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ABSTRACT Magainin 2 (MAG2) and PGLa are two «-helical antimicrobial peptides found in the skin of the African frog Xenopus
laevis. They act by permeabilizing bacterial membranes and exhibit an exemplary synergism. Here, we determined the detailed
molecular alignment and dynamical behavior of MAG2 in oriented lipid bilayers by using 2H-NMR on Ala-ds-labeled peptides,
which yielded orientation-dependent quadrupolar splittings of the labels. The amphiphilic MAG2 helix was found to lie flat on
the membrane surface in 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC)/1,2-dimyristoyl-sn-glycero-3-phosphatidyl-
glycerol (DMPG) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC)/1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phatidylglycerol (POPG), as expected, with a tilt angle close to 90°. This orientation fits well with all-atom molecular-dynamics
simulations of MAG2 performed in DMPC and DMPC/DMPG. In the presence of an equimolar amount of PGLa, the NMR analysis
showed that MAG2 becames tilted at an angle of 120°, and its azimuthal rotation angle also changes. Since this interaction was
found to occur in a concentration range where the peptides per se do not interact with their own type, we propose that MAG2 forms
a stable heterodimer with PGLa. Given that the PGLa molecules in the complex are known to be flipped into a fully upright orien-
tation, with a helix tilt close to 180°, they must make up the actual transmembrane pore. We thus suggest that the two negative
charges on the C-terminus of the obliquely tilted MAG2 peptides neutralize some of the cationic groups on the upright PGLa
helices. This would stabilize the assembly of PGLa into a toroidal pore with an overall reduced charge density, which could explain

the mechanism of synergy.

INTRODUCTION

Antimicrobial peptides (AMPs) are found in most types
of organisms and constitute an innate protection against mi-
croorganisms (1-3). In many cases, the mechanism of the
antimicrobial activity of AMPs is attributed to the permea-
bilization of bacterial membranes (4-6). Some AMPs
show synergistic effects, such that the activity of a mixture
of two peptides is substantially higher than the sum of the
activities of the individual agents (7,8), which makes them
even more interesting to study.

Magainin 2 (MAG?2; sequence GIGKFLHSAKKFGKAF
VGEIMNS) was extracted from the skin of the African frog
Xenopus laevis and found to exhibit modest antimicrobial
activity (9). MAG2 forms an amphiphilic a-helix when
bound to a lipid bilayer and has been proposed to kill bacte-
ria by forming toroidal wormhole pores in their membranes
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(6,10-15). It is part of the larger magainin family of AMPs
from the same frog, which has been proposed to share a
common gene ancestry (16,17). One of these peptides,
PGLa (sequence GMASKAGAIAGKIAKVALKAL-NH,),
exhibits a strong synergistic antimicrobial activity together
with MAG2 (18-22). Reports showing that the strongest
synergy is found for 1:1 mixtures of the two peptides sug-
gest that they might form heterodimers, which would be
responsible for the synergy (21). According to a cross-link-
ing study in membranes, such heterodimers are most likely
arranged in parallel, with the most efficient linkage connect-
ing the two C-termini (23).

Solid-state NMR on isotope-labeled peptides is a conve-
nient method to determine the orientation of membrane-
active peptides in macroscopically aligned lipid bilayers un-
der quasi-native conditions (24—-27). With a single '°N label,
an approximate tilt angle of the peptide can be determined
from a simple one-dimensional (1D) experiment, but the
use of fully '’N-labeled peptides and two-dimensional
(2D)-NMR can provide a more accurate tilt angle. With
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additional information from specifically labeled peptides, it
is also possible to determine the azimuthal rotation angle,
which describes the orientation of side chains with respect
to the membrane and is defined as a rotation around the pep-
tide’s long axis. Alternatively, H- and '?F-NMR on analogs
carrying selective labels in the side chains can be used to
obtain accurate tilt and azimuthal angles simultaneously.

The orientation of PGLa and MAG?2 has been studied
in membranes using solid-state '’N-NMR on '’N-labeled
peptides. In unsaturated lipids such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine
(POPE)/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylgly-
cerol (POPG), even at high peptide/lipid molar ratios (P/L),
both peptides lie flat on the membrane surface, alone as
well as in a 1:1 mixture (26,28-36). In saturated lipids
such as 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC)/1,2-dimyristoyl-sn-glycero-3-phosphatidylglycerol
(DMPG), a different behavior is found: on its own, PGLa lies
flat on the membrane surface at low P/L, and it becomes
obliquely tilted at P/LL = 1:100 and higher concentrations.
In a 1:1 mixture with MAG2, PGLa flips into the membrane
in an upright transmembrane orientation that is compatible
with the formation of a membrane-spanning toroidal pore.
MAG?2, on the other hand, lies flat on the membrane in
DMPC/DMPG up to P/L = 1:30, becomes obliquely tilted
at 1:10, and assumes only a slight tilt when PGLa is present.
No inserted orientation has been found using solid-state
NMR (26,28,29).

PGLa has also been studied using ’H- and lgF-NMR, and
it was found that PGLa can change between two distinct
states: at low concentrations in DMPC/DMPG a surface-
bound S-state is found in which the helix axis is almost par-
allel to the membrane surface, and at higher concentrations
a more tilted T-state is found in which the angle between the
bilayer surface and the helix is close to 35° (37-40). In a
mixture with MAG?2, an inserted I-state is found with an
almost upright (transmembrane) orientation of the peptide
that is compatible with the formation of a membrane-span-
ning pore (20,41). The S-, T-, and I-states can also be
observed within one sample by varying the temperature
through the lipid phase transition and beyond (42). The
S- and T-states of PGLa have also been investigated using
molecular-dynamics (MD) simulations (43,44).

