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Temperature-Dependent Re-alignment of the Short
Multifunctional Peptide BP100 in Membranes Revealed by

Solid-State NMR Spectroscopy and Molecular Dynamics

Simulations
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BP100 is a cationic undecamer peptide with antimicrobial and
cell-penetrating activities. The orientation of this amphiphilic a-
helix in lipid bilayers was examined under numerous conditions
using solid-state '°F, ®N and *H NMR. At high temperatures in
saturated phosphatidylcholine lipids, BP100 lies flat on the
membrane surface, as expected. Upon lowering the temper-
ature towards the lipid phase transition, the helix is found to
flip into an upright transmembrane orientation. In thin bilayers,
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this inserted state was stable at low peptide concentration, but
thicker membranes required higher peptide concentrations. In
the presence of lysolipids, the inserted state prevailed even at
high temperature. Molecular dynamics simulations suggest that
BP100 monomer insertion can be stabilized by snorkeling lysine
side chains. These results demonstrate that even a very short
helix like BP100 can span (and thereby penetrate through) a
cellular membrane under suitable conditions.

Introduction

Cationic peptides, which can form amphipathic a-helices with
one charged face and one hydrophobic face, often show a
membrane-permeabilizing activity and have been proposed as
antimicrobial agents against multiresistant bacteria and other
pathogens."™ Numerous membrane-active peptides have been
studied with biophysical methods to understand their detailed
interactions with lipid bilayers, and many different mechanisms
have been proposed, from pore-forming to micellization, and to
the carpet mechanism.?** In general, amphipathic helices tend
to bind preferentially to membrane surfaces, that is, in a flat
orientation with charged residues pointing toward the aqueous
phase and hydrophobic residues pointing into the membrane
interior; we call this the surface state (S-state). However,
peptides may also form oligomeric pores by taking on a
transmembrane orientation, with their charged residues point-
ing into the water-filled pore. This we call the inserted state (I-
state). By examining the helix orientation in the membrane -
for example, using solid-state NMR spectroscopy®® or oriented
circular dichroism (OCD)"™ — it is possible to see whether a
peptide can assume a transmembrane alignment. A stable I-
state is usually considered to be highly relevant in terms of the
mechanistic model, as it is taken to represent the critical stage
of pore formation. So far, most amphiphilic peptides have only
been reported to exist in the S-state, and pore formation is at
most speculated to occur transiently in the course of membrane
attack. It is important to realize, however, that different model
membranes and experimental conditions strongly influence the
peptide alignment, hence it is critical to screen numerous lipids
and parameters in order to understand whether and under
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which conditions an inserted helix may be stable, so that it can
then be structurally characterized in a comprehensive manner.

One factor that affects the peptide-lipid interactions is
concentration. At low peptide concentrations, all amphipathic
helices can be expected to prefer the surface state, since a pore
should be formed by several peptides and a certain concen-
tration is needed for peptides to have a high probability of self-
assembly. From concentration-dependent orientation and activ-
ity studies, it is possible to deduce how strong these peptide-
peptide interactions are.?

Another important factor is spontaneous bilayer curvature.
This is related to the shape of the lipid molecules that make up
the membrane. A lipid with a small head group and large acyl
chain region (a cone shape), for example, a phosphatidylethanol
(PE) lipid, exerts a negative spontaneous curvature in the
bilayer. It has been shown that this favors the surface state of
amphipathic peptides,™ as expected from the “free” volume
between the lipid head groups where the peptide helix can be
readily accommodated. Lipids with a large head group and
small acyl chain region (an inverted cone shape), for example, a
lysolipid, have a positive spontaneous curvature, which in turn
favors the transmembrane state of amphipathic peptides.'
Lipids with a spontaneous curvature close to zero (a cylindrical
shape), for example, 1,2-dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPQ), can allow different orientation states.

