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ABSTRACT Elemental biological functions such as molecular signal transduction are determined by the dynamic interplay
between polypeptides and the membrane environment. Determining such supramolecular arrangements poses a significant
challenge for classical structural biology methods. We introduce an iterative approach that combines magic-angle spinning
solid-state NMR spectroscopy and atomistic molecular dynamics simulations for the determination of the structure and topology
of membrane-bound systems with a resolution and level of accuracy difficult to obtain by either method alone. Our study focuses
on the Shaker B ball peptide that is representative for rapid N-type inactivating domains of voltage-gated K* channels, associ-

ated with negatively charged lipid bilayers.

INTRODUCTION

Membrane proteins and peptides play a crucial role in
various biological pathways and represent major drug
targets. Yet, only a small number of their tertiary structures
have been determined to date, mainly due to the complexity
to crystallize these systems in the presence of lipids (1).
Magic-angle spinning (2) (MAS) solid-state NMR (ssNMR)
spectroscopy allows studying membrane proteins and
peptides in their native environment and thus gives access
to both tertiary and quaternary structure (3-9) in close
reference to protein function (10,11). For example,
ssNMR-based structural studies were conducted on a variety
of membrane-associating peptides (12,13), including
channel-forming peptides (14,15), and served to establish
intermolecular contacts between membrane-bound antimi-
crobial B-hairpin peptides (16). A particularly important
aspect in such structural studies relates to the atomic level
definition of the macroscopic orientation of proteins and
the influence of lipid-peptide interactions in the lipid
bilayer. Experimental ssSNMR approaches to probe the
supramolecular structure of membrane-embedded proteins
have relied on H,0-edited ssSNMR experiments (17-20),
paramagnetic quenchers (21,22), H/D-exchange (23), selec-
tively 2H (24), or '°F (25) labeled samples and, particularly,
the measurements of '>C and '°N chemical-shift anisot-
ropies in oriented samples (26).

Molecular dynamics (MD) simulations can give increas-
ingly accurate insight into membrane-associated molecular
systems but require taking into account that chosen starting
conditions (27) may impact the MD results. Therefore,
combined approaches have been introduced that correlate
ssSNMR observables with MD trajectories (27-36) to
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enhance the general reliability of the results. For example,
combining computational and experimental studies has
aided the precise determination of helical tilt from
PISA wheels or deuterium quadrupolar splitting
(27,28,31,34,36,37). In addition, simulations have been
used to complete the often sparse information delivered by
ssNMR to study oligomerization of transmembrane helices,
side-chain-lipid interactions (38), and the conformational
space (29) and dynamics of membrane-associated peptides
(39). Finally, MD simulations have been previously em-
ployed to validate ssNMR structures of amyloid fibrils
(40) and the Gramicidin A channel (41).

Here, we propose a general approach to establish and
refine the supramolecular structure of membrane-bound
biomolecules by iterative application of MAS ssNMR
experiments and MD simulations. Importantly, one
uniformly '*C, '°N labeled sample suffices to characterize
both structure and topology, i.e., the positioning of the poly-
peptide within the membrane. We used this approach to
study the Shaker B (ShB) peptide bound to negatively
charged lipid bilayers. The peptide belongs to a family of
peptides conferring N-type inactivation to several ion chan-
nels, for instance the Shaker B K channel. It comprises the
first 20 residues of ShB and hence corresponds to the chan-
nel’s N-type inactivation (ball) domain. The ball domain
acts as an autoinhibitory channel blocker, a process of
considerable pharmacological relevance (42). Although
liquid-state NMR studies showed that the isolated peptide
is unstructured in solution (43), biophysical investigations
suggested the monomeric ShB peptide to bind to negatively
charged lipid bilayers adopting a 3-strand secondary struc-
ture (44,45). This is remarkable, because in contrast to
a-helical backbone conformations, which are typically
observed for membrane-associated peptides, every second
polar backbone position remains unsaturated in an isolated
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B-strand. Notably, such a (-strand conformation has also
been hypothesized for the channel-bound peptide, implying
that the open K channel and the lipid bilayer provide
a molecular binding environment of comparable character-
istics, namely a hydrophobic setting and a negative surface
potential (44,46). To date, there is no detailed structural data
for the inactivating peptide of ShB bound to the channel
pore or lipid bilayers. In the following, we demonstrate
that the tailored combination of ssNMR and MD provides
a means to dissect the remarkable interplay between intra-
and intermolecular interactions that stabilize its supramo-
lecular structure in a membrane setting.