So far, the alignment of MAG2 has only been studied by
"'N-NMR, but here we present a study of Ala-ds-labeled
MAG2 using solid-state H-NMR and MD simulations.
Many MD studies have examined AMPs in membranes,
but no long all-atom simulation of MAG2 has been pub-
lished yet. Simulations also need to be validated by high-
resolution experimental data, which have not previously
been available for MAG2. A refined picture of this peptide
in the membrane can thus be obtained from the combined
NMR and MD results presented here. Basically, we find
that MAG?2 is oriented almost completely flat on the mem-
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brane surface in both POPC/POPG and DMPC/DMPG, and
no significant change in orientation is seen as a function of
peptide concentration in DMPC/DMPG. There is a change
in the orientation of MAG?2 in the presence of PGLa, but
in contrast to PGLa, MAG?2 does not insert into the mem-
brane in a transmembrane orientation, and tilts by only
~30°. From these findings, the first, to our knowledge,
model for the synergistic interaction of MAG2 with PGLa
can be derived.

MATERIALS AND METHODS

For details regarding the materials and methods used in this work, see Sup-
porting Materials and Methods in the Supporting Material.

RESULTS AND DISCUSSION

A total of 10 different Ala-d; substituted MAG2 analogs
(listed in Table S1) were successfully synthesized and puri-
fied. We previously showed that all of these peptides are un-
structured in aqueous buffer but form an «-helix in the
presence of DMPC/DMPG (3:1) lipid vesicles (45). We
also found that all of these analogs have an antimicrobial ac-
tivity with a minimum inhibitory concentration (MIC) com-
parable to that of the MAG2 wild-type (MAG2-WT) (45),
with certain exceptions that will be discussed below. We
may therefore assume that the analogs have the same struc-
ture as the WT peptide and can be used to determine the
structure and orientation of MAG?2 in membranes.

’H-NMR experiments were performed on peptide-lipid
samples that were macroscopically oriented on thin glass
plates, with their bilayer normal aligned parallel to the
external magnetic field. To allow a comparison with previ-
ous '"N-NMR experiments, several different lipid systems
were used. For each sample, *'P-NMR spectra were re-
corded before and after the H-NMR experiment to check
the sample quality, and in particular to confirm that the sam-
ple was well oriented and that the lipids were in the lamellar
liquid crystalline phase (data not shown). In the “H-NMR
spectrum, the CD5 group of an Ala-d; label gives a quadru-
pole splitting that depends on the orientation of the C,-CDj3
bond relative to the magnetic field. This splitting Ay, re-
flects the orientation of the labeled peptide side chain in
the magnetic field, such that in our oriented samples the
collection of all Ay, can be used to determine the orientation
of the entire peptide helix with respect to the membrane
normal.

In POPC/POPG (9:1), all samples give well-resolved
spectra at a P/L of 1:50 (see Fig. 1 A) and a distinct splitting
arises from the oriented peptides (listed in Table 1). The
central peak at 0 ppm is due to residual “H in the water,
as shown in Fig. 1 C, which shows one spectrum from a lipid
sample (DMPC/DMPG 3:1) without peptide. The central
peak may also contain some contribution from unbound
peptides, but in anionic PG-containing bilayers, a positively
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FIGURE 1 ?H-NMR spectra of the Ala-ds-labeled MAG?2 analogs. Each
row contains the spectra from one selectively labeled position, as indicated
by the peptide name. (A-D) In each column, a different lipid system was
used: (A) MAG2/POPC/POPG (2:90:10), (B) MAG2/DMPC/DMPG
(1:75:25), (C) MAG2/DMPC/DMPG (2:75:25), and (D) PGLa/MAG2/
DMPC/DMPG (1:1:75:25).

charged peptide like MAG2 is expected to bind electrostat-
ically to the membranes, and hence such a contribution
would probably be small (39). Only in the case of MAG2-
F12A is no distinct splitting seen, but this is most likely
attributed to a splitting of 0 kHz, which would mean that
the C,-CD; bond is oriented close to the magic angle. In a
few cases, a second signal with a low intensity showing
another splitting is observed, as discussed in Supporting
Material (see Figs. S3 and S4 for more detailed spectra).
We also prepared two samples (MAG2-F16A and MAG2-
V17A) in POPC/POPG (9:1) at P/L = 1:100 and obtained
almost the same splittings. This finding indicates, as ex-
pected, that the peptide orientation did not change between
these peptide concentrations; hence, we did not carry out the
full set of experiments at lower peptide concentrations.
With the full set of quadrupole splittings available, we
performed a fit to determine the helix orientation in the
membrane. The orientation can be defined by the tilt angle
7 and the azimuthal angle p, as illustrated in Fig. S1. The
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fit results from the “H-NMR data of POPC/POPG samples
are given in Fig. 2. When all 10 data points are used, a
poor fit is found with a root mean-square deviation
(RMSD) of 5.0 kHz. However, it is evident from the quad-
rupolar wave curves that the value of Ayg from position
Ile-20 does not fit to the other data points. When this data
point is excluded, a much better fit is found with an
RMSD of 2.8 kHz (see Fig. 2 C). The resulting helix
orientation is almost identical for these two fits, as shown
in Table 2. The peptide tilt angle 7 is 91° and its azimuthal
rotation angle p is 174° in the fit without position Ile-20 (see
Fig. 2 A), differing only by 1-3° from the fit including posi-
tion Ile-20. We thus conclude that the splitting from position
Ile-20, which is close to the C-terminus of the peptide, does
not fit to our assumed ideal a-helix, because the C-terminus
of MAG2 may be somewhat unraveled. It would not be un-
expected to find that this anionic region with two negative
charges (Glu-19 and the free C-terminus) is less stable in
an anionic bilayer than the cationic N-terminal and central
parts of the peptide.