In solid-state NMR studies, it has been observed that all
tested amphipathic peptides are in the surface state when
using lipid systems composed of 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphatidylglycerol (POPG), or 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylethanolamine (POPE)."™®! From this, it
should be clear that this state is mostly due to lipid properties,
rather than reflecting any particular features of the peptide.
Such a result cannot be taken to exclude the possibility that a
peptide operates via a pore-forming mechanism in a genuine
bacterial membrane consisting of a much more complex lipid
mixture. On the other hand, in model membranes containing
lysolipids, a transmembrane state is often found to be favored,
hence a transmembrane orientation in such a lipid system
cannot by itself be taken as proof that a peptide forms stable
pores in a biological membrane. Nonetheless, if there are
reasons to believe from other experiments that a peptide acts
by forming pores, it should be very useful to find a model
system that supports thermodynamically stable pores, to be
able to study the structure of these pores in more detail.

Cationic a-helical AMPs, such as the designed sequence
MSI-103 with 21 residues [(KIAGKIA);-NH,1," have been pro-
posed to form pores in membranes with peptides in a trans-
membrane orientation lining a water-filled pore. MSI-103
analogs, called KIA peptides, were used to investigate the
length-dependent membrane-perturbing activity of such pep-
tides. It was found that peptides must be long enough to span
the membrane to be active, and this length dependence was
observed for both, antimicrobial and hemolytic activity, as well
as for vesicle leakage." To kill Escherichia coli bacteria and
cause leakage in POPC/POPG vesicles, at least 17 amino acids
needed to fold into a helix such that its length is well matched
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to the hydrophobic thickness of the bilayer."” The presence of
charges on the termini of the helix were shown to influence
leakage in a way that is fully consistent with peptide insertion
and hence a pore-forming mechanism."® We have recently
shown that stable KIA pores can be prepared in the presence of
lysolipids. Solid-state "N NMR spectroscopy was used to
characterize the transmembrane peptide orientation for MSI-
103 analogs of different lengths."” It could be demonstrated
that the formation of toroidal pores is a cooperative process
involving several peptides, and that these pores are enriched in
lysolipids."®

Seventeen amino acids was the minimum length for KIA
peptides to span the membrane of POPC/POPG vesicles and Kkill
E. coli. However, another peptide, BP100, with only 11 amino
acids,"”® can also efficiently kill E. coli and induce leakage in
POPC/POPG vesicles.”'?? This short amphipathic peptide is
highly helical in the presence of membranes. It is a multi-
functional peptide that is not only a good AMP with broad-
spectrum activity against Gram-positive and Gram-negative
bacteria with relatively small hemolytic side effects, but it is at
the same time also an efficient cell-penetrating peptide.'**'-*
As evidenced from vesicle leakage studies, BP100 can target
and permeabilize the membrane. BP100 is clearly too short to
span a biological membrane, so it is unlikely to form pores such
as those proposed for the KIA peptides. Indeed, studies using
solid-state NMR and OCD have so far always found BP100 to
reside either flat on the bilayer surface — also under conditions
where KIA21 is in a transmembrane state - or it is at most
found to be slightly tilted in the membrane.”'?? |t was therefore
proposed that BP100 does not form pores but instead operates
via a carpet mechanism, wherein peptide binding to the surface
of the outer monolayer leads to permeabilization and rupture
of the cell membrane.”’?? Nonetheless, it is still conceivable
that short-lived pores might form only transiently, which are
not stable enough enough to be trapped and observed using
NMR or OCD under the conditions studied so far.

Here, we used BP100 as a representative peptide to further
investigate factors affecting the orientation of short amphiphilic
helices in membranes. Using a combination of solid-state NMR
methods and OCD, the intention was to extend previous studies
and test shorter lipids, higher peptide concentrations, and
lower temperatures, using a combination of different NMR
methods under these conditions. Remarkably, we found
conditions under which BP100 is fully inserted into the bilayer
in an upright I|-state, indicating that it is also possible for this
very short peptide to have a stable transmembrane orientation
under suitable conditions. Given the wide polar angle of BP100
(see helical wheel in Figure 1A) and high density of positive
charges (5 Lys, cationic N terminus, amidated C terminus), it
was questionable whether an oligomeric state would be stable
at all. Molecular dynamics simulations were thus conducted on
a BP100 monomer to examine possible helix orientations in a
model membrane. It was found that a BP100 peptide can take
on a stable transmembrane orientation by snorkeling, that is, by
stretching out its charged lysine side chains to both sides of the
membrane.
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Figure 1. A) Helical wheel and B) helical mesh representations of BP100
prepared using the Protein Origami web application.®” C) CD spectra of
BP100 in weakly charged DMPC/DMPG (3:1) vesicles at different P/L ratios.
The disordered peptide in solution is electrostatically attracted to the
vesicles and forms an a-helix when bound to the membranes. At high P/L
(1:10 and 1:5), the charge of the vesicles is too low to attract all peptides,
so a random-coil signal is observed. D) CD spectra at different P/L ratios in
predominantly anionic DMPC/DMPG (1:3), showing that a random-coil signal
remains only at P/L=1:5 when electroneutrality is not yet met.

