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The structure, topology and orientation of membrane-bound antibiotic alamethicin were studied using solid state
nuclear magnetic resonance (NMR) spectroscopy. '>C chemical shift interaction was observed in [1->C]-labeled
alamethicin. The isotropic chemical shift values indicated that alamethicin forms a helical structure in the entire
region. The chemical shift anisotropy of the carbonyl carbon of isotopically labeled alamethicin was also analyzed
with the assumption that alamethicin molecules rotate rapidly about the bilayer normal of the phospholipid
bilayers. It is considered that the adjacent peptide planes form an angle of 100° or 120° when it forms o-helix
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Antibiotic peptide or 31¢-helix, respectively. These properties lead to an oscillation of the chemical shift anisotropy with respect
Phospholipid bilayer to the phase angle of the peptide plane. Anisotropic data were acquired for the 4 and 7 sites of the N- and C-
lon-channel termini, respectively. The results indicated that the helical axes for the N- and C-termini were tilted 17° and

Chemical shift oscillation
Solid state NMR
Molecular dynamics simulation

32° to the bilayer normal, respectively. The chemical shift oscillation curves indicate that the N- and C-termini
form the a-helix and 3;¢-helix, respectively. The C-terminal 319-helix of alamethicin in the bilayer was experi-
mentally observed and the unique bending structure of alamethicin was further confirmed by measuring the in-
ternuclear distances of [1-'3C] and ['°N] doubly-labeled alamethicin. Molecular dynamics simulation of
alamethicin embedded into dimyristoyl phophatidylcholine (DMPC) bilayers indicates that the helical axes for
a-helical N- and 3;p-helical C-termini are tilted 12° and 32° to the bilayer normal, respectively, which is in
good agreement with the solid state NMR results.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction for lipid bilayers, therefore, alamethicin binds to the surface of lipid

bilayers and can be inserted into the membrane. The orientation of

Alamethicin is an antibiotic peptide from Trichoderma viride that
consists of 20 amino acid residues [1]. One of the major amino acid se-
quences is Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-
Pro-Val-Aib-Aib-Glu-Gln-Phol in which 8 or 9 a-aminoisobutyric acids
(Aib) are included. In addition, the N-terminus is acetylated and the C-
terminus is terminated as L-phenylalaninol (Pheol) [2,3]. Alamethicin
consists of heterogeneous mixture of which the major constituents
which were distinctively detected by thin-layer chromatography
(TLC), and named as alamethicin F30 and F50 with molar ratios of
0.85 and 0.12, respectively. Alamethicin F30 and F50 contain Glu18
and GIn18, respectively [4].

Alamethicin is known to exhibit voltage dependent ion channel ac-
tivity in membrane environments [5]. Alamethicin has a high affinity
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alamethicin in a lipid bilayer is dependent on the peptide/lipid (P/L)
molar ratios [6,7], the type of lipid bilayers, and the membrane poten-
tials [8]. Various channel models have been proposed to determine
the ion channel activity, such as the barrel-stave model [9]. Alamethicin
channels are formed by parallel bundles of the transmembrane helical
monomers surrounding a central water-filled pore, and are composed
of 3-12 alamethicin molecules [10,11]. The ion channel activity of
alamethicin makes it a suitable model to investigate voltage dependent
ion channel proteins [12,13].

X-ray crystallographic analysis indicates that alamethicin takes a
helical structure where the kink position is Pro14, and the N- and C-
termini take the ai-helix and 34¢-helix structures, respectively [9]. Solu-
tion nuclear magnetic resonance (NMR) studies show that the N-
terminus forms an a-helix and the C-terminus takes a variety of helix
structure depending on the conditions [14-17]. In addition, circular di-
chroism, infrared, and Raman spectroscopies show that alamethicin
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takes a variety of helix structure in the solvents [18-21]. Furthermore, it
is realized that poly-Aib takes 31o-helix [22]; therefore, it is of interest to
determine if the C-terminus of alamethicin may take the 3;¢-helix struc-
ture in a membrane environment.

The conformation and orientation of membrane-bound alamethicin
have been studied using solid-state NMR spectroscopy measurements
with dimyristoyl phosphatidylcholine (DMPC)/dihexanoyl phosphati-
dylcholine (DHPC) mixed lipid bilayer systems (bicelle). '*C chemical
shifts of isotopically labeled alamethicin indicated that alamethicin
forms an a-helical structure in a lipid bilayer and is oriented along the
bilayer normal. The chemical shift anisotropy was substantially reduced
by rotation of the alamethicin helix about the bilayer normal [23].

Two-dimensional separated local field >N NMR spectra were
obtained using the same motional model of alamethicin where the pep-
tides rotate about the bilayer normal. The results reveal a >N-'H dipolar
splitting of 17 kHz, which indicates that the N-H bond tilts 24° with
respect to By. This angle was evaluated by assuming that the maximum
dipolar splitting is 22.6 kHz and the N-H bond length is 1.024 A [24].
These data are consistent with an a-helical conformation inserted
along the bilayer normal [24].