A tilt angle close to 90° corresponds to a peptide lying
flat on the membrane surface, as expected for an amphi-
philic helix. This orientation was previously proposed for
MAG?2 in POPC/POPG from 1D ""N-NMR experiments
(28,29,46) and was confirmed here with higher accuracy.
The azimuthal angle p (rotation around the helix axis) was
not available from the 1D '>’N-NMR data, but a comprehen-
sive 2D NMR analysis of fully '°N-labeled MAG2 gave
the full orientation of the peptide in POPC/POPG (4:1) at
P/L = 1.6:100 (36). Values of 7 and p are not explicitly
stated in this work but can be estimated from the corre-
sponding figure to be 7 = ~90° and p = ~165° (using our
definition). This fits well with our result (p = 174°) and de-
scribes a peptide orientation in which the polar sector (see
Figs. S6 and S7) is pointing out of the membrane into the
aqueous phase, as expected from biophysical consider-
ations. We note that a similar overall peptide orientation
was reported for the related amphipathic a-helical peptide
MSI-103 in all tested lipid systems containing unsaturated
lipids (47). We thus propose that this flat, surface-bound
orientation is generally characteristic for amphipathic a-he-
lical peptides in lipids with a negative spontaneous curva-
ture (28,47,48). The four-parameter fitting procedure also
revealed some information about the dynamical behavior
of MAG?2 in the membrane-bound state, namely, the degree
of whole-body fluctuations around 7 and p (see Fig. 2 B).
They are described here by the width of the distributions
0, and o, which show a very small variation of the tilt angle
and a larger variation of the rotation angle (~15°). The same
kind of dynamics was reported for MSI-103 in lipids with a
negative spontaneous curvature (47).

In DMPC/DMPG (3:1), well-resolved spectra were found
for all labels at a low peptide concentration, i.e., at P/LL =
1:100 (see Fig. 1 B), and the splittings were similar to those
found in POPC/POPG (see Table 1). More details about the
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TABLE 1 Experimentally Determined or MD Derived ?H-NMR Quadrupolar Splittings of MAG2 in Different Lipid Systems
Quadrupolar Coupling (kHz)
Lipid POPC/ POPG DMPC/ DMPG DMPC/ DMPG DMPC/DMPG + PGLa DMPC (MD) DMPC/DMPG (MD)
P:L 2:90:10 1:75:25 2:75:25 1:1:75:25 1:128 1:96:32
MAG2-F5A (+)33.0 (+)30.0 not clear not clear +24.9 +7.9
MAG2-L6A (—)30.4 (—)29.5 (—)28.8 (—)29.8 —30.8 -35.2
MAG2-A9 (+)30.2 (+)27.0 (+)25.9 not clear +29.4 +8.7
MAG2-FI12A 0 (+)3.2 0 not clear +9.7 -7.0
MAG2-G13A (=113 (—)14.0 (—)18.1 (—)29.8 —26.2 —33.0
MAG2-A15 (—)26.7 (—)26.2 (—)20.9 (+)25.3 -26.0 —28.6
MAG2-F16A (+)37.1* (+)36.7 (+)37.2 (—)19.3 +33.5 +25.6
MAG2-V17A (—)29.1° (—)29.0 (—)29.9 (=)31.7 +22.6 -31.8
MAG2-G18A (+)36.0 (+)34.3 not clear +64.8 —17.6 -7.9
MAG2-120A (+)28.5 (+)15.8 (+)13.5 (—)16.3 +38.6 +50.5

NMR data were collected using macroscopically oriented samples, set with the membrane normal parallel to the magnetic field. The splitting obtained from a
’H-NMR experiment is an absolute value, but its sign can be deduced from the fitting curve and is given in parentheses. Splittings from the MD trajectory are
calculated with the sign, and in this case the sign is given without parentheses. In the MD simulations, the peptide is not helical from position 17 onward

(marked in italics).
“A 1:90:10 sample gave 36.0 kHz.
A 1:90:10 sample gave 28.9 kHz.

determination of splittings are given in Supporting Material.
MAG2-F5A also gave a smaller splitting (half that of the
main splitting), which is most likely due to some of the pep-
tides being in unoriented membranes (39,40). MAG2-F12A
showed a resolved splitting of only 3 kHz, supporting our
interpretation that the splitting in POPC/POPG of this posi-
tion was close to zero. The main difference is seen for
MAG2-120A, where a much smaller splitting was found in
DMPC/DMPG. When we fitted these data (Fig. 3, A-C),
we obtained a good fit using all 10 data points, with the
same peptide orientation and dynamics as observed in
POPC/POPG (7 = 91°, p = 174°). In this case, Ay, from
position Ile-20 does fit with the rest of the data points,
suggesting that the a-helix may be more well-defined
toward the C-terminus in DMPC/DMPG (3:1) compared
with POPC/POPG (9:1).

For other related peptides from the magainin family, such
as MSI-103 (47) and PGLa (37-40,49), an essentially flat
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surface-bound state was also found in DMPC or DMPC/
DMPG at low peptide concentrations. However, at a higher
P/L of 1:50, those peptides were found to be tilted into the
membrane (28,29,37-40,45,50). Therefore, we also checked
MAG?2 at P/L = 1:50 in DMPC/DMPG (3:1). In this case,
the spectral quality was worse (see Fig. 1 C) and splittings
were harder to determine. More details about the deter-
mination of splittings from these spectra are given in Sup-
porting Material. We prepared several duplicate samples
of the problematic labeled positions and tried different
sample preparation methods (see Supporting Materials and
Methods), but in some cases it was not possible to resolve
the quadrupole splitting. Such problems might be due to
peptide aggregation, a loss of sample alignment, or unfavor-
able NMR relaxation behavior. Especially for MAG2-F5A,
MAG2-F12A, and MAG2-G18A, we observed only a cen-
tral peak, and no clear splitting. For most of the other posi-
tions, however, the splittings did not change much compared

FIGURE 2 Best-fit analysis of the “H-NMR
splittings from MAG2 in POPC/POPG (90:10) at
P/L = 1:50. (A) RMSD plot of the fit as a function
of peptide orientation in terms of the helix tilt and
rotation angles 7 and p. RMSD values for each 7-p
combination are indicated by a color code. There is
only a single well-defined minimum at 7 =91° and
p = 174°. (B) RMSD plot as a function of the
corresponding dynamical parameters, i.e., of the
fluctuation deviations ¢, and g, (same color code
as in A). (C) The helical wave plot shows the curve
of the splittings calculated from the best-fit param-
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eters, together with the experimental data points.
Residues are shown projected around the helical
axis according to the helical wheel (see Fig. S6).
Residue numbers are given next to the data points.
Data from the most C-terminal position 20 was not
used in the fit (unfilled symbol). To see this figure in
color, go online.
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TABLE 2 Best-Fit Orientations of MAG2 in Lipid Bilayers from 2H-NMR Data and from Splittings Back-Calculated from the MD