Experimental Section

Peptide synthesis: Peptides were synthesized using a standard
Fmoc solid phase protocol.?2*!

Minimum inhibitory concentration (MIC) assay: The antimicrobial
activity of BP100 and its "*F-labeled analogs was tested using a
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standard MIC dilution assay with four replicates, as previously
described.?*?

Circular dichroism spectroscopy (CD) and oriented CD (OCD):
Details of BP100 sample preparation in lipid vesicles and in oriented
lipid bilayers, as well as for CD/OCD measurements, have been
described in a recent paper.”? CD samples were prepared from
300 uM peptide stock solution in water and added to a DMPC/1,2-
dimyristoyl-sn-glycero-3-phosphatidylglycerol (DMPG; 3:1 molar
ratio) liposome dispersion in 10 mM phosphate buffer (PB, pH 7.0).
The final peptide concentration in the liposome samples was
adjusted in the range of 15-75 uM, while the lipid concentration
was varied between 0.3-2.2 mM, resulting in peptide-to-lipid molar
ratios (P/L) of 1:5, 1:10, 1:20, 1:50, 1:100 and 1:150. The peptide
concentration in the stock solution was determined from the UV
absorption of a single Tyr residue at 280 nm.*>?” The concentration
of the final CD samples was calculated from the respective dilution
factors. The measured CD spectra were converted to mean residue
ellipticities by using these peptide concentrations and the 0.1 cm
path length of the cuvette.

After the CD measurements, aliquots of the vesicle samples were
deposited as a circular spot of 12 mm diameter on quartz glass
plates, dried and rehydrated in the OCD chamber overnight to
obtain oriented lipid bilayer samples, as described previously.”® A
saturated salt solution of K,SO, was placed in the OCD chamber to
reach a high hydration of ~96.7% relative humidity (rH), and
solutions of LiCl, MgCl, and NaCl were used to reach lower
humidities of 11.3% rH, 32.1% rH and 74.9% rH according to the
literature values,®” although the values measured by a sensor
inside the OCD chamber were ~23% rH, ~43% rH and ~80% rH,
respectively. The CD and OCD spectra of all samples were recorded
at 35°C according to the protocols described in refs. [22] and [28].

Solid-state NMR: Solid-state *'P, *H, '°F, and "N NMR studies of
lipid-peptide samples macroscopically oriented on glass plates
were performed as previously described in detail 2"?2*"

MD simulations: Molecular dynamics simulations were performed
as described previously.?"

Results
Peptide synthesis

Peptides were synthesized using a standard Fmoc solid phase
protocol. In addition to the original BP100 peptide (below also
called BP100-wt), specific ?H, N, or 'F isotope labels were
incorporated for solid-state NMR studies. One peptide con-
tained a "°N-label at Leu8, and six peptides were selectively "F-
labeled with a single CF;-Bpg [3-(trifluoromethyl)-L-bicyclopent-
[1.1.1]-1-ylglycine] residue each®> at Leu3, Phe4, lle7, Leus,
Tyr10, or Leull, as previously described.” In addition, 11
peptides were prepared where each position was replaced, one
at a time, with *H-labeled [D;]Ala as previously described.”" All
peptides used are listed in Table 1.

Circular dichroism
Circular dichroism spectroscopy is readily used to monitor the

folding of unstructured peptides into a-helical structures, and it
can yield information on the binding of soluble peptides to
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Table 1. Sequences of used peptides.

