
comprehensive picture, showing that the orientational equi-
librium is influenced not only by peptide concentration but
also by sample hydration and lipid composition (18, 22). In
fully hydrated MLV samples with 1:200 PGLa in DMPC, a
tilt angle of 98° and an azimuthal rotation of 115° were found
to describe the S-state appropriately. Oriented samples at
1:50, on the other hand, yielded a characteristic and stable
T-state with aτ of 126° and aF of 110° (18). In oriented
samples at 1:100 and 1:20, very similarτ andF values were
found, differing by only a few degrees from the 1:50 samples
(22). The same distinct S- and T-states were also observed
for PGLa in mixed DMPC/DMPG (3:1) bilayers. Given the
known tendency of related antimicrobial peptides to dimerize,
the S- and T-states were interpreted as monomeric and
dimeric forms of PGLa, respectively (22). More recently, a
third orientational state was discovered for PGLa in the
presence of an equimolar amount of magainin 2, suggesting
that heterodimers can be formed. The nearly upright orienta-
tion of the helices in an inserted I-state enables the peptides
to span the membrane (23). Assembly of several such dimers
as a stable transmembrane pore would explain the known
synergistic effect, i.e., the improved antimicrobial action of
PGLa in combination with magainin 2 against bacteria.

In MSI-103, a peptide with an amino acid composition
and amphipathic profile similar to those of PGLa, we now
also find an S-state and a T-state. Figure 10 gives an
overview of the concentration-dependent realignment of the
two related peptides in DMPC bilayers as observed by2H
NMR. The properties in the T-state at 1:20 are strikingly
similar; hence, we propose that both peptides form ho-
modimers in a similar way, with the same preferred orienta-
tion and possibly the same dimerization interface. However,
the threshold for dimerization is significantly lower for MSI-
103 than for PGLa. With an increase in concentration, MSI-
103 already starts to tilt at 1:200, while PGLa reaches a fast
exchange between S- and T-states only at 1:50 in DMPC
(22). According to this interpretation, a pure S-state for MSI-
103 can be observed only at concentrations well below 1:200.
Unfortunately,2H NMR is too insensitive for such oriented
samples, and MLV samples are unsuitable due to the high
solubility of MSI-103 in water and the disturbing background
signals from water and lipids.19F NMR, on the other hand,
has not provided us with sufficient accuracy to discriminate
a pure S-state from a fast exchange between S- and T-states;
hence, Figure 10 is meant to illustrate at 1:400 a “very low”
concentration. Overall, the different dimerization thresholds
for MSI-103 and PGLa are supported by several other

observations besides the accurate2H NMR tilt angle analysis.
The fact that MSI-103 in the T-state at 1:50 does not rotate
around the bilayer normal, which is the case for PGLa at
this concentration, indicates that MSI-103 has a stronger
propensity to form extended assemblies. For PGLa, such
assemblies with no rotation around the bilayer normal were
found only at 1:20 (22). From OCD, the threshold concentra-
tion for realignment of MSI-103 in DMPC bilayers is found
to be 1:240, while for PGLa, it has been reported to be∼1:
80. This independent result also indicates that MSI-103 has
a stronger propensity to dimerize than PGLa.

An in-depth NMR structure analysis of PGLa suggested
that the mutual stabilization of two tilted peptides within a
dimer is the most adequate explanation of the otherwise
surprising observation of an oblique helix tilt angle (22).
Besides these postulated homodimers, PGLa has also been
shown by2H NMR to form 1:1 heterodimers with the related
peptide magainin 2 from the same organism, for which a
pronounced synergistic activity has been described (23).
Many other helical antimicrobial peptides have a tendency
to dimerize, as demonstrated in solution as well as in the
solid state (19, 49-51). Compared to these natural sequences,
however, it is remarkable that the synthetic MSI-103 peptide
can also assemble into dimers, since its KIAGKIA repeat
sequence was artificially designed and empirically selected
to be the most potent drug candidate. Unlike PGLa, MSI-
103 cannot have evolved a specific dimerization interface
for optimal function as a homodimer. Nevertheless, it appears
that this successful drug candidate bears the same dimer-
ization propensity in its regular amphiphilic structure, and
this appears to contribute to its biological function.

The dimerization of MSI-103 in the solid state has been
previously demonstrated by REDOR measurements on
selectively13C- and19F-labeled peptides (named K3 in that
publication) (21). Toke et al. collected several distance
constraints in dipalmitoylphosphatidylcholine/dipalmitoylphos-
phatidylglycerol (1:1) bilayers, from which the putative
dimerization interface could be inferred. According to the
REDOR data, MSI-103 was suggested to form a parallel
dimer via its Ala-rich surface, and such dimers were found
to coexist with monomeric peptides. Such monomer-dimer
equilibrium is in good agreement with the concentration-
dependent realignment of MSI-103 from a monomeric S-state
to a dimeric T-state observed here by OCD and2H and19F
NMR. On the other hand, on the basis of symmetry
arguments, our NMR data support the formation of an
antiparallel head-to-tail dimer better than any parallel
structure. The fact that only a single set of NMR splittings
is seen for any one label suggests that both parts of the dimer
must have the same orientation with respect to the membrane
plane. Among all putative dimeric geometries (side-by-side,
back-to-back), the only reasonable solution of two helices
consistent with these arguments is an antiparallel arrange-
ment, assuming that both peptides reside on the same face
of the lipid bilayer.