Trajectory

Lipid System P/L Positions Used in the Fit 7(°) p (°) o, (°) a, (°) RMSD (kHz)
“H-NMR

POPC/POPG 2:90:10 10 (all) 90 171 1 13 5.0
POPC/POPG 2:90:10 9 (not 20) 91 174 0 14 2.8
DMPC/DMPG 1:75:25 10 (all) 91 174 1 16 2.4
DMPC/DMPG 2:75:25 8 (not 5,18) 94 174 0 14 3.1
+PGLa

DMPC/DMPG 1:1:75:25 7 (not 5,9,12) 122 147 0 18 3.0
MD

DMPC 1:128 1-23 51 144 12 42 9.3
DMPC 1:128 1-17 91 174 14 8.7
DMPC 1:128 3-17 93 177 1 15 4.0
DMPC 1:128 3-16 94 176 14 8 37
DMPC 1:128 4-16 94 176 18 5 3.8
DMPC 1:128 3-15 93 176 5 12 39
DMPC/DMPG 1:96:32 1-23 65 3 29 0 13.5
DMPC/DMPG 1:96:32 1-17 105 179 4 0 5.6
DMPC/DMPG 1:96:32 3-17 104 177 0 0 3.1
DMPC/DMPG 1:96:32 3-16 104 178 0 0 3.1
DMPC/DMPG 1:96:32 4-16 104 177 0 0 3.1
DMPC/DMPG 1:96:32 3-15 106 178 6 2 2.0

with the low-concentration P/L = 1:100 samples, so it was
justified to assume that MAG2-F12A again had a splitting
around 0 kHz (similar to the small 3 kHz splitting at
P/L = 1:100). As for MAG2-F5A and MAG2-G18A, the
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missing splitting seems to be due to a genuine experimental
problem, so we did not include them in the analysis. We
nevertheless obtained a good fit from the remaining eight
data points (Fig. 3, D-F), giving almost the same dynamics

FIGURE 3 Best-fit analysis of the “H-NMR
splittings from MAG2 in DMPC/DMPG (3:1).
(A-C) Results for P/L = 1:100. (D-F) Results for
P/L = 1:50, analogous to Fig. 2. (A) The RMSD
plot as a function of peptide orientation shows
a single well-defined minimum at 7 = 91° and
p = 174°. (B) Corresponding RMSD plot as a func-
tion of dynamical parameters (same color code as
in A). (C) Helical wave plot with experimental
data. (D) The RMSD plot shows a single well-
defined minimum at 7 = 94° and p = 174°. (E)
Corresponding RMSD plot as a function of dynam-
ical parameters (same color code as in D). (F)
Helical wave plot with experimental data. To see
this figure in color, go online.
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and orientation as determined for P/L = 1:100 (7 = 94°,
p = 174°; see Table 2). (Please note that the small difference
in 7 of only 3° actually leads to a change in splittings of up to
8 kHz, illustrating the sensitivity of the method.) Using
alternative values or completely excluding the splittings at
positions 17 and 20, where the spectra are of lower quality,
gave almost identical best-fit orientations (within 1-2°), as
shown in Supporting Material (see Fig. S5 and Table S4).
Interestingly, the flat surface orientation of MAG2 in
DMPC/DMPG at both P/L = 1:100 and 1:50 is in contrast
to the observed flip of the helix by 30° reported for the other
two closely related peptides. Both PGLa (38—40) and MSI-
103 (47,50) in DMPC/DMPG change their alignment from
~95° at low peptide concentrations to 125° at P/L = 1:50
and higher concentrations. Nonetheless, the H-NMR result
for MAG2 is perfectly in line with a previous '’N-NMR
study (28), which also showed an unchanged surface orien-
tation in DMPC/DMPG (3:1) at P/L = 1:50, and only a
minor difference between POPC/POPG (9:1) and DMPC/
DMPG (3:1).

It was previously found that PGLa changes its orientation
dramatically when it is mixed with MAG2 in a 1:1 molar ra-
tio. This was first noted in a “H-NMR study (41) and later
confirmed using ISN-NMR (28.29). PGLa alone assumed
a tilted state with a helix tilt angle of ~125° at P/L =
1:50, but when mixed with MAG2 in a 1:1 molar ratio,
PGLa became completely inserted in DMPC/DMPG (3:1)
in a transmembrane orientation with a tilt angle close to
180° (41). This was not the case, however, in POPC/
POPG (28,29), and a more systematic study revealed that
PGLa would only insert in the presence of MAG2 into lipid
bilayers with a positive spontaneous curvature. In these sys-
tems, MAG?2 also changed its orientation to a slightly more
tilted state, whereas in lipids with a negative spontaneous
curvature, both peptides were always found to remain flat
on the surface (28). To examine the detailed response of
MAG?2 in the presence of PGLa, we prepared samples
with MAG2 and PGLa in a 1:1 molar ratio in DMPC/
DMPG (3:1) at a total P/L of 1:50, i.e., with PGLa/
MAG2/DMPC/DMPG at 1:1:75:25 (see Fig. 1 D). As was
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the case for MAG?2 alone in DMPC/DMPG (3:1) at P/L =
1:50, these spectra did not always give clear splittings. For
MAG2-A9, MAG2-F12A, and MAG2-F16A, only a central
peak was seen. We therefore left these positions out and per-
formed a fit to the other seven data points (Fig. 4). Now, a
more tilted state was found for MAG2 compared with its
orientation without PGLa, namely, 7 = 122°, which corre-
sponds to a change in tilt of ~30°. The azimuthal angle
also changed by ~30° to p = 147°. The dynamics remained
very low, similar to the behavior of MAG2 on its own, with
some fluctuations in p but not in 7. It can be noted that ac-
cording to the analysis, several of the splittings changed
sign when PGLa was present, indicating quite a substantial
effect on the orientation. The change in orientation into a
more tilted state fits perfectly with results from a previous
SN-NMR study (28), but that study was not able to detect
the change in p.