The conformation of alamethicin in mechanically oriented phospho-
lipid bilayers has been further studied using '°N solid-state NMR in
combination with molecular modeling and molecular dynamics (MD)
simulations. '>N-labeled variants at different positions of alamethicin
along with three of Aib residues replaced by Ala were examined. From
the anisotropic '°N chemical shift and 'H-!>N dipolar couplings deter-
mined for alamethicin with '>N-labeling on the Ala6, Val9, and Val15
residues incorporated into phospholipid bilayers with a peptide-to-
lipid molar ratio of 1:8, it was determined that alamethicin has a largely
linear ac-helical structure that spans the membrane with the molecular
axis tilted by 10-20° relative to the bilayer normal. In particular, the
compatibility with a straight ci-helix was tilted by 17° and a slightly
kinked molecular dynamics structure was tilted by 11° relative to the bi-
layer normal [25]. Measurement of the orientation-dependent 'H-1°N
dipole-dipole coupling, >N anisotropic chemical shift, and 2H quadru-
pole coupling parameters for a single residue, combined with analysis
of anisotropic interaction for the Aib8 residue provides detailed
information regarding helix-tilt angle, wobbling and oscillatory rota-
tion around the helix axis in the membrane bound state of alamethicin
[26].

Alamethicin samples were uniformly labeled with >N and
reconstituted into oriented palmitoyl oleoylphosphatidylcholine
(POPC) and DMPC membranes. Proton-decoupled '°N solid-state
spectra showed that alamethicin adopts a transmembrane orientation
with reconstitution into the POPC oriented membrane [27]. Two-
dimensional >N chemical shift 'H-'°N dipolar coupling solid-state
NMR correlation spectroscopy (PISEMA) suggests that alamethicin in
the transmembrane configuration adopts a mixed a/31¢ helical struc-
ture with a tilt angle of 8.9° with respect to the bilayer normal [28].

Although, many studies show that alamethicin forms a transmem-
brane helix in a membrane environment, it is yet to be clarified whether
the helix is bent or straight, which part of alamethicin forms the 3,-
helix, and whether alamethicin molecules associate with each other in
the membrane environment.

We have previously reported that anisotropic chemical shift interac-
tion in a peptide bound to membrane may exhibit chemical shift oscil-
lation [29]. This chemical shift oscillation enables evaluation of the tilt
angle of the helix and the kink angle between the two existing helices
in the membrane bound peptide, as long as they rotate rapidly about
the bilayer normal without using oriented membranes. From the chem-
ical shift oscillation analysis, tilt angles with respect to the bilayer normal
and phase angle of the peptides around the helical axis were determined
for a variety of membrane bound peptides, such as melittin [30,31],
dynorphin [32], bombolitin-II [33] and lactoferrampin [34]. In addition,
it is possible to determine the existence of different types of helices
within the molecule as well as the topology of the helices as was

preliminarily demonstrated for alamethicin embedded in a membrane
[29].

MD simulations of peptides in the membrane environment have
been useful tools to investigate dynamic structure, topology and orien-
tation with respective to membrane normal [8,35-38] and compared
with those determined by solid-state NMR [25,26,33,34]. Furthermore,
MD simulations provided the insight into peptide-peptide and pep-
tide-lipid interaction networks [39].

In this study, we attempt to analyze 4 labeled sites in the N-terminus
and 7 labeled sites for the C-terminus including Aib residues, which
have not been labeled in the previous study. Chemical shift values for in-
dividually labeled carbonyl carbon nuclei are determined. A number of
13C-15N internuclear distances are also determined in order to deter-
mine the topology of alamethicin bound to membrane. The combination
of chemical shift oscillation and inter-nuclear distance measurements
allows to evaluation of the detailed structure, topology and orientation
of alamethicin in the membrane bound state, which has not been
determined in previous solid state NMR studies. MD simulations are
performed to justify the accurately determined NMR structure of
alamethicin in membrane environments.

2. Materials and methods
2.1. Sample preparation

The F50 amino acid sequence of alamethicin was adopted in this
study and the C-terminal was methyl esterified. This modification
made it possible to synthesize a number of labeled peptides with high
yields. Although the C-terminus of alamethicin is not methyl ester but
amino alcohol, it has been reported that this modification does not
significantly affect the activity of alamethicin [24]. The sequence of
alamethicin used in this study is as follows

Ac-Aib-Pro-Aib-Ala-Aib-Ala-GIn-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib
-Aib-GIn-GIn-PheOCHj3.