MATERIALS AND METHODS
Sample preparation

The coding sequence of the ShB peptide was cloned into a modified pMal
vector (New England Biolabs, Frankfurt am Main,Germany). The (13C,
'>N) labeled maltose-binding protein fusion protein was expressed in
M9 minimal medium with 13C6—D—glucose (Eurisotop, Saint-Aubin,
France) and '’NH,CI (Sigma Aldrich, St. Louis, MO) as the sole '°N and
13C sources, respectively. The fusion protein was purified on a Nickel
Sepharose HiTrap column (GE Healthcare, Chalfont, St Giles, UK) and
cleaved with tobacco etch virus protease. The released ShB peptide was
further purified by reversed phase HPLC. The purity of the peptide was
confirmed by electrospray ionization mass spectrometry. For reconstitution
with liposomes 1.95 mg of ('*C, '"N) ShB peptide was dissolved in
reconstitution buffer (100 mM sodium citrate, pH 4.0, 4 mM n-decyl-(-
D-maltopyranoside (Calbiochem, San Diego, CA)). Next, 6.58 mg of Dio-
leoylphosphatidylcholine and 5.39 mg of bovine heart Cardiolipin (Avanti
Polar Lipids, Alabaster, AL) (7:3, mol/mol), corresponding to a 13.7 lipid/
peptide ratio (mol/mol), were dissolved in chloroform/methanol (1:1, v/v)
and a lipid film was generated by evaporation in a nitrogen stream. The
film was dissolved in reconstitution buffer, sonicated for 10 min, combined
with the peptide solution, and incubated for 2 h. The detergent was removed
by incubation with Calbiosorb rensin (Calbiochem). The liposomes were
pelleted by ultracentrifugation at 134,000 x g for 1 h at 4°C. The liposome
pellet was washed with 100 mM sodium citrate pH 4.0. Finally, the pellet
was transferred into a 3.2 mm MAS rotor.

Solid-state NMR spectroscopy

All ssNMR experiments were conducted using 3.2 mm probeheads at
magnetic fields of 11.7 and 16.4 T corresponding to 500 and 700 MHz
'H frequencies, respectively. Unless stated otherwise, the MAS frequency
was set to 13 kHz (16.4 T) and 10 kHz (11.7 T) and SPINAL64 decoupling
(47) was employed during acquisition. The effective sample temperature
ranged from 277 to 283 K. 'C and '°N resonances were calibrated using
adamantane and the tripeptide AGG (48) as external references, respec-
tively. Sequential '>N-'3C resonance assignments were obtained from
chemical-shift selective two-dimensional NCa and NC' correlation spectra
(49) in conjunction with '*C-'?C correlation experiments performed under
weak coupling conditions (50). Two-dimensional N/CHHC (51) and
PARIS-xy (52) experiments provided distance constraints. The PARIS-xy
method (m = 2, recoupling amplitude 10 kHz, 250 ms mixing time) was
applied at 500 MHz 'H frequency and 13.9 kHz MAS frequency using
PISSARRO (53) decoupling. Water-protein and lipid-protein interactions
were probed employing T, filtered HHC correlation experiments (17-20).
The 'H T, filter was applied for a duration of 2 ms and "H-"H mixing times
ranged between 0 and 4 ms. Details on the analyzed spectra are provided in
Table S1 in the Supporting Material. Spectra were processed and peak inte-
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grals were obtained using the software TopSpin 2.1 (Bruker Biospin,
Germany). Spectra were analyzed using Sparky 3.114 (Goddard and
Kneller, University of California, CA).