Peptide Sequence
BP100 KKLFKKILKYL-NH,
BP100-8L-"*N KKLFKKI-"*N-Leu-KYL-NH,

BP100-3L-Bpg
BP100-4F-Bpg
BP100-71-Bpg
BP100-8L-Bpg
BP100-10Y-Bpg

KK-CF,-Bpg-FKKILKYL-NH,
KKL-CF,-Bpg-KKILKYL-NH,
KKLFKK-CF5-Bpg-LKYL-NH,
KKLFKKI-CF5-Bpg-KYL-NH,
KKLFKKILK-CF5-Bpg-L-NH,

BP100-11L-Bpg KKLFKKILKY-CF,-Bpg-NH,
BP100K1A [D;]Ala-KLFKKILKYL-NH,

BP100K2A K-[D,]Ala-LFKKILKYL-NH,
BP100L3A KK-[D;]Ala-FKKILKYL-NH,
BP100F4A KKL-[D,]Ala-KKILKYL-NH,
BP100K5A KKLF-[D,]Ala-KILKYL-NH,
BP100K6A KKLFK-[D;]Ala-ILKYL-NH,
BP100I7A KKLFKK-[D5]Ala-LKYL-NH,
BP100L8A KKLFKKI-[D5]Ala-KYL-NH,
BP100K9A KKLFKKIL-[D;]Ala-YL-NH,
BP100Y10A KKLFKKILK-[D5]Ala-L-NH,
BP100L11A KKLFKKILKY-[D,]Ala-NH,

lipid vesicles. CD has been previously used to show that BP100
forms a random coil in solution but is helical when bound to
membranes. In the presence of DMPC/DMPG (3:1) at P/L=
1:100, the BP100-wt configuration was reported to be over
60% a-helix?? Here, we acquired an extended series of
concentration-dependent CD spectra for BP100 in DMPC/DMPG
(3:1) vesicles, with P/L=1:150, 1:100, 1:50, 1:20, 1:10, and
1:5. The data in Figure 1C show that BP100 is always a-helical,
except for very high P/L values of 1:10 and 1:5, where it
remains largely disordered. This observation suggests that
charged lipids are essential for attracting cationic BP100 to
vesicles. With a charge of +6 on BP100 and 25 % anionic lipids
in the vesicles, there are enough negative charges on the
vesicles to match the charges of the peptides up to P/L=1:24.
However, at P/L=1:10 and 1:5, most peptides remain un-
bound and show a random coil CD line shape. When the same
experiment was repeated in DMPC/DMPG (1:3), that is, with
75% anionic lipids (Figure 1B), a random coil was observed only
for P/L=1:5, which fits the estimated limit for electroneutrality.

Oriented CD

Oriented CD on macroscopically aligned membrane samples is
a powerful tool for examining the alignment of helical peptides
in oriented membranes."®""? This sensitive method has been
used to monitor the concentration-dependent realignment of
various long amphiphilic AMPs in lipid bilayers, which is
functionally relevant in terms of pore formation.'®?>3¢
Oriented CD was also performed in our earlier study of BP100,
specifically in DMPC/DMPG (3:1) bilayers at P/L=1:100, 1:25,
and 1:12.5."% In all cases, the helix was found to lie essentially
flat on the membrane surface. However, given that some other
amphipathic helical peptides showed important rearrange-
ments only at very high concentrations, here we tried a wider
range of P/L values, including P/L=1:150, 1:100, 1:50, 1:20,
1:10, and 1:5 (Figure S1A in the Supporting Information), but
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hardly any difference was found in these spectra, so no
significant change in orientation could be detected for BP100
as a function of peptide concentration in DMPC/DMPG at 30 °C.