Eleven types of singly labeled [1-'3C]Ala6, GIn7, Val9, Aib10, Gly11,
Leul2, Aib13, Val15, Aib16, Aib17, or Gln18-alamethicin molecules
were synthesized using fluoreylmethyloxycarbonyl (Fmoc) chemistry
and solid phase methods. 9-Fluorerylmethhoxycarbonyl (Fmoc)-la-
beled amino acids were synthesized from 9-fluorenyl N-succinimidyl
carbonate (Fmoc Osu) and isotoropically labeled amino acids, following
amethod by Paquet [40]. A standard protocol of peptide synthesis using
peptide synthesizer is described in the previous literature [41], Instead
of using 1-hydroxybenzotriazole (HOBt), Fmoc-amino acids were acti-
vated using 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazole[4,5-
b]pyridium 3-oxid hexafluorophosphate (HATU)/dimethylformamide
(DMF) in the presence of N,N-diisopropylethylamine (DIPEA), followed
by amino acid coupling with stepwise cycles, because Aib has bulky
sidechain to reduce the coupling activity. The synthesized peptide was
treated with acetic anhydride to acetylate the N-terminus and dissolved
in methanol in the presence of trifluoroacetic acid (TFA) to form the
methyl ester at the C-terminus. This alamethicin analogue was purified
using a Waters 600E high performance liquid chromatography (HPLC)
system equipped with a Bondaphase C;g reversed phase column. Fifty
milligrams of '3C labeled alamethicins and dimyristoyl phosphatidyl-
choline (DMPC), with a alamethicin-to-DMPC molar ratio of 1:10, was
dissolved in methanol, and solvent was subsequently evapolated in
vacuo, followed by hydration with 600 pl of Tris buffer (20 mM Tris,
100 mM Nacl, and pH 7.5). A freeze-thaw cycle was repeated 10
times, followed by centrifugation to concentrate the bilayers. Finally,
the total volume was adjusted to 300 pl containing 50 mg of lipid and
alamethicin. The lipid bilayers were filled in zirconia or glass sample
tube for magic angle spinning (MAS) or static NMR measurements,
respectively.
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2.2. NMR measurements

13C NMR measurements were performed on a Chemagnetics CMX
infinity-400 NMR spectrometer operated at the '3C and 'H resonance
frequencies of 100.11 and 398.89 MHz, respectively. For '3C direct exci-
tation with high power proton decoupling (DD) NMR experiments of
the hydrated alamethicin-DMPC membrane dispersions, a 5.0 pis of exci-
tation pulse of 90° was used under a high power proton decoupling am-
plitude of 66 kHz, with a repetition time of 4 s. '3C DD NMR spectra were
acquired under static and magic angle spinning (MAS) (spinning fre-
quency of 2 kHz) conditions. To determine the principal values of the
13C chemical shift tensors of the carbonyl carbons, '*C NMR spectra of
the lyophilized powder samples were measured at 20 °C using cross po-
larization and MAS (CP-MAS) with a contact time of 1 ms and a spin-
ning frequency of 2 kHz. The principal values were determined by
comparing the sideband patterns obtained in the CP~-MAS experiment
with the simulated '3C NMR spectra. '3C chemical shift values were ex-
ternally referenced with respect to 176.03 ppm for the carboxyl carbon
of glycine from that for tetramethylsilane (TMS).

13C Rotational-echo double-resonance (REDOR) spectra were mea-
sured using an xy-4 irradiation pulse to compensate the errors of flip
angle, off resonance effect, and fluctuation of the rf field for '>C nuclei
[42]. The 1 pulse lengths for 13C and >N nuclei were 13.0 and 13.9 ps,
respectively. The proton decoupling amplitude was 70 kHz. The rotor
frequency was controlled to 4000 + 2 Hz. REDOR and full echo spectra
were recorded at various NcTr values from 5 to 25 ms, where Nc and Tr
are the number of rotor cycles and the rotor period, respectively. The
normalized REDOR differences were evaluated as follows

AS/So = (Squn—Srepor) /Spuits )

where, Srepor and Sgy; are the peak intensities of the REDOR and full
echo spectra, respectively. These REDOR differences were plotted
against the NcTr values to fit the theoretically obtained curves by
considering the m-pulse length to determine the '*C-'°N internuclear
distances [43].

2.3. Analysis of dynamic structure of helical peptide bound to lipid bilayer
based on chemical shift oscillation

In the case of helical peptide bound to a lipid bilayer, it has been
established that the peptide rotates about the bilayer normal [30,31].
In that dynamical state, an axially symmetric powder pattern character-
ized by 6, and &, is observed and the chemical shift anisotropy A6 =
6, — 6, for carbonyl carbon can be expressed as

3 . . o —=
(A8) = 5 sin’ C,‘(Sn cos?y; + 633 smz'y,»—bzz) + (46) .y, )
—= 011 + 633
(46) .y = b202— s 3)

where, 611, 6,2 and 633 indicate the principal values of the chemical shift
tensors for the rigid carbonyl carbon nucleus, ¢ is the tilt angle of the
helix axis with respect to the bilayer normal, and v; is the phase angle
of the peptide plane of the i-th residue about the helical axis (Fig. S1)
[31]. Eq. (2) indicates that the chemical shift anisotropy Ad, will behave
as an oscillation, which is referred to as a chemical shift oscillation with

an amplitude of 3 sin’c and the phase angle of y;. One cycle of the a-
helix consists of 3.6 residues; therefore, y; + 1 — ¥i = — 100°. On the
other hand, one cycle of the 3;¢-helix consists of 3 residues, so that
Vi + 1 — Yi = — 120°. Chemical shift anisotropies, Adps, can be observed
in a variety of labeled samples and they provide plots of chemical shift
anisotropy against <y, which indicate the chemical shift oscillation pat-
terns. It is important to note that one cycle of the chemical shift oscilla-
tion corresponds to 1.8 (180°) and 1.5 (180°) residues and adjacent

peptide planes make angles of 100° and 120° for the - and 3¢-helices,
respectively, as shown in Eq. (2). Thus, the Adyps values can be used to
evaluate root mean square deviation (RMSD) with the calculated
values, Adc,ic as is given by