Structure calculation

The structure of membrane-bound ShB peptide was determined by simu-
lated annealing in the CNS (54) system starting from an extended
conformer of the ShB peptide. Rigid body rotation of the ShB ssNMR struc-
ture and computation of correlation coefficients was implemented using the
software MATLAB (The MathWorks, Natick, MA). The structures were
visualized using PyMol 0.97 (DeLano Scientific LLC,). An ShB peptide-
bilayer model was generated by orienting the ShB peptide according to
the ssNMR data within an 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphogly-
cerol (POPG) lipid bilayer obtained from MD simulations (55).

Molecular dynamics simulations

All simulations were carried out using the GROMACS simulations
package version 4.5.3 (56) with the GROMOS53a6 force field (57) and
the Berger lipid parameters (58). The initial coordinates and topologies
of an equilibrated 128-lipid POPG bilayer were obtained from Kukol
(55). POPG was chosen because no GROMOS53a6 topology file for Car-
diolipin was available at the time of this study. Note that the only known
prerequisite for membrane insertion of the ShB peptide is the presence
of negatively charged lipids (44-46). The ssNMR structure was placed
into this bilayer with the orientation and insertion depth derived from
T,-edited HHC experiments, referred to as ssNMR topology in this text.
The lipids were subsequently expanded in the transversal plane and recom-
pressed using the inflateGRO (59) methodology to pack the lipids around
the peptide. The system was compressed to a final lipid surface of 70 A?
(55) and solvated with SPC water. Sodium ions were added to neutralize
the system. The final system consisted of one ShB peptide, 127 lipids,
4905 water molecules, and 124 Na™ ions. The system was equilibrated
for 100 ps in an NVT-ensemble using a modified Berendsen thermostat
(60). Throughout all MD simulations, the temperature was kept constant
at 290 K (61). Sodium ions and water molecules were jointly coupled to
the thermostat. The system was then equilibrated for 1 ns in an NPT-
ensemble using the Nosé-Hoover thermostat (62) and semianisotropic
Parrinello-Rahman pressure coupling. A production run was performed
for 330 ns with a time step of 1 fs. The PME (63) method was used for
the long-range electrostatic forces. The LINCS algorithm (64) was applied
to constrain the bond lengths of the peptide and lipids, and the SETTLE
algorithm was used to constrain water molecules. The stability and the
phase of the bilayer over the course of simulations were evaluated by
measuring the lipid density (Fig. S1) and the deuterium order parameters
of the acyl chains (Fig. S2 and Fig. S3). Further MD simulations with
different orientations of the peptide in the membrane were carried out
for at least 20 ns each.

RESULTS AND DISCUSSION

Our iterative joint approach of ssNMR experiments and MD
simulations consists of the following steps: In a first round,
a first guess of the structure of membrane-bound system and
a first guess of the topology, which is essential to guide the
MD simulations, are determined by dedicated ssNMR
experiments for uniformly '°C, '°N labeled samples. The
ssNMR structure and topology then serves as a starting point
for atomistic MD simulations. These simulations are subse-
quently analyzed and new structurally important molecular
contacts suggested by simulations are probed in a second
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round using specifically tailored ssSNMR experiments. This
allows a validation (or rejection) of the structure. Once
confirmed by the tailored ssNMR experiments, these new
contacts are then used for another round of iterative struc-
ture determination. As a next step, orientation and insertion
depth (i.e., the membrane topology) of the investigated
system is refined by back-calculating an ssNMR observable
(used to establish the initial topology) over the simulated
trajectory. Finally, experimentally nontrivial parameters
are investigated in simulated trajectories with experimen-
tally cross-validated structure and topology. This yields
a detailed picture of the supramolecular structure of the
membrane-bound peptide or protein.