In previous studies, the orientations of several peptides
were found to change with the humidity of the sample, again
with functionally relevant implications for pore formation.*¢=®
Therefore, OCD samples of BP100 were prepared with different
relative humidities (using DMPC/DMPG at P/L=1:100) of 23.4,
430, 80.0, or 96.7%. However, this series (Figure S1B) also
showed hardly any change, indicating that BP100 remained flat
on the membrane surface of DMPC/DMPG, independent of
sample hydration. Finally, we compared the method of
preparing the OCD samples (DMPC/DMPG, P/L=1:100) either
from an aqueous suspension of vesicles or from co-dissolved
peptides and lipids in organic solvents (CHCI;/MeOH/H,0). This
had no influence either on the peptide orientation (Figure S1C).
We can thus conclude that the orientation of BP100 in DMPC/
DMPG membranes at 30°C is independent of peptide concen-
tration, sample hydration, or the method of sample preparation.

Solid-state NMR spectroscopy

To be able to observe and interpret several orthogonal NMR
parameters unambiguously, we combined three NMR isotopes
to monitor the orientation of BP100 in membranes as a function
of several factors. "N NMR spectroscopy on peptides labeled at
a single position can give an approximate tilt angle (the angle
between the helix long axis and the membrane normal) from a
single 1D spectrum. From a series of peptides that are
selectively labeled with ?H or 'F at the side chains, the peptide
conformation and its membrane alignment and dynamic
behavior can be determined with high accuracy, and this
method has been used by our group to study many different
types of membrane-active peptides.*>*3 The 2H/"F NMR
approach is very sensitive to structural changes, giving not only
a full 3D picture of the peptide orientation in terms of the tilt
angle and the azimuthal angle (which defines the rotation
around the helix axis), which can be determined with high
accuracy but also addressing a wider range of concentrations
compared to OCD or "*N NMR. Labeling a peptide with CF;-Bpg
or [D;]Ala can lead to changes in its function; therefore,
antimicrobial tests were performed on the modified peptides.
[D;]Ala-labeled peptides had been previously tested against
four types of bacteria, and it was found that the activity was
somewhat reduced when the hydrophobic residues were
replaced by [D;]Ala, but not when Lys was replaced.”" Here, we
tested all "°F-labeled peptides against E. coli, E. helveticus, and K.
rhizophila and found a high activity against all three bacteria for
all labeled peptides, similar to or even better than that for
BP100-wt (Table S1). BP100 and its '“F-labeled analogs also
showed high activities against plant—pathogenic E. amylovora,
P. syringae, and X. axonopodis (Table S2). We can thus conclude
that the ?H and '°F labels did not interfere with the antimicro-
bial function.

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

85US017 SUOWILIOD 3AIERID 8|qedlidde auj Aq psuAob a1e S YO ‘88N JO S3|NJ o ARIGIT BUIIUO /8|1 UO (SUOIPUOD-PU-SWLIRYWI0D" A 1M AReq 1 Buju//Sd1Y) SUORIPUCD pue W | 3y} 88S *[€202/T0/S2] Uo Ariqiauliuo A8|im ‘eibojouyoe L 4 Ul BUNS|e 3 Ag 209002202 9169/200T OT/I0p/L0d A8 |1mAtelq i pul|uo ado.ne-Als Iueyd//sdny woiy papeojumod ‘0 ‘€€9.6E7T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202200602

'F NMR spectroscopy

The main advantage of "F as an NMR nucleus is its high
sensitivity combined with low background signals. Thus, small
amounts of labeled peptide and short experimental times can
be used, and 'F NMR is therefore very useful for scanning a
range of conditions. We had previously placed a CF;-Bpg label
at position lle7 and reconstituted the peptide in samples with a
wide range of P/L ratios from 1:3000 to 1:10 in DMPC/DMPG
(3:1),%% which would not have been possible using other NMR
methods or OCD. In the fluid phase (at 35°C) the '°F dipolar
splitting remained the same, meaning that the peptide does
not change its orientation or dynamics as a function of
concentration in the membrane, which was also observed by
the concentration-dependent OCD measurements. As many
other antimicrobial peptides are known to change their align-
ment under various conditions,******">% we had monitored the
YFNMR splittings in many different lipid compositions at
40°CBY However, no re-alignment of BP100 was observed
when comparing zwitterionic DMPC (di-C12:0 acyl chains) with
anionic DMPC/DMPG mixtures, nor with thin 1,2-dilauroyl-sn-
glycero-3-phosphatidylcholine (DLPC, di-C12:0 acyl chains)
bilayers, thick 1,2-dierucoyl-sn-glycero-3-phosphatidylcholine
(DErPC, di-C22:1 acyl chains) bilayers, or in the branched-chain
lipid 1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC,
characteristic of archaea) at P/L=1:100.5" Other studies in
DMPC in the presence of cholesterol (characteristic of eukary-
otic membranes), as well as in membranes extracted from
erythrocytes and M. luteus, at P/L=1:20, have also reported the
same stable surface-alignment of BP100.5”