RMSD_J . [(Abops)i— (Adeaic)i] /N (4)
i=1

In this work, chemical shift values were obtained for N number of
residues and the RMSD values were calculated with experimentally ob-
tained 811, 65, and 633 values using Eq. (4) with various ¢ and -y values.
Finally, the most probable structure can be evaluated by searching the
minimum value of RMSD. It is also possible to distinguish the a-helix
and 310-helix by considering the degree of one cycle in the chemical
shift oscillation pattern.

2.4. Computational procedure

MD simulation was performed using CHARMM software [44] with
an all-atom force field [45,46] to investigate the dynamic structure
and orientation of the alamethicin peptide in the DMPC membrane bi-
layer. The a-helical conformation of alamethicin peptide was construct-
ed as an initial structure for the simulation using the same procedure as
previously reported [34,35]. The residues at the N- and C-terminals of
the alamethicin peptide were capped with acetyl (Ac-) and methyl
(— CHs) groups, respectively. The alamethicin peptide was placed in
the membrane with the principal axis of the backbone atoms parallel
to the membrane normal. The membrane builder module [47] of
CHARMM-GUI [48] was used to build the initial conformation for MD
simulation with a concentration of 100 mM NacCl. The final model in-
cludes the alamethicin peptide, 96 lipid and 2717 water molecules, 6 so-
dium and 6 chloride ions: and the total number of atoms in the system is
19,783. The isobaric-isothermal (NPT) ensemble was conducted with
1 fs time steps for 40 ns. The details of the calculation procedure are
the same as used in our previous simulations [34,35].

3. Results and discussion

3.1. 3C NMR spectra of carbonyl carbons of alamethicin bound to DMPC
bilayers

Fig. 1 shows *C DD-MAS NMR spectra for hydrated [1-3C] labeled
alamethicin-DMPC bilayer systems in the liquid crystalline phase at
40 °C. Isotropic chemical shifts of the carbonyl carbons in a variety of
amino acid residues are evaluated and summarized in Table 1. All the
positions showed that alamethicin takes a helical structure in the entire
region as determined from the conformation dependent chemical shift
values [49,50]. The &, values for [1-13C]Val9 and [1-'3C]Aib13 deviated
from those of the helix structure, and hence the vicinities of Val9 and
Aib13 also deviated from the helical structure. It was not possible to dis-
tinguish an a-helix from a 31p-helix using the conformation dependent
chemical shift values, although X-ray data indicated that the N- and C-
terminal parts of alamethicin form the a-helix and 3p-helix structures,
respectively [9].

Fig. 2 shows powder '3C DD NMR spectra for hydrated alamethicin-
DMPC bilayer system in the liquid crystalline phase at 40 °C under the
static condition. The powder spectra clearly show the axially symmetric
shape, which indicates that alamethicin molecules rotate about the
unique axis in the liquid crystalline phase. It is well established that
the rotation axis of alamethicin is the bilayer normal, the same as
that demonstrated for melittin-bilayer systems [30]. The &, §,, and
A values of 13C carbonyl carbons for [1-13CJAla6, [1-'3C]GIn7, [1-13C]
Val9, [1-13CJAib10, [1-'3C]Gly11, [1-'3C]Leu12, [1-13C]Aib13, [1-13C]
Val15, [1-3CJAib16, [1-13C]Aib17, and [1-'3C]GIn18 were determined
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Fig. 1. '*C DD MAS NMR spectra for singly labeled [1-'*C]Ala6, [1-'>C]GIn7, [1-3C]val9, [1-'*C]Aib10, [1-'*C]Gly11, [1-"3C]Leu12, [1-'3C]Aib13, [1-'3C]Val15, [1-'3C]Aib16, [1-1>C]Aib17
and [1-'3C]GIn18-alamethicin molecules embedded in DMPC lipid bilayers at 40 °C. Asterisks (*) indicate the '>C NMR signals for the carbonyl carbon of DMPC.

in the >C NMR powder spectra (Fig. 2) and summarized in Table 1.
These values were justified by comparing them with the respective sim-
ulated spectra (Fig. S2). It was also noted that the anisotropies are varied
to a large extent in an oscillatory manner among the individual residues.
This change of chemical shift anisotropy indicates that the helical axis of
alamethicin may largely tilt toward the bilayer normal as indicated in
Eq. (2). Furthermore, the change of A6 for the N-terminal helix is small-
er than that for the C-terminal helix, as summarized in Table 1. It is ev-
ident that two helices exist and the C-terminal helical axis has a larger
tilt angle with respect to the bilayer normal than that of the N-
terminal helix. A detailed analysis of the A variation is given later.