Tertiary structure determination

To study the membrane-bound peptide by ssNMR, we re-
constituted uniformly (*3C, N) labeled ShB peptide
(Fig. 1 @) in negatively charged Dioleoylphosphatidylcho-
line/Cardiolipin lipid bilayers. Spectral assignments were
obtained using a series of dipolar-based '°N-'°C and
BC-B¢C correlation experiments (Fig. 1 b) (65). We ob-
tained complete (13C, 15N) resonance assignments for resi-
dues 1 through 12 of the ShB peptide (Table S2)
consistent with a well-defined structure. For residue
13-20, however, no sequential contacts and only a small
number of ambiguous intraresidual correlations could be de-
tected. Furthermore, although side chains of L18 and L19
are represented in dipolar-based spectra (Fig. S4), no signals
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could be identified using through-bond experiments. Hence,
the eight C-terminal residues of the ShB peptide did not
adopt a defined structure and were characterized by
restricted dynamics, presumably due to transient interac-
tions of the positively charged tail with negatively charged
lipid-headgroups (see below). Secondary chemical shifts
computed for residues 1-12 (Fig. S5) indicated a (-strand
secondary structure, which agrees well with previous studies
by fluorescence and infrared spectroscopy (44,45). Direct
structural information for the membrane-bound ShB peptide
was obtained from NHHC (51) (Fig. 1 ¢) through-space
ssSNMR experiments confirming the (-strand structure
(Table S3). We explored possible (§-hairpin tertiary struc-
tures by probing long-range backbone distances by CHHC
(51) (Fig. 1 d) experiments, indicating an in-register
B-hairpin (Fig. 1 e), characterized by short backbone
distances between A2 and G11 as well as V4 and G9. We
initially assumed a (-type (66) VIII turn arrangement for
residues G6 and L7. Subsequently, we used the obtained
distance and dihedral-angle constraints (Table S4) for
a simulated annealing-based structure determination (54).
Fig. 2 a shows the superposition of the three lowest energy
structures. We validated the structures based on the stereo-
chemical quality of the ensemble (Table S5) and by back-
calculating chemical shifts and comparing them to the
experimental data (Fig. S6). Although the backbone of the
ssNMR structure was well defined, information about
the side chains, which are potential key players for
protein-membrane anchoring, was lacking and many
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FIGURE 2 Comparison of (a and b) the ssNMR structure with (¢ and d)
the ssNMR-MD structure. For the latter, eight new restraints were added
(Table S6). The three lowest energy structures are superimposed. The
inter-@-strand hydrogen bonds are indicated as green dashed lines.

restraints, especially those for the ambiguous turn type,
were solely based on chemical shifts, whose quantitative
interpretation may be difficult in a membrane setting (67).