Here, we studied the effect of temperature, which has
previously been observed to have an effect on the orientation
of PGLa, a helical AMP with 21 amino acids.*® For PGLa in
DMPC at P/L=1:50, a surface-bound state was observed at
high temperatures, an inserted state was observed in the gel
phase, and an aggregated state was observed at even lower
temperatures in crystalline lipids.*® 'F NMR spectroscopy was
thus performed on BP100 labeled at six different positions with
CF;-Bpg and reconstituted in DMPC/DMPG (3:1) and DLPC/
DLPG (3:1) at a P/L of 1:100. Temperatures were addressed
both above and below the corresponding gel-to-liquid crystal-
line phase transition temperatures (T,,). The full sets of °F NMR
spectra are shown in Figure S2, collected on oriented samples
that were positioned with the bilayer normal parallel to the
magnetic field (0° sample angle). The splittings of the six
different labels are listed in Tables S3 and S4. At 35°C, above
the T, the splittings are very similar in the two lipid systems,
and peptides are observed to be flat on the membrane surface.
Below T, at 15°C in DMPC/DMPG (with a T, of 25°C) and at
—20°C in DLPC/DLPG (with a T, of 5°C), the spectra are
broader, but the splittings are quite similar to those above the
Tm- We can thus conclude that also in the gel phase BP100
prefers to be oriented flat on the membrane surface. The
oriented samples were also measured with the bilayer normal
perpendicular (90° sample angle) to the external magnetic field,
in order to assess the peptide dynamics. '°F NMR spectra at
both, 0° and 90° sample angles, are given in Figures S3-S5, as
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well as *'P NMR spectra which show that the lipids are well
oriented in all samples. It is also seen that in the liquid
crystalline phase, the "F NMR splittings at a 90° sample angle
are scaled by a factor of —'/, compared to the 0° measure-
ments, which indicates fast rotational diffusion of peptides in
the membrane. In the gel phase, peptides are immobilized, as
seen from the powder-like splittings of approximately —7.5 kHz
in the samples measured at 90° angle.

The above set of samples had a relatively low peptide
concentration (P/L=1:100), so we performed further experi-
ments with higher P/L ratios, again over a wide range of
temperatures around the respective T,. For BP100-3L-Bpg in
DLPC at P/L=1:25, the temperature was changed in steps of
5°C from 35 to —15°C. The corresponding spectra measured
with the oriented samples set at a 0° angle are shown in
Figure 2. At 35°C, the splitting is close to 0 kHz, and only a
single peak is observed. At lower temperatures, however, there
is a change in the splitting. Below 10°C, a triplet with a splitting
of —4.6 kHz appears, and at —10°C, a second set of peaks
emerges with a splitting of —7.5 kHz, which dominates at lower
temperatures. Besides these data on BP100 labeled at position
Leu3, we also used two further labels, BP100-7I-CF;-Bpg and
BP100-8L-CF;-Bpg, to examine the temperature-dependent
effects observed here in thin DLPC bilayers. Interestingly, a
similar behavior was observed for all three '°F labels (Figures S6
and S7), as the splittings appearing at approximately 10°C were
quite different to those at 35°C; while splittings of —7.5 kHz
were observed below —10°C. The latter splitting is typically
seen for aggregated samples™*® or molecules that are
otherwise immobilized. Given the low temperature of the gel
phase, this simply indicates that the peptides are immobilized

o
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Figure 2. °F NMR spectra of BP100-3L-Bpg in DLPC at P/L=1:25 and at
different temperatures. The samples are oriented with the membrane normal
parallel to the magnetic field.
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at —10°C, which was confirmed by the spectra measured at a
90° sample angle (Figures S8-510).