Anisotropic chemical shift pattern for individual residues of the rigid
state appeared as side band patterns in the lyophilized alamethicin-
DMPC bilayer systems under the slow MAS condition with a 2 kHz spin-
ning rate as shown in Fig. 3. The principal values of the chemical shift
tensors, 611, 052 and 633, for the individual residues were determined
by comparison of the experimental side-band intensity patterns
(Fig. 3) with those of simulated side band intensity patterns (Fig. S3).
The side band intensity patterns are slightly different among the resi-
dues and the principal values of the chemical shift tensors are summa-
rized in Table 1.

Table 1
13C chemical shift values (ppm) for [1-'3C]-alamethicin bound to DMPC lipid bilayers.
d, d, Ad d11 822 833 Biso Structure
Ala6 182.8 173.6 9.2 245 191 94 176.7 Helix
GIn7 191.6 167.9 23.8 247 186 95 175.8 Helix
Val9 182.1 169.5 12.6 245 184 94 173.7 Helix"
Aib10 180.5 176.4 4.1 251 185 98 177.8 Helix
Gly11 188.4 164.4 24.0 247 175 96 1723 Helix
Leul2 173.0 176.1 —3.1 240 193 93 175.1 Helix
Aib13 201.5 159.6 419 245 179 97 173.6 Helix"

Vall5 1882  168.6 195 243 186 97 1752 Helix
Aib16 163.0 1827 —197 246 185 98 176.1 Helix
Aib17  202.1 164.2 379 242 188 101 176.8  Helix
GIn18  186.1 169.0 171 248 181 96 174.7  Helix

* Chemical shift values deviate from the typical value for the helix structure.

3.2. 13C REDOR spectra for alamethicin bound to lyophilized lipid bilayers

The internuclear >C-'°N distances of [1-!3C]GIn7-['°N]Gly11,
[1-'3C]Gly11-['°N]Pro14, [1-'3C]Aib10-['°N]Val15, and [1-'3C]Val15-
['°N]GIn19 were measured using the REDOR method to determine
the three dimensional structure of alamethicin bound to lipid bilayers
in the lyophilized sample, which is postulated to be the immobile state.
Fig. 4 shows the, AS/S, values plotted against NcTr values for [1-13C]
GIn7-['">N]Gly11 (A), [1-13C]Gly11-['°N]Pro14 (D), [1-'3C]Val15-[°N]
GIn19 (B), and [1-'3C]Aib10-['°N]Val15 (C), where Nc is the number
of rotor cycles and Tr is the rotor cycle period. Inspecting of the best
fit plots to the experimentally obtained values yielded distances of
43+ 02,44 +0.1,46 + 0.5,6.5 & 0.7 A for [1-3C]GIn7-['"°N]Gly11,
[1-13C]Gly11-["°>N]Pro14, [1-'3C]Val15-['°N]GIn19, and [1-'3C]Aib10-
['°N]Val15, respectively (Table 2). The distance of 4.3 A for [1-'3C]
GIn7-[">N]Gly11 indicate that GIn7 and Gly11 form hydrogen bonds
in the a-helix structure, because residues i and i + 4 form hydrogen
bonds. On the other hand, the distance of 4.4 A for [1-13C]Gly11-['°N]
Pro14 indicates that Gly11 and Pro14 as short as forming hydrogen
bonds in the 3¢-helix structure, because residues betweeniandi + 3
form hydrogen bonds, although Pro14 may not form hydrogen bonds.
This result indicates that the N-terminus of alamethicin forms an a-
helix, while the C-terminus of alamethicin forms a 3;¢-helix. This result
also indicates that the bending of helix axis starts from the Gly11
residue, and the a-helix also changes to a 3¢-helix at the position
of Gly11. It is also expected that the distances for [1-13C]Gly11-["°N]
Prol4 and [1-'3C]Aib10-['°N]Vall5 may provide information
regarding the bending angle between the N- and C-terminal helices.

3.3. Analysis of chemical oscillation pattern to elucidate the structure

It is expected that the N-terminal part of alamethicin forms an o~
helix in the lipid bilayers, therefore, RMSD values were calculated for
various ¢ and vy values changed by 1° steps using the chemical shift
data for Ala6, GIn7, Val9, and Aib10. Contour maps of the RMSD values
are shown in Fig. 5A and B, which correspond to the a-helix and 31¢-
helix for the N-terminus, respectively. The minimum values appeared
clearly in both cases, with 2.8 and 6.4 for a-helix and 3io-helix,
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Fig. 2. '>C DD NMR spectra for singly labeled [1-'3C]JAla6, [1-'3C]GIn7, [1-'3C]Val9, [1-13C]Aib10, [1-'3C]Gly11, [1-13C]Leu12, [1-'3C]Aib13, [1-13C]Val15, [1-13C]Aib16, [1-'3C]Aib17 and
[1-"3C]GIn18-alamethicin molecules embedded in DMPC lipid bilayers at 40 °C. Asterisks (*) indicate the '*C NMR signals of carbonyl carbon for the DMPC. 5, and &, indicate the perpen-

dicular and parallel components of the axially symmetric powder patterns.