In our previous microbiological study (45), the analogs
for which the splittings could not be determined here in
DMPC/DMPG at a high concentration of MAG2 (P/L =
1:50) with or without PGLa (MAG2-F5A, MAG2-F12A,
and MAG2-F16A) also showed a reduced antimicrobial
activity and a lower synergy with PGLa compared with
MAG2-WT. However, some other analogs with lower anti-
microbial activity (MAG2-L6A and MAG2-120A) showed
clear NMR splittings in the study presented here, but also re-
tained their synergy with PGLa (45). At low peptide concen-
trations, where MAG?2 is most likely monomeric, all analogs
gave well-defined splittings and all splittings could be fitted.
It is not clear why some samples did not give well-resolved
splittings, but we speculate that the Phe residues may be
involved in the dimerization of MAG?2 with itself and/or
with PGLa, and that a change from Phe to Ala could change
the aggregation or mobility of MAG2 and thereby lead to a
loss of “H-NMR signals.

In addition to the 2ZH-NMR experiments, we ran all-atom
MD simulations to examine the structure of MAG?2, both in
DMPC bilayers and in the more complex DMPC/DMPG
(3:1) mixture. Several groups have previously simulated
MAG?2 in solution (51), with coarse-grained models (52)
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FIGURE 4 Best-fit analysis of the *H-NMR
splittings from MAG2 in a 1:1 mixture with
PGLa, in DMPC/DMPG (3:1) at P/L = 1:50, anal-
ogous to Fig. 2. (A) The RMSD plot as a function
of peptide orientation shows a single well-defined
minimum at 7 = 122° and p = 147°. (B) Corre-
sponding RMSD plot as a function of dynamical
parameters (same color code as in A). (C) Helical
wave plot with experimental data. To see this figure
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or implicit membranes (53), or used MAG?2 mutants or an-
alogs (54), but very few all-atom simulations have been per-
formed on MAG?2 bound to a lipid membrane (55,56). In the
two studies we are aware of that have been performed in
POPC bilayers, the simulations were only 20 ns (56) and
50 ns (55) long, and the authors themselves stated that
“this run time is not sufficient to equilibrate the peptide
position and orientation within the bilayer” (55). Since no
directly comparable simulation data were available, we
thus performed a new simulation. With improved com-
puters, much longer simulations times are now feasible,
so we were able to perform one 1-us-long simulation of
MAG2 in DMPC and one 700-ns-long simulation of
MAG?2 in a DMPC/DMPG (3:1) mixture using recently
developed force fields (57,58). Since some time is needed
for any simulation to reach an equilibrium state, we per-
formed an error analysis (as described in Supporting Mate-
rials and Methods) to determine this length of time, and then
discarded the initial period up to that point. For DMPC, the
first 140 ns were discarded, and for DMPC/DMPG the first
160 ns were discarded; further analyses were then done on
the remaining part of the simulation.

Obviously, the results of a simulation should always be
validated by comparison with experimental data, which
we could obtain directly from our >H-NMR analysis. To
compare the MD results with the NMR data, we back-calcu-
lated hypothetical “H-NMR quadrupole splittings from the
MD trajectories and compared them with the experimental
values. For each residue, the C,-Cg bond orientation was
used to determine the hypothetical splitting that would
have been found by *H-NMR if this residue had been
labeled as Ala-ds;. The full sets of back-calculated splittings
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for each position in MAG2 for each simulation are given in
Table S2, and the MD splittings of the positions that were
actually measured by NMR are given in Table 1 for easier
comparison.

In DMPC, when we tried to fit a quadrupolar wave to the
MD-derived splittings of all 23 positions, using the same
method employed to fit the experimental NMR splittings
described above, we found a very poor RMSD of 9.3 kHz.
This was not unexpected, because the fitting method as-
sumes an ideal «-helix, and MAG?2 clearly does not form
a helix along its full length in the simulation, as it unravels
near the C-terminus. It can be seen in Fig. 5 that the helix is
quite well defined up to residue Phel6, with the possible
exception of the far N-terminus. Indeed, by narrowing
down the range of positions to be used in the fit, we found
that the MD-derived data from positions 3—16 gave a good
fit with an RMSD of 3.7 kHz, similar to the fit to the
NMR data, and further narrowing down of the range did
not improve the fit. The best-fit results are summarized in
Fig. 6 and Table 2. It can be noted that even when all posi-
tions were used in the fit, despite the very large RMSD, the
best-fit peptide orientation was almost the same as that
found when only the reduced region was fitted to obtain
the better RMSD. Much to our satisfaction, the orientation
obtained from the back-calculated splittings for positions
3-16 gave essentially the same peptide alignment as the
fit to the experimental NMR data at P/L = 1:50, namely,
the same tilt angle (7 = 94°) and a very similar azimuthal
angle (p = 176°). The peptide was a bit more mobile
in the MD-derived fit compared with the NMR fit, with a
larger o, of 10-15° compared with 0-1° in the fits of
NMR data.

FIGURE 5 (A) Helicity of MAG2 from the MD
simulation in DMPC, calculated from the torsion
angles for each residue (helicity is undefined for
the first and last residues). The percentage gives
the proportion of time steps when the residue is he-
lical, i.e., 100% means the residue is in a helical
conformation during all time steps of the simula-
tion. (B) Snapshot from the end of the simulation
D in DMPC. On the right, at the C-terminal end of
the peptide, one can clearly observe unfolding
starting from position 17. (C) Helicity of MAG2
from the MD simulation in DMPC/DMPG, calcu-
lated from the torsion angles for each residue.
(D) Snapshot from the end of the simulation
in DMPC/DMPG. To see this figure in color,
go online.
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180