Table 9: Change in Hydrophobicity and Hemolytic Activity of Mutated MSI-103 Compared to the Original Peptide

A7-19F I9-19F A10-19F G11-19F I13-19F I9-2H G11-2H I13-2H

hydrophobicity v V v v V V v V
hemolysis v V v v V V v V
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The two dimeric models discussed here differ in yet
another aspect, namely, the helix tilt angle and its membrane
immersion. It was suggested by Toke et al. that both the
monomeric and dimeric units are assembled into a toroidal
wormhole, forming a transmembrane pore in the lipid bilayer
(21). However, the orientation of the peptide helices was
not accessible from these REDOR data; hence, no reliable
conclusion could be drawn about the peptide alignment in
that study. Here, from our orientational NMR constraints, it
was possible for the first time to determine the tilt angle of
MSI-103 under different conditions in the membrane. Here
we did not observe an immersed I-state, which would have
been expected to correspond to an upright transmembrane
helix that is compatible with a pore. These differences
between the two models and the open questions concerning
the parallel versus antiparallel nature of the dimer and its
alignment in a transmembrane pore may be related to the
different experimental conditions under which the REDOR
experiments and the oriented measurements were carried out.
Distance constraints had to be collected in frozen or
lyophilized bilayer samples, whereas the orientational con-
straints were acquired under quasi-native conditions in liquid
crystalline DMPC at 35°C. It is thus conceivable that some
of the apparent contradictions may be reconciled once the
MSI-103 samples are prepared and observed under exactly
the same conditions. Unfortunately, it is not possible to
collect meaningful REDOR constraints in liquid crystalline
samples, and an orientational analysis in frozen or lyophilized
bilayers is not considered to be biologically relevant. At
present, the parallel or antiparallel nature of the proposed
dimers is an unresolved question, and it is possible that
different types of dimers form under different conditions.
Overall, in the study of membrane-active peptides, it is
essential to realize that their structural and dynamic behavior
may depend dramatically on subtle changes in peptide
concentration, sample hydration, lipid composition, temper-
ature, etc. (17, 18, 22, 29, 48, 52).

Structure-Function Relationship.All mutant MSI-103
peptides, in which Ala-d3 was substituted for Ile or Gly, or
in which CF3-Phg was introduced, have been characterized
in terms their antimicrobial activity. Using a 2-fold dilution
series, it is not possible to state exact values of MIC, and a
slight change in activity can give rise to a factor of 2 in the
apparent result. Thus, for a difference to be significant, the
MICs should differ by a factor of at least 4. In most cases,
we found that the mutants have the same MIC as wild-type
MSI-103. When Gly was replaced with Ala-d3, no effect was
seen, and likewise, when Ile was replaced with CF3-Phg,
the MIC did not change. In these mutants, the size and
polarity of the side chain were not significantly altered. Also,
when Ile was replaced with Ala-d3, no effect was seen (except
for MSI-I9-19F which was slightly less active againstB.
subtilis), indicating that even the change from a large to a
small side chain was readily accommodated. Only MSI-G11-
19F shows a much lower activity against most of the bacteria
that were tested. This is the mutant which suffers the largest
difference compared to the wild type, as Gly is replaced with
a bulky CF3-Phg side chain. On the other hand, when the
small Ala at position 10 was replaced with CF3-Phg, no effect
was seen, except for a slightly reduced activity against
Acinetobactersp (DSM 586). It is therefore possible that
the strong effect at position Gly11 is not so much due to a

general effect of side chain volume as rather to some more
specific importance of this site (see below). For PGLa, it
has been reported previously that the antimicrobial effect
was not affected by introduction of CF3-Phg at various
positions, except that a weaker effect was observed when
Ala8 was mutated, which is located on the hydrophilic face
of the peptide and thus would expose the large and
hydrophobic CF3-Phg to the aqueous surface (13).

In contrast to the antimicrobial tests, the hemolysis assays
showed that mutations had large effects on the ability of
peptides to lyse erythrocyte ghosts. Some mutations almost
completely abolished hemolysis, while others increased the
activity of the peptide significantly. Most remarkable was
the reduction of activity when Ile9 or Ile13 was replaced
with Ala-d3, whereas a substitution of Ala10 or Gly9 with
CF3-Phg led to a considerable increase. We thus conclude
that the hemolytic response correlates directly with the
change in hydrophobicity of the peptides, which has been
previously identified as an important factor (53-55). Chang-
ing Ile to CF3-Phg or Gly to Ala-d3 gave a much weaker
effect, as the hydrophobicity did not change much with these
mutations, though the same trend is seen even in these cases.
In Table 9, the relationship between the hydrophobicity and
hemolytic activity of the various MSI-103 analogues is
illustrated. We have previously observed a decrease in
hemolytic activity upon removal of the C-terminal amide
group of MSI-103 and related peptides (26), which may
indeed be explained by the lower hydrophobicity once the
charged carboxyl group is introduced at the free C-terminus.
Overall, it is remarkable that the strong dependence of
hemolytic activity on particular mutations does not seem to
be related to the antimicrobial activity. Since the antimicro-
bial function occurs at much lower peptide concentrations
and is largely insensitive to mutations, it seems likely that
different mechanisms are involved in these two membrane-
perturbing processes.

With regard to the biological effects of the original
peptides, MSI-103 had been specifically designed to be a
better antibiotic than PGLa (3, 25, 26). We have concluded
from this work that MSI-103 can dimerize in a manner
similar to that of PGLa, but at a lower threshold, and MSI-
103 also starts to form immobilized assemblies in the bilayer
at a lower concentration than PGLa. The stronger propensity
of MSI-103 to dimerize and form higher-order oligomers
thus appears to be correlated with its higher antimicrobial
activity.
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