respectively, which indicates that a-helix structure is more probable
than the 3;¢-helix for the N-terminus of alamethicin. The angles of ¢
and y were evaluated to be 17° and 89° (with respect to Ala6), respec-
tively. Similarly, the minimum RMSD values for the C-terminus part
were calculated using the Val15, Aib16, Aib17 and GIn18 amino acid
residues, as shown in Fig. 5C and D. The minimum RMSD values were
13.7 and 4.7 for the a-helix and 3;o-helix, for the C-terminus of
alamethicin, respectively. This result clearly indicates that the 3o-
helix is the more probable structure for the C-terminus, as revealed by
the chemical shift oscillation patterns of alamethicin. The ¢ and -y values
for the C-terminal 310-helix were 32° and 37° (with respect to Val15),

respectively.
o |

[1-3C|GIn7

[1-13C]Val9 MM
[1-13C]Aib10

3.4. Analysis of the chemical shift patterns for alamethicin bound to lipid
bilayers

To elucidate a more detailed structure of alamethicin bound to lipid
bilayers, chemical shift oscillation patterns, A5, = (A(‘S)—(E)gzo VS Y,
were plotted for the most reliable ¢ and vy values for the a-helix of the
N-terminus and the 3o-helix of the C-terminus, as shown in Fig. 6.
Two different helices with different tilt angles are connected around
Aib10 and Gly11 with a tilt angle of { = 17° for the N-terminal helix
and ¢ = 32° for the C-terminal helix to the bilayer normal, respectively.
The amplitude of oscillation for the C-terminal helix is larger than that
for the N-terminal helix, which indicates that the tilt angle for the C-

[1-13C]Aib13
"MWJ\JJ

\
[1-13C]Aib17
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Fig. 3. '°C CP MAS NMR spectra for lyophilized singly labeled [1-'C]Ala6, [1-*C]GIn7, [1-'*C]Val9, [1-'3C]Aib10, [1-'3C]Gly11, [1-">C]Leu12, [1-'3C]Aib13, [1-'3C]Val15, [1-'>C]Aib16,
[1-3CJAib17 and [1-'3C]GIn18-alamethicin molecules embedded in DMPC lipid bilayers at 20 °C using spinning frequency of 2 kHz.
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[*>N]Pro14. Solid lines are calculated for the distances indicated at the right.

terminal helix (32°) is significantly larger than that of the N-terminal
helix (17°). The chemical shift anisotropies of Leu12 and Aib13 show
significant deviation from the best fit chemical oscillation pattern for
the 310-helix of the C-terminus. Thus, it is expected that residues 12-
14 are slightly distorted from the structure of the 3;o-helix compared
with the 15-18 residue part of the C-terminus, in which Aib16 and
Aib17 are successively connected. From the chemical shift oscillation
curve, it is estimated that one cycle of the N-terminus is 1.8 residues
and y; — ;i + 1is 100°, which indicate that one cycle of the a-helix con-
tain 3.6 residues, while one cycle of the C-terminus is estimated to be 1.5
residues and y; — ; 1 is 120°, which indicate that one cycle of the 3;¢-
helix contains 3 residues. This oscillation pattern clearly demonstrates
that the N- and C-termini of alamethicin in the membrane environment
form - and 31¢-helices, respectively, and the helix axis bends at around
Gly11 and changes from an - to a 31¢-helix, although the 3;¢-helix
around Gly11-Pro14 deviates from the typical 31o-helix structure.

3.5. Topological analysis using energy minimization based on tilt and phase
angles, and internuclear distances

From the chemical oscillation analysis, the tilt angles of N- and C-
termini were determined to be 17° and 32°, respectively, and the N-
and C-termini were identified as - and 31p-helices, respectively. The
respective phase angles of the N- and C-terminal helices are 89° with re-
spect to Ala6, and 37° with respect toVal15. Although the tilt and phase
angles were determined, possible topologies of alamethicin with two
helices ({¢c = +£32° yc = +37° or —143°) and ({y = +£17°, y\n =
+89° or —91°) are 16 different combinations, as shown in Figs. S4
and S5. To select one of these combinations for the topologies, energy
minimization processes were performed based on the constraints of
the experimental data.

Table 2
Distances between carbonyl carbon and amide nitrogen atoms in the helical backbone for
some selected residues, labeled 1-'C and '°N atoms in the REDOR solid-state NMR.

Atoms Distance [A]

1-13C BN Experimental Simulation
GIn7 Gly11 43 +0.2 4.2

Aib10 Val15 6.5+ 0.7 7.2

Gly11 Pro14 44 +0.1 52

Val15 GIn19 46 +0.5 44

The structure was generated by energy minimization, using the
Amber99 force field and algorithms contained in MOE (Molecular Oper-
ating Environment, ver. 2007.09; Chemical Computing Group Inc.),
starting from an initial peptide conformation generated manually with
the protein building function of MOE. For residues 1-10 and 12-20,
standard a-helix and 31p-helix dihedral angles were taken, respectively.