FIGURE 6 (A—F) Best-fit analysis of “H-NMR
splittings back-calculated from the MD simulation
7 of MAG2 in DMPC (A-C) and in DMPC/DMPG
(3:1) (D=F). Only data from positions 3—16 were
used, since this was the helical part of the peptide
in the simulations. (A) The RMSD plot as a func-
tion of peptide orientation in DMPC shows a single
well-defined minimum at 7 = 94° and p = 176°.
(B) Corresponding RMSD plot as a function of

dynamical parameters (same color code as in A).
(C) The helical wave plot shows the curve of the
MD-derived splittings obtained using the best-fit

F parameters, together with the experimental data
points. The splittings from residues that were not
used in the fit are shown as open red symbols.
(D) The RMSD plot as a function of peptide
orientation in DMPC/DMPG shows a single well-
defined minimum at 7 = 104° and p = 178°. (E)
RMSD plot as a function of dynamical parameters,
showing less dynamics than in DMPC. (F) In the
helical wave plot, the shape of the helical curve
is different from that obtained for DMPC due to
the difference in the tilt angle. To see this figure
in color, go online.
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When the MD simulation in DMPC/DMPG was
analyzed, the back-calculated data from all 23 positions
also gave a bad fit with a very high RMSD of 13.5 kHz,
but narrowing down the range to positions to 3—16 gave a
reasonable RMSD of 3.1 kHz. The helix tilt angle was
104°, ~10° higher than in the simulation in DMPC, whereas
p = 178° was within a few degrees of the value in DMPC. In
DMPC, position 16 had been well matched to the helical
curve, but in DMPC/DMPG a narrowing down of the range
to 3—15 gave an even better fit with RMSD = 2.0 kHz, and
almost the same orientation as obtained using 3-16.

Previous solid-state NMR analyses of various peptides
from the magainin family in oriented membrane samples
found no difference in helix orientation between DMPC
and DMPC/DMPG mixtures. For PGLa (39) and MSI-103
(50), H-NMR studies found no difference, and for PGLa
and MAG2, 'SN-NMR indicated no difference between
the peptide orientations in DMPC and DMPC/DMPG
(28). Therefore, in this H-NMR study of MAG2, we also
expected to find no difference. However, in our two MD
simulations, we found a slight difference in the tilt angle
of ~10°. Notably, when compared with the NMR data ob-
tained in DMPC/DMPG, the simulation in DMPC matched
the experimental data better than the simulation in DMPC/
DMPG, which used the same lipid system as the NMR sam-
ples. This seems to indicate that the simulation in DMPC is
more reliable in reproducing experimental results. The split-
tings in the range of 3—16 were almost the same in the simu-
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lation in DMPC and in the NMR experiments, and the minor
differences can be almost completely explained by the slight
change in the p angle, which shifts the helical curve and can
lead to considerable differences in splittings even for small
changes in p, in certain regions of the curve with a steep
slope (see Fig. 6). The splittings in the DMPC/DMPG simu-
lation are quite different because the tilt angle is signifi-
cantly different in this case.

The only significant difference between the simulation
in DMPC and the H-NMR data can be found for positions
17-20. Here, the back-calculated and experimental split-
tings differ up to 55 kHz (taking the sign into account),
whereas in the range of positions 3-16 the differences are
much smaller. As shown in Fig. 5, the helicity of MAG2
in the simulation is very low beyond Val-17 in DMPC,
and in DMPC/DMPG even Phe-16 is not very helical,
whereas the experimental splittings fit nicely to an ideal he-
lix up to Ile-20 in DMPC/DMPG (see Fig. 3). We recently
showed that the helicity found in MD simulations of pep-
tides in membranes are highly dependent on the force field
used (44). In a simulation of PGLa in a DMPC bilayer, cen-
tral parts of the peptide were hardly helical at all when the
OPLS force field was used, whereas the peptide was fully
helical from the N- to C-terminus, with no fraying at the
ends, when the CHARMM force field was used. In that
study (44), the results of the CHARMM simulation were
found to fit better with the solid-state NMR data, but gave
unrealistically high helicity close to the ends of the peptides.



Thus, it seems that MD simulation results for peptides in
membranes are still not very reliable when helicity is con-
cerned, and that the force fields still need to be improved.

In an independent approach, we also set out to extract the
7 and p angles directly from the simulation trajectory, as
described in Supporting Materials and Methods. Here, we
again used the region from positions 3-16, and found 7 =
91° and p = 187° in DMPC, and 7 = 103° and p = 191°
in DMPC/DMPG. From a fit of Gaussians to the distribu-
tions of 7 and p angles over the simulation, we obtained
o, =7°and ¢, = 11° in DMPC, and o, = 10° and 0, =
14° in DMPC/DMPG (see Fig. 7), which are similar to the
values found from the fit of back-calculated splittings
from the MD, although the ¢, value is somewhat larger
than that obtained from a fit to NMR data.

Although 7 in DMPC is very close to the value obtained
via the MD-derived back-calculated splittings (94°), p is
different by 11°. This deviation is due to the « parameter
used to describe the helix geometry for the fit, for which
we took 53.2° as the standard value (37,40,47). A detailed
analysis of the « and § angles from the simulation, however,
resulted in more appropriate values of @ = 42° and § = 122°
(59). Using a somewhat different value for the « angle does
not influence the quality of the fit, but simply shifts the re-
sulting readout for the azimuthal rotation angle p. As the
quadrupole splittings depend on [p + «] (see Fig. S1 and
(60)), the combination of p = 177° and « = 53° (from the
fit of MD-derived splittings) is equivalent to p = 187° and
a = 43° (found directly from the MD simulation). In both
cases, the orientation of the C-CDj3 bonds in the peptide in
relation to the membrane normal would be exactly the

A 360 B
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same, but the position of the C, atoms would differ. Since
the quadrupole splittings measured in the experiments
depend only on the orientation of the C-CD; bonds, the o
angle should be determined separately and independently.
Here, in our analysis of the NMR data, we used the value
o« = 53.2°, which we had also used in the past to analyze
previous NMR data, as this will give us p angles that are
compatible with earlier publications from our group. We
note, however, that this choice of « is based on a static he-
lical model (37), whereas the value from the MD simulation
(59) is based on a more flexible peptide in a membrane and
could therefore be more realistic. Nevertheless, the angle
from the simulation obviously also depends on the force
field, and by using another force field, one might find yet
another value of «. The « angle from the simulation may
also depend on the particular peptide and lipids used in
the simulation, so it is not clear whether all previous values
of p determined from solid-state NMR using side-chain
isotope labels (°H or '°F) would also need to be adjusted
(in studies from our group and other studies). Factually,
the reliable angle determined from solid-state NMR exper-
iments is always [p + «].