For these reasons, we aimed at refining the ssSNMR struc-
ture using an iterative joint approach of ssNMR and atom-
istic MD simulations. Using the ssNMR structure and
topology, which was determined by water-edited experi-
ments and is discussed below, as starting structure, the
ShB peptide was simulated over 330 ns in a solvated nega-
tively charged racemic POPG membrane. We first investi-
gated the quality of the ssNMR structure by comparing it
with the trajectory of the simulated peptide. In very good
agreement with the ssNMR data, the N-terminal residues
1-12 of membrane-bound ShB peptide formed a stable
B-hairpin with a central turn formed by residues G6 and
L7 over the timescale of the MD simulation, which is well
reflected in the hydrogen bonding pattern (Fig. S7) and
the Ramachandran plot (Fig. S8). In addition, the inter-8-
strand long-range contacts V4Ca-G9Ca and A2Ca-
G11Ca are corroborated by the MD simulations (Fig. S7).
Likewise, all short and long-range interproton contacts of
the simulated ShB peptide agreed well with the ssNMR
structure (Fig. S9). To further refine the ShB peptide struc-
ture, we probed additional intrapeptide contacts visible over
the course of the trajectory using chemical-shift selective
ssSNMR experiments (52,68). From the MD trajectory, we
observed the formation of a hydrophobic triad between the
bulky Y8 and L10 side chains together with the A3 side
chain of the opposite @-strand (Fig. S10). We examined
the spatial proximity of these side chains experimentally
using chemical-shift sensitive ssSNMR sequences. We used
combined transfer induced by rotational resonance (68) re-
coupling (n = 1) and modulation sidebands (69) in one
PARIS-xy experiment (52,70). With this approach, we could
identify several long-range contacts between A3 and L10 to
the aromatic moiety of Y8 (Fig. 1 fand Fig. S11) and could
confirm the spatial proximity of residues V4 and G9
(Fig. S12), which was also observed in the CHHC spectrum
(Fig. 1 d), validating the B-hairpin (Fig. 1 e). Furthermore,
we experimentally observed multiple Y8C and Y8Ce reso-
nances, suggesting different conformations of the side chain
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of Y8, which will be discussed further below. We paid
particular attention to the turn type formed by residues
A5-Y8, which could not be elucidated unambiguously by
ssNMR alone. In the MD simulations, the peptide almost
immediately adopted a type II' turn, although the starting
ssSNMR structure featured a type VIII turn (Fig. S13). For
the simulated peptide featuring type II' turn, the distance
T8NH-L7He is outstandingly long (3.3-3.7 A), which is
~1 A more than for the other sequential NH'-Ho'™! contacts
(Fig. S14), whereas all NH'-Ho'"! distances are of similar
range in the ssSNMR structure. Indeed, the sequential contact
NH'-Ho'"! TSNH-L7Ho was missing in NHHC experiments
(Fig. 1 c¢), which together with the MD results strongly
supports the formation of a type II' turn conformation. We
also back-calculated the Ca chemical shifts for residues
1-12 of the ssNMR structures and 20 MD structures using
SPARTA+ (71) and compared them with experimental
parameters (Fig. S6). For both structures, the chemical shifts
of the (-strand residues 1-4 and 9-12 agreed well with the
predicted values. Remarkably, the chemical shift predicted
for residue V4Ca on the basis of the ssNMR - MD structure
was in better agreement with the experiment values than the
prediction based on the ssNMR structure alone. We attribute
this finding to the intra-peptide hydrogen bond between
A2NH-V4Ha, which could not be established by ssNMR
alone. Indeed, the chemical shift of V4Ca predicted for
rare MD structures, for which this intrapeptide hydrogen
bond did not occur, differed by ~2 ppm. Finally, we included
all new restraints extracted from the MD trajectory and,
except for the A2NH-V4Ha hydrogen bond, validated by
ssNMR (see Table S6).

Topology determination

Information on topology of membrane-bound ShB peptide
could be obtained by performing T,-edited HHC experi-
ments (Fig. 3 a) (17-20). For short mixing times, magneti-
zation transfer occurs in the initial rate regime, leading to
correlations specific for water-peptide (e.g., residues M1
and E12) and lipid-peptide (e.g., V4 and G6) proximities.
These data hence provided a basis to probe the macromolec-
ular orientation of the peptide in the water/lipid bilayer envi-
ronment. We determined crosspeak volumes for several
resolved peptide resonances and calculated site-specific
initial rates for water-protein and lipid-protein magnetiza-
tion transfer (Fig. 3 b and Fig. S15). These data suggested
that the B-hairpin intrudes the lipid bilayer with the hydro-
phobic turn pointing toward the core of the membrane,
which is in good agreement with a tyrosine fluorescence
study (45). We analyzed the transfer data by computing rela-
tive distances of the investigated spins to the water/bilayer
interface. The ShB peptide structure, treated as rigid body,
was then gradually reoriented with respect to the bilayer
normal (Fig. S16), and we calculated correlation coeffi-
cients between these orientation-dependent restraints and
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FIGURE 3 Membrane topology of the ShB peptide obtained by ssNMR.
(a) T, filtered HHC spectrum obtained for a proton mixing time of 2 ms.
Peptide resonances are indicated and lipid-protein and water-protein cross-
peaks are colored brown and blue, respectively. Cross sections of lipid-
peptide and water-peptide crosspeaks are shown in Fig. S15. (b) Integrals
of water-protein (blue) crosspeaks computed from T, filtered HHC spectra
as a function of proton mixing time. (¢) SSNMR topology of the ShB
peptide. Phosphates are represented by spheres. See online version for
colored figure versions.