The distance constraints from the angle of the main-chain deter-
mined from REDOR measurements were 4.3 4 0.2, 44 4 0.1, 4.6 +
0.5 and 6.5 + 0.7 A for carbonyl of GIn7-amide of Gly11, carbonyl of
Gly11-amide of Pro14, carbonyl of Val15-amide of GIn19 and carbonyl
of Aib10-amide of Val15, respectively. The two helical bending angle
constraints for the 1-10, 10-12 and 12-20 residues is 162-169°. Dihe-
dral angle constraints of 1-10 and 12-20 are + 1.5°, respectively. The
structure of alamethicin determined by this calculation is shown in
Fig. S6. The calculated results indicate that ({y = +17°, yn = —91°)
and ({c = +32° and yc = +37°), and the structure has a topology
with alamethicin bound to the lipid bilayers, as shown in Fig. 7. Thus,
the N-terminal helix forms an a-helix with a tilt angle of 17° to the bi-
layer normal and the C-terminal helix forms a 3;o-helix with a tilt
angle of 32° to the bilayer normal. The bending angle of the two helices
was determined to be 165°. The a-helix structure (Aib1-Gly11) in the
N-terminus consequently changes to a 31p-helix structure in the C-
terminus without taking a loop structure. However, the experimental
chemical shift anisotropies of Leu12 and Aib13 significantly deviated
from the best fit chemical shift oscillation curve. This result indicates
that the 3¢-helix is not formed over the entire region of the C-
terminus, but deviates from the 3;p-helix structure in the region
from Leu12-Pro14 and again forms the 3;¢-helix in the region of
Val15-GIn18.

3.6. MD simulation of alamethicin bound to DMPC bilayers

In the previous MD simulation study on alamethicin, voltage-
dependent insertion of alamethicin at phospholipid bilayer was investi-
gated [8]. The results indicated that fluctuation of turn, 3,o- and a-helix
structures occurred, but overall, the peptide lost all of the structures
in 10 ns in alamethicin/POPC bilayer system. MD simulations of
alamethicin in membrane environment were performed and compared
with the structures determined by solid and liquid state NMR data [25,
26,51]. The results of solid-state NMR indicated that straight a-helix
structure was tilted by 10-20° with respect to the bilayer normal [25].
The results of MD structure suggested that the a-helix was tilted by
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Fig. 5. Contour maps of the RMSD values for (A) the N-terminal a-helix and (B) 31¢-helix and (C) the C-terminal a-helix and (D) 31¢-helix. The minimum RMSD values for the a-helix

(A) is 2.8 with ¢ = 17° and 'y = 89° (with respect to Ala6), and that for the 3;¢-helix (B) is 6.
a-helix (C) is 13.7 with { = 27° and y = 170° (with respect to Val15), and that for the 3¢-hel

17° and a kinked structure was tilted by 11° with respect to the bilayer
normal [25]. However, the previous MD work in the solvent environ-
ment could not compare the structure, topology and orientation with
those accurately determined by solid state NMR, although range of
tilting angle and possibility of 31¢-helix are suggested reasonably.

In this present work, an MD simulation was performed to elucidate
the dynamic behavior of alamethicin in the membrane environment

4 with § = 13° and y = 87° (with respect to Ala6). The minimum RMSD values for the
ix (D) is 4.7 with { = 32° and 'y = 37° (with respect to Val15).

and compared with the presently determined accurate structure, topol-
ogy and orientation in the membrane environment. Fig. 8 shows a
snapshot of the MD simulation after 40 ns. The helical axes of the N-
and C-terminal sides are shown to tilt with different angles after the
MD simulation, although the initial orientation of alamethicin was set
parallel to the membrane normal. The C-terminal side of the
alamethicin peptide appears more tilted than the N-terminal side. To

N-terminal residue number C-terminal
———
6 7 llRE: 9 10 1" 12 13 14 15 16 17 18
i i : : : T Aib® T T
o A LA STRZT T

-40 I a z i
b y/degree 110001 I 1 2001 v/degree S
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a - helix ( i 340 - helix €
¢ =17° ; ;=32°
J H - 4

Fig. 6. Chemical shift oscillation patterns, Ad, (A«S)—(E)gzo vs v, for the N-terminal o-helix and C-terminal 3o-helix with { = 17° and 32°, respectively. Ab values for Ala6, GIn7, Val9
and Aib10 fit the oscillation curves for the a-helix with a tilt angle of 17°, and those for Gly11, Leu12, Aib13, Val15, Aib16, Aib17 and GIn18 fit the oscillation curve for the 3;o-helix with a
tilt angle of 32°.
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C-terminal<__
(310-helix)

y of C-terminus

Fig. 7. Secondary structure, orientation and topology of alamethicin bound to lipid bilayers. The N-terminal a-helix tilted + 17° to the bilayer normal and the C-terminal 3;o-helix is tilted
+32° to the bilayer normal and the bending angle is 165°. Phase angles of Ala6 for the N-terminal a-helix and Val15 for the C-terminal 3;0-helix are —91° and +37°, respectively.

investigate the tilting behavior of these two sides more precisely, time
courses of the tilt angles for Ala6 and Val15 were analyzed and the re-
sults are shown in Fig. 9 (top). The tilt angle ¢, were calculated from
the angle between the direction of the C=0 and the membrane normal.
The angles fluctuate from the initial value but gradually approach the
equilibrium state after approximately 30 ns. The tilt angles during the
last 10 ns of the MD simulation were averaged and are shown in Fig. 9
(top). The averaged tilt angles of Ala6 and Val15 were 11.7° and 32.2°,
respectively, which are in good agreement with those obtained by
solid-state NMR experiments.