Overall, taking into account the explicable difference in
«, the orientation of MAG?2 obtained from the MD-derived
back-calculated splittings and the orientation obtained
directly from the trajectory are essentially identical.
Fig. 7 A shows the time evolution of 7 and p in DMPC.
The first 140 ns were discarded in the statistical evaluation,
as discussed above. We therefore give all splittings and an-
gles as averages over the last 860 ns of the simulation.
Fig. 7 B shows the resulting distributions of 7 and p in

FIGURE 7 (A-D) Independent evaluation of 7

stat. error interval for p i

0.06
p—
0-140 ns T
300 | discarded P (av. over pos. 3-16) — 0.05 — j\

240 —

degrees []
occurence
o
o
w
|

Gp(Po=187°, 0,=11°)
!

T —
Gie(16=92°, 0,=7°)
D ==

and p from the MD trajectories of (A and B)
MAG2 in DMPC and (C and D) MAG2 in
DMPC/DMPG. (A) 7 (lower curve) and p (upper
') curve) were calculated as averages from ¢ =

ii 140 ns until the end of the simulation at 1 us; their

f
G50 ,' \ values are (1) = 91° + 3° and (p) = 187° = 2°.
] [ p at each time 7 was calculated as the average (in
60 (1)=91°, £,=3° 0.01 /' \ red) over the values obtained from positions
1 / \ / \ 3-16, projected to position 12. The gray area de-
O T—T—T—T—T7——T T 0 7Y T -
notes the statistical error on the value for each
0 200 400 600 800 1000 0 60 120 180 240 300 360 . .

. o time step. The first 140 ns were discarded as the

time [ns] degrees [°] . R . L.
C 350 D .05 equilibration phase (a detailed explanation is given
4 0-160 ns L E L S in Supporting Materials and Methods). (B) Histo-
300 —discarded pi(atioveripos. i) = 0.05 Crelrom109% G=10 =55 grams of T and p obtained from the last 860 ns
= stat. error interval for p i P == . . . . L.
- o 004 Gplpo=191°, 0,=14°) of t'he simulation and their fits to Gaussmzn distri-
o <l i butions, G(®g, 4 X)xexp[— (x — ag)7/Q2a,)],
3 ik il g 0.03 | A ae [, p]. Distributions are normalized to an inte-

jo2) = s o - .
g e i 8 I\ gral of one. As expected from NMR, p has a wider

(1)=103°, £,=2°

distribution than 7. (C) 7 and p were calculated as
averages from ¢t = 160 ns until the end of the simu-
lation at 700 ns; their values are (1) = 103° * 2°

S s e s e s
0 100 200 300 400 500 600 700 0 60
time [ns]

degrees [°]

and (p) = 191° = 3°. The first 160 ns were dis-
carded as the equilibration time. (D) Histograms
of 7 and p obtained from the last 540 ns of the
simulation and their fits to Gaussian distributions.
To see this figure in color, go online.

180 240 300 360

Biophysical Journal 1711, 2149-2161, November 15, 2016 2157



Strandberg et al.

DMPC. The distribution for 7 is much narrower than that
for p, which nicely confirms the experimental findings by
H-NMR. Fig. 7, C and D, show the time evolution and his-
tograms of 7 and p in DMPC/DMPG (3:1), respectively,
where the first 160 ns have been discarded.

We found a difference of ~10° in the tilt angle of MAG2
when we compared the simulations in DMPC and DMPC/
DMPG. Given the overriding significance of the experi-
mental >H-NMR data, we attribute this slight difference in
the MD simulations to a suboptimal force field that was
available for the DMPC/DMPG mixture. Generally, it can
be said that electrostatic interactions are hard to simulate,
and this can lead to problems with the charged DMPG
lipids. In addition, the data used to calibrate MD simulation
parameters (e.g., area per lipid) are scarcely available for
lipid mixtures, meaning that simulations are more reliable
and robust when a single lipid is used. Nevertheless, we
wanted to know whether there are any genuine reasons
that could explain the slight increase of 7 in DMPC/
DMPG, which implies that the C-terminal part of the pep-
tide has dipped more into the membrane. Therefore, we
analyzed the MD trajectories to find out whether the differ-
ence might be due to an electrostatic attraction between the
negatively charged residues in the unfolded C-terminus of
MAG?2 (Glu-19 and the free C-terminal Ser-23) and the
positively charged choline groups of DMPC. In DMPC/
DMPG (3:1), there were 25% fewer positive charges in
the headgroups compared with pure DMPC, which could
lead to a weaker attraction of the C-terminus (but stronger
overall binding of the remaining cationic peptide). When
we counted the contacts (distances below 5 A; numbers
have been normalized to the simulation time) between the
oxygens of Glu-19 and the nitrogen atoms of DMPC, we
found 2.8 times more contacts in pure DMPC than in
DMPC/DMPG (3:1), even though there were only 1.3 times
more DMPC lipids. For the contacts between Ser-23 and the
choline groups of DMPC, the effect was less pronounced:
there were only 1.7 times more contacts in pure DMPC
than in the DMPC/DMPG mixture. In DMPC/DMPG, the
average position of the oxygens of Glu-19 was 3.2 A below
the average position of the phosphorus, whereas in DMPC
the same oxygens were approximately at the same height
as the average phosphorus position, and the errors indicate
a much higher variability (for details of the error calculation
method used, see Supporting Material). The tendency to tilt
probably stems from Phe-16, which tries to bury its aromatic
side chain in the hydrophobic core of the membrane. The
tension that is created by these opposite driving forces might
also be responsible for the rupture of the helical structure
at position 17 in the simulations. According to the NMR
experiment, however, the peptide has a much longer contin-
uous helical segment up to residue 20. This means that the
vulnerability of the helical structure to this tension must
be caused by the force field used in the MD simulation.
This could be explained by a general imperfect representa-
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tion of helicity as discussed above, a suboptimal description
of electrostatic interactions resulting in too-strong attractive
forces, or a combination of both.