the corresponding ratios of the initial rates for water-protein
and lipid-protein transfer. The ssNMR membrane topology
is then established as the topology that agrees best with all
site-resolved transfer rates (Fig. 3 ¢).

In the next stage, this ssNMR topology was taken as
a starting point and refined by back-calculating an ssSNMR
observable over the trajectory. In our case, this observable
was the water access of spectrally resolved carbon reso-
nances. The water access for each Ca of the N-terminal resi-
dues 1-12 was determined by back-calculating the number
of water molecules within a radius of 9 A averaged over
the MD trajectory (Fig. S17) and compared with the exper-
imentally determined backbone water access, which could
be obtained for the Ca carbons of V4, G6, L7, and Y8
(Fig. 4 a). Remarkably, the water access of the peptide in
the ssNMR-MD topology agreed very well with the experi-
mental data. Note that this agreement of experimental and
simulated water access was independent of variations in
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FIGURE 4 Comparison of water access obtained with T,-edited HHC
experiments (dark blue columns) and back-calculated from MD simulations
(light blue columns) for some resolved peptide Ca-positions. In a, the water
access was back-calculated for the peptide structure and topology obtained
by ssNMR-MD and in b for the (frozen) peptide structure and topology ob-
tained by ssNMR alone. The number of water molecules was averaged
within a radius of 9 A from (a) 30-330 and (b) 5-10 ns MD trajectories.
(c) SSNMR-MD and (d) ssNMR structure and topology. Water molecules
within a radius of 6 A around the Car of A3-G9 are shown for clarity. See
online version for colored figure versions.

the radius within which water molecules were averaged
(Fig. S18). To verify the sensitivity of our approach, we
carried out an additional simulation with a position
restrained ssNMR structure and topology (Fig. 4 b). To
this end, we assumed a rigid peptide structure while keeping
the bilayer and the water flexible. Compared to the ssNMR
topology, the ssSNMR-MD arrangement was in much better
agreement with the experimental data. Although the
G-hairpin insertion depth and tilt of the (-hairpin with
respect to the bilayer normal hardly changed over the course

Biophysical Journal 103(1) 29-37



34

of the simulations (see Movie S1 in the Supporting Mate-
rial), the (-hairpin plane significantly inclined so that the
B-strand formed by residues 8—12 was oriented much closer
to the water/lipid interface than for the ssSNMR topology
(Fig. 4, ¢ and d). Notably, such an arrangement was in
line with a reduced water access for V4 and G6, because
the opposite (-strand is considerably further away from
the water/lipid interface. One of the main reasons for the
improved topology definition by our joint approach most
likely is that the ssNMR structure was treated as a rigid
body for the ssSNMR topology determination, whereas MD
simulations explore a much larger conformational space.
Furthermore, we used a very simplified water/membrane
interface for the ssSNMR topology determination; whereas
the MD simulation provides a better description of the
complex membrane/water interface and also takes local
bilayer distortions into account (see below).