It is readily seen from the "°F NMR spectra of BP100-8L-CF,-
Bpg (Figures S7 and S10) that upon changing the sample angle
from 0° to 90°, at temperatures above —10°C, the splittings are
scaled by a factor of —0.5, which is indicative of fast rotational
diffusion of the peptides. Interestingly, at or below —10°C, a
splitting of —7.5 kHz was found both for 0° and 90° angles of
the samples for all three labeled peptides (Figures S8-S10),
indicating immobilized peptides. We can thus conclude that the
orientation of BP100 undergoes an interesting change when
the temperature is lowered towards the respective T.,. There-
after, at temperatures below T, the peptide is again surface-
bound but immobilized.

N NMR spectroscopy

A straightforward method for monitoring the tilt angle of a
helical peptide is to measure the NMR chemical shift of a ">N-
label in the backbone of a helical peptide that is reconstituted
in an oriented membrane sample. We had previously analyzed
selectively '"’N-labeled BP100-8L-°N in DMPC/DMPG (3:1)
vesicles at P/L=1:50, 1:100, and 1:200 at 35°C, showing
signals at approximately 92 ppm in all cases, indicating that the
peptide lies flat on the membrane surface.”” In a more recent
study, we used a higher BP100 concentration, P/L=1:20, and
performed measurements at 35°C. In bilayers of POPC/POPG
(3:1 mol/mol), a signal at 89 ppm was found, and in DMPC/
DMPG (3:1), the signal was at 95 ppm, also indicating that the
peptides lie flat on the membrane surface under these
conditions. Interestingly, in DMPC/DMPG/1-myristoyl-2-hydroxy-
sn-glycero-3-phosphatidylcholine (lyso-MPC) (1:1:1), the signal
was found to be moderately shifted to 137 ppm in liquid
crystalline bilayers, indicating a more tilted orientation.”” With
the corresponding oblique angle, however, the helix was not
tilted far enough to reflect a complete transmembrane align-
ment. The set of motionally averaged parameters could rather
be attributed to a highly dynamical state of the peptide
undergoing whole-body motion in these lysolipid containing
membranes, with a time-averaged oblique membrane
orientation.”"

Here, we used the same "*N-labeled BP100-8L-"°N peptide to
find out how the intriguing temperature-dependent changes
seen in the '°F NMR samples would show up in *N NMR spectra,
in order to quantify the underlying change in helix tilt angle. A
temperature series of "N NMR spectra was recorded in DLPC
bilayers at P/L=1:20, both above and below the lipid phase
transition temperature, that is between 35°C and —5°C, as
shown in Figure 3A. Indeed, a gradual shift of the peak position
was observed. At 35°C, the peak was at 100 ppm, indicating a
surface-bound state, whereas at —5°C, the peak was found at
171 ppm, indicating a genuine transmembrane orientation of
BP100. This is the first time we can confirm a stable trans-
membrane state of this short peptide in thin bilayers.

To find out the minimum peptide concentration needed to
attain the transmembrane state, "N NMR experiments were
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also performed at lower peptide-to-lipid ratios. At P/L=1:40
(Figure 3B), there was not a gradual shift, but instead a discrete
flip in orientation. At or above 15°C a surface orientation was
observed, whereas at 5 and 0°C a transmembrane orientation
was observed. Eventually, at —5°C the peak shifted back to
90 ppm, indicating again a surface-bound state below T, which
was retained at —10°C. Even at a low concentration of P/L=
1:100, the transmembrane orientation could be detected, but
only at 5°C, close to the T,, (Figure 3C).

It has been reported that peptide insertion in a trans-
membrane orientation is favored in lipid systems with a high
positive spontaneous bilayer curvature, for example in
lysolipids.">***"" Further "N NMR experiments were therefore
performed in mixed bilayers of DLPC/1-lauroyl-2-hydroxy-sn-
glycero-3-phosphatidylcholine (lyso-LPC; 2:1) at P/L=1:20.
Here, the peptide peak was found at approximately 150 ppm at
all temperatures from 35°C down to —10°C (Figure 3D). In this
lipid system, it seems that a transmembrane orientation is
stable even at temperatures well above the lipid phase
transition temperature, which in this mixed system is too low to
be reached with our experimental setup (lysolipids tend to
reduce T, see below).