In the MD simulations, only a single peptide was present,
so the simulations represent the situation of a monomeric
MAG?2 molecule far from any other peptides in the mem-
brane. In a real membrane under antimicrobial attack,
many peptides are present that may interact with each other.
The simulation results fit very well with the experiments
done in POPC/POPG at P/L = 1:50, and also with experi-
ments done in DMPC/DMPG at 1:100 and 1:50. It thus
seems that magainin-magainin interactions are not impor-
tant under these conditions. However, in the presence of
PGLa (given the same total peptide concentration), the
orientation of MAG?2 changes considerably, indicating a
strong interaction between these two synergistic partners.
This observation not only confirms previous reports of syn-
ergy between these two peptides (18,20,21,23,61) but also
suggests the possible formation of heterodimers (21,23).
Since the orientation of PGLa in the presence of MAG2
changes even more dramatically into a transmembrane
orientation, we propose that a complex is formed in which
MAG?2? is partially inserted into the membrane and PGLa
is fully inserted.

In MAG2, both terminal residues are free and charged,
and on its own the peptide lies flat on the membrane surface
with a helix tilt angle very close to 90°. In PGLa, on the
other hand, the C-terminus is amidated, and at high concen-
trations (= 1:50) in saturated lipids (e.g., DMPC or DLPC)
a tilt angle of ~125° has been found, with the uncharged
C-terminus being more deeply inserted into the membrane
than the charged N-terminus (38-40). The same tilting
behavior was also reported for MSI-103, another AMP
that has a sequence similar to that of PGLa and also carries
an amidated C-terminus (47,50). When in contact with
PGLa, MAG?2 also flips into a tilted state such that its C-ter-
minus lies deeper in the membrane than its N-terminus.
Notably, the C-terminus of MAG?2 carries two negative
charges: Glu-19 and the free C-terminus. It is thus tempting
to speculate that the anionic C-terminal region of MAG2
engages in close molecular contact with positive groups
on PGLa (see Fig. S6). In one study, a reduced synergy
was observed for the mutant MAG2-E19Q-amide, in which
both negative charges of MAG2 are removed (21). Accord-
ing to a cross-linking study, it is most likely that PGLa and
MAG?2 form a heterodimer with the C-termini in contact
with each other (23), which would fit well with our results.
It thus seems plausible that salt bridges could be formed,
which would neutralize the negative charges on MAG2
and allow its C-terminal region to participate in a stable
pore. If at the same time some of the five positive charges
on PGLa are neutralized by MAG2, this should make it
easier for the PGLa helices to assemble into the actual
pore, which is presumably of the toroidal wormhole type.
We present in Fig. 8 a plausible model of such a pore, in
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FIGURE 8 Hypothetical model of a toroidal pore made up of PGLa (red
transmembrane cylinders) and MAG2 (green cylinders on the surface) in a
lipid membrane. The actual tilt angles of the peptides were determined by
2H-NMR in 1:1 peptide mixtures (this work and (20,41)). A likely contact
between the C-termini of the two peptides in each heterodimer was sug-
gested in a previous study (23). To see this figure in color, go online.

which the peptide tilt angles are compatible with solid-state
NMR, and in which the heterodimers have been constructed
with a contact between the C-termini of the two peptides.
At present, we are not yet able to perform simulations of
PGLa and MAG?2 together in a membrane. Several mole-
cules of each kind presumably are needed to form a pore,
and simulations with all-atom models are still too slow to
allow simulations on sufficiently long timescales to study
pore formation. In a recent study (62), a coarse-grained
MD simulation using 12 copies of each peptide revealed
electrostatic interactions between the negative charges of
MAG?2 and the positive charges close to the C-terminus of
PGLa. In that study, a reorientation of PGLa was observed
in the presence of MAG2, and when the negative charges
of MAG2 were removed in the simulation, no reorientation

NMR and MD Conformation of Magainin

of PGLa was observed. Hence, the simulation indicated that
the reorientation of PGLa depends on electrostatic interac-
tions with MAG2 (62). The coarse-grained simulation did
not fit perfectly with NMR experiments, as PGLa was not
seen to flip into an inserted state, which was shown by
’H- and ""N-NMR results known at the time. Instead,
PGLa only changed its angle to a tilted state (7 = 120°),
and the MAG?2 orientation also changed slightly (from
7 = 90° to 7 = 100°). In a more recent all-atom simulation,
very long simulations of PGLa and MAG?2 in lipid bilayers,
covering 5-9 us, were performed on the Anton supercom-
puter (63). This time frame was not sufficient to let pores
form spontaneously, so tetrameric bundles of PGLa,
MAG?2, or heterotetramers were initially inserted in a trans-
membrane orientation into DMPC or DMPC/DMPG (3:1)
lipid bilayers. It was found that both parallel and antiparallel
heterodimers starting in a pore configuration were stable
over the simulation time (63). As in the coarse-grained
simulation, favorable interactions were found between
E19 of MAG2 and the C-terminal Lys of PGLa (63). How-
ever, both MAG?2 and PGLa had a transmembrane orienta-
tion in the simulation, whereas NMR results show that
only PGLa is inserted into the membrane in the PGLa/
MAG2 mixture, with MAG2 being only slightly tilted
(28,29). It seems likely that all-atom simulations are better
suited than coarse-grained simulations to elucidate the pep-
tide-peptide and peptide-lipid interactions involved in the
pore formation and synergy of PGLa/MAG?2, but so far
the starting structure of the pore must be built “by hand”
and is not well understood. Based on the new, to our knowl-
edge, experimental and orientational data presented here,
future all-atom simulations using improved simulation hard-
ware should be able to lead to a better understanding of the
PGLa-MAG?2 complex that is responsible for the synergy
between the two peptides.
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