To further investigate the peptide’s orientational prefer-
ences, we performed a series of additional simulations
with peptide insertion depths and orientations diverging
from the ssNMR topology and back-calculated the water
access for each topology. First, we observed that for all
more deeply inserted peptides, with residues 1-12 well
below the bilayer-water interface, the (B-hairpin rapidly
changed its tilt with respect to the membrane normal so
that residues M1 and E12 stayed in close proximity to the
bilayer-water interface, as concluded from the ssNMR
data. The driving force for this reorientation is presumably
charge-charge interactions involving the negatively charged
carboxyl group of E12, the negatively charged lipid surface,
and water molecules (Fig. S19). From these simulations, we
can furthermore deduce that a small tilt (corresponding to
B-strands almost aligned to the membrane normal) is not
compatible with the experimentally probed water accessi-
bility (Fig. S20 and Fig. S21, e and f), because the water
access of residues G6 and L7 would be considerably less
than for residues V4 and Y8. Furthermore, very large tilt
angles (corresponding to a (-hairpin sitting on the
membrane surface) are only compatible if membrane and
peptide planes are almost orthogonal to each other, other-
wise the water access would be rather uniformly distributed
(Fig. S21 c¢). This shows unambiguously that the correlation
of experimental and simulated water access provides a sensi-
tive means to test topological models of membrane-bound
polypeptides. Notably, none of the topologies that deviated
from the ssNMR findings converged to the ssSNMR-MD
topology after 30 ns of free simulation implying a huge
influence of the starting structure and that the initial model
derived from ssNMR alone was crucial.

Supramolecular structure

The trajectory of the experimentally cross-validated and
refined structure and topology subsequently served to inves-
tigate parameters that are experimentally difficult to assess,
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including lipid-protein interactions. Whereas all polar back-
bone groups are saturated in a-helical peptides, every
second polar backbone group of a monomeric (-hairpin
points toward the membrane, suggesting direct peptide-
membrane interactions. First, the previously mentioned
rotation of the @-hairpin plane brings residues Y8-E12 close
to the water/membrane interface to allow for the formation
of hydrogen bonds with water molecules or polar lipid
groups. In contrast, hydrophobic residues M1-AS5 on the
opposite strand remain positioned close to the lipid chains.
Remarkably, the (-hairpin features a slight twist (Fig. 4 ¢
and Fig. 5), so as to simultaneously accommodate lipophilic
(V4, L7) as well as bilayer/water (Y8-L10) interactions.
Second, we observed a sharp decrease of the membrane
width closely around the ShB peptide with several distorted
lipid featuring phosphate and ester groups significantly
deeper in the membrane than on average. Such local lipid
arrangements enabled the backbone of M1, A2, G9, and
even G6 and L7, which are rather deeply buried within the
hydrophobic membrane core, to form intermolecular
hydrogen bonds (Fig. S22). This is also in good accordance
with a calorimetric study, which showed that phosphate
groups coordinate to the membrane-bound ShB peptide
(72). Note that the strong lipid interaction involving
G6NH and L7NH (Fig. S22) may also explain why the
back-calculated chemical shift of L7C« of the ssNMR-
MD structure deviated from the experimental chemical
shift, because such lipid-peptide contacts are not taken
into account by current chemical-shift prediction algo-
rithms. Finally, we observed cation- interaction between
the aromatic ring of Y8 and sodium ions (Fig. S23). It is
likely that such a cation-m interaction modulates the

FIGURE 5 Supramolecular structure of membrane-associated ShB
peptide. The lipid bilayer surface is shown in gray, the peptide in red
cartoon. Water molecules around peptide residues 1-12 within a radius of
9 A are illustrated in blue. Hydrogen bonds between the (-strands and
peptide-lipid hydrogen bonds are shown in green and orange, respectively.
Distorted lipids (in gray lines) enable the formation of lipid-peptide
hydrogen bonds. Interaction of the positively charged peptide tail with
the negatively charged bilayer is illustrated. The snapshot was taken after
300 ns of the free simulation. See online version for colored figure versions.
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chemical shift of all aromatic carbons, which can be a reason
for the heterogeneity of the Y8 side chain (Fig. 1f).