The rotational movements of the peptide around the helical axes
were also investigated. Time courses for the phase angle (vy) of the pep-
tide plane were measured for Ala6 and Val15 residues, and the results
are shown in Fig. 9 (bottom). The angles changed from the initial
value to the newly equilibrated values after approximately 30 ns. The
averaged values of y with respect to Ala6 and Val15 in the last 10 ns
of the simulations were 82.7° (equivalent to —97.3°) and 56.6°, which

C-terminal

N-terminal

Fig. 8. Snapshot of alamethicin peptide in the DMPC membrane bilayer after simulation for
40 ns. Lipid phosphorus atoms and water molecules are shown with in orange and red, re-
spectively. The side chain of alamethicin peptide and lipid atoms, and sodium and chloride
ions are not shown for simplicity.

are also very similar to those obtained by solid-state NMR experiments.
However, it should be noted that the alamethicin peptide concentration
in the NMR experiment was much higher than that used in the model
for the MD simulation. In this simulation, we investigated the behavior
of a single alamethicin peptide in membrane as a basic model. Never-
theless, it is noteworthy that the behavior of the single chain dynamics
corresponds well with the experimental results.

The secondary structure of alamethicin in a lipid bilayer was
investigated by analysis of the backbone dihedral angles of phi
(Ca(CG=0)-Ny 1 1-Can + 1-Cy 4 1(CG=0)) and psi (Ny-Cotn-
Cn(C=0)-N, . 1). Table 3 shows the average dihedral angles of phi
and psi between the neighboring residues of the alamethicin peptide
in a DMPC bilayer during the last 10 ns of the simulation. The average
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Fig. 9. Tilt angle ¢ (top) and phase angle 'y (bottom) for the carbonyl carbon atoms of the
alamethicin peptide are shown as a function of the simulation time. The tilt angle ¢ is
calculated between the direction of the carbonyl group of the peptide and the membrane
bilayer normal. The phase angle vy of the N-terminus was calculated from opposite site (N-
terminus view) of NMR (C-terminus view) experimental result which is the same as
82.7° — 180° = —97.3°. Average (top) tilt angles ¢ and (bottom) phase angle <y of carbonyl
carbon atoms in the alamethicin peptide calculated during the last 10 ns of the MD
simulation.
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Table 3

Average dihedral angles (degrees) of phi and psi between residues of alamethicin peptide in DMPC bilayer during the last 10 ns simulation.

Residue numbers

1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10

10-11 11-12

12-13 13-14 14-15 15-16 16-17 17-18 18-19 19-20

Phi -707 —-618 —-649 —527 —-655 —592 —564 —66.6 —54.0
Psi —27.7 —531 —447 —497 —441 -500 —457 -519

—739 —783 —459 -—755 -—841
—420 -—383 —458 -—580 —127 -53.1

—524 -—-582 —773 —772 —-904
—520 —334 —41.7 —483

Bold: 3;¢p-helical values.

dihedral angles between residues of Gly11 and Aib13, Pro14 and Aib16,
and Aib17 and GIn18 at the C-terminal side were the same as those for
the 30-helix. On the other hand, the average dihedral angles between
neighboring residues at the N-terminal side were the same as those
for the a-helix. Thus, these results are also in good agreement with
the solid-state NMR results.

The distances between carbonyl carbon and amide nitrogen atoms in
the helical backbone for some selected residues, which are labeled 1-1>C
and "N atoms in the REDOR solid-state NMR, were also calculated.
Table 2 shows the distances between these two atoms that were averaged
during the last 10 ns of the simulation, which. again shows that the cal-
culated results are in good agreement with the experimental results.

4. Conclusion

The structure and orientation of alamethicin bound to a membrane
were determined using the chemical shift oscillation of 3C chemical
shift anisotropy for individual >C labeled amino acid residues inserted
in a transmembrane with the N- and C-termini forming o- and 39-he-
lices, and the axes of the N- and C-termini were tilted 17° and 32° to the
bilayer normal, respectively. The topology of the two helical axes was
further determined using the internuclear distances around the bending
region obtained from REDOR experiments, and energy minimization
using the orientation of the N- and C-terminal helices and internuclear
distances as constraints for topology analysis, which revealed that the
alamethicin peptide takes a bending angle of 165° in the membrane en-
vironment. The dynamic behavior of alamethicin in membrane environ-
ments was further revealed by MD simulation and the calculation
results showed that alamethicin establishes the bent structure after
40 ns. The N-terminal helix forms an a-helix with a tilt angle of 11° to
the bilayer normal and the C-terminal helix forms a distorted 3;¢-
helix with a tilt angle of 32° to the bilayer normal, and the bending
angle is 159°. These values are in good agreement with the experimen-
tally determined values.
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