In summary, the supramolecular structure (Fig. 5) of the
membrane-bound ShB peptide is determined by the
following intra- and intermolecular interactions (see also
Movie S1 in the Supporting Material):

1. Intramolecular hydrogen bonds between the §-strands.

2. Intermolecular lipid headgroup- and lipid ester-peptide
hydrogen bonds involving peptide residues close to the
water/membrane interface. This is maximized in the
ssSNMR-MD arrangement featuring a twisted plane of
the (-hairpin strongly inclined with respect to the
membrane plane (Fig. 5). This positioning brings the
strand formed by residues 8—12 very close to the water/
lipid interface.

3. Intermolecular lipid headgroup-peptide hydrogen bonds
between distorted lipids and the backbone of residues sit-
uated deeper within the membrane.

4. Hydrophobic interactions between side chains of resi-
dues 1-7 and the lipid chains, maximized by the twisted
and inclined (@-hairpin plane, which positions these
hydrophobic residues close to the lipid chains (Fig. S24).

5. Anchoring of the peptide by the side chain of L7 in the
hydrophobic membrane core (Fig. S25) (45,73).

6. The aromatic ring of Y8 alternating between hydro-
phobic interaction with L10 and cation-m interaction
with sodium ions (Fig. S23).

7. Transient electrostatic attraction between the positively
charged tail of the ShB peptide (formed by residues
13-20) and negatively charged lipid headgroups
(Fig. S4).

In addition, further MD studies indicated that dimeric
membrane-bound ShB peptide constructs do not adopt
B-hairpin  structure, which suggests a monomeric
membrane-binding mode of the ShB peptide (Fig. S26).
This finding agrees well with fluorescence (44) and infrared
(45) experiments and also is in line with studies of tetra-
meric K' channels, which demonstrated the ball-domains
of each monomer to act mutually exclusive (74). Analo-
gously, the membrane-bound ShB peptide is not subjected
to oligomerization. Moreover, our data correlate with obser-
vations that the presence of negatively charged lipids (75)
and negatively charged protein domains (76) distinctly
affected gating of voltage-gated potassium channels by in-
activating the N-terminal inactivating domain. With these
findings, the supramolecular structure of membrane-bound
ShB peptide offers new insights into N-type inactivation,
particularly since recent studies corroborate (-sheet
secondary structure for the channel-bound inactivation
domain (73). Studying membrane-bound ShB peptide thus
serves as a potential model to study N-type inactivation of
potassium channels at an atomic level. Moreover, the fact
that the ShB peptide adopts a stable $-hairpin in lipid bila-
yers may be a hint that ShB peptide membrane binding is
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involved in the formation of the channel—ShB peptide
complex.

CONCLUSIONS

We have introduced a general approach to establish, refine,
and validate the supramolecular structure of membrane-
bound polypeptides using an iterative combination of
MAS ssNMR spectroscopy and atomistic MD simulations.
Notably, one uniformly (**C, '*N) labeled sample suffices
for our approach, neither requiring sample alignment nor
site-specific labeling. This should render our approach
particularly attractive for systems whose preparation is
time-consuming or expensive. In addition, the error margin
of our approach is low, because experimental and simulated
data are cross-validated. Our approach is especially well
suited for small membrane-associated peptides, often
peripheral at the water/membrane interface, which play an
important role in signal transduction and as potential drug
targets (77). Altogether, the membrane-bound ShB peptide
could be significantly better defined by the iterative joint
approach than with one technique alone and our findings
explain previous studies reporting global structural parame-
ters for the membrane-bound ShB peptide (44,45). This
demonstrates the potential of our approach for applications
to a variety of membrane-bound systems underlining the
high complementarity of ssSNMR and MD for membrane-
bound systems.
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