Now that a transmembrane orientation was found in thin
DLPC membranes, the question was whether this orientation
would also be possible in a thicker membrane system. >N NMR
experiments were performed in DMPC at P/L=1:20 at a range
of temperatures (Figure 4A). At 35°C, the signal was at
105 ppm, indicating an almost flat surface orientation, but at
lower temperature the signal got shifted. At 25°C, close to the
lipid phase transition, the signal was at 145 ppm, a highly tilted
orientation. At 20°C, two peaks were found, one at 145 ppm
and one at 80 ppm, indicating that there are two populations of
peptides that are not in fast exchange: one population on the
surface, and the other one more inserted. Then, at lower
temperatures, where lipids were in the gel phase, the signal
was shifted back all the way to 80 ppm. This extreme chemical
shift indicates that in the gel phase, peptides are completely
flat on the surface, as they are pushed out of the solidified
membrane core. This means that also in the thicker DMPC
bilayers, BP100 can be inserted into the membrane in a stable
manner when the temperature is close to T,. At P/L=1:100 in
DMPC (Figure 4B), however, such insertion was no longer
observed, that is at low peptide concentration BP100 remains
flat on the DMPC surface at all temperatures.

The effect of anionic lipids was examined in DMPC/DMPG
(1:1) at P/L=1:20, but the results were the same as those for
DMPC at P/L=1:20, with inserted peptides around T, and
surface-bound peptides at high and low temperatures (Fig-
ure 4C). Thus, the presence of charged lipids seems to have no
significant effect on the alignment of BP100.

When a positive curvature was introduced in DMPC, on the
other hand, that is in DMPC/lyso-MPC (2:1) at P/L=1:20
(Figure 4D), the peptide was aligned in a transmembrane state
at 35°C, as indicated by the signal at 145 ppm. When the
temperature was reduced, the peak shifted gradually to
152 ppm at 15°C. At 10°C and below, the signal moved to
80 ppm, indicating a complete surface orientation in the lipid
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Figure 3. "N NMR spectra of BP100-8L-"°N measured in 12:0-PC lipids at a series of different temperatures above and below the lipid phase transition (T, of
DLPC= —5°C). The chemical shift of the peak indicates the orientation of the peptide. Signals at approximately 90 ppm (--) indicate peptides in a surface-
aligned state. Signals at approximately 175 ppm (--) indicate a complete transmembrane helix orientation. A) DLPC at P/L=1:20; B) DLPC at P/L=1:40;

C) DLPC at P/L=1:100; D) DLPC/lyso-LPC (2:1) at P/L=1:20. Peak positions are listed in Table S5.

gel phase. The presence of lysolipids thus seems to lower the
phase transition temperature from approximately 25°C to a
value between 10°C and 15°C.

We thus conclude that at high peptide concentration,
BP100 can assume an inserted transmembrane state in both
DMPC and DLPC, at least at temperatures close to the
respective T,. In the presence of 33 mol% lysolipids, the
peptide remains stable in the transmembrane state even at
elevated temperatures. Since the chemical shift in DMPC is
never higher than 145 ppm, whereas in DLPC it can reach
170 ppm, it seems that BP100 enters a completely upright,
transmembrane orientation only in the thinner DLPC mem-
branes. In DMPC, on the other hand, the time-averaged helix
alignment is slightly slanted away from a perfectly upright
transmembrane state, which might reflect some dynamical
effects.

ChemBioChem 2023, 202200602 (7 of 18)

2H NMR spectroscopy

Above, we had first used 'FNMR spectroscopy to screen
numerous lipid compositions and temperature changes to
detect particular conditions where significant spectral shifts
occur. Then, "N NMR was performed under those conditions to
assign the helix alignment to a transmembrane inserted state in
a qualitative manner. Finally, we could now use *HNMR to
obtain an accurate, 3D description of the orientation of BP100
in its transmembrane state. In previous analyses of BP100,
comprehensive isotope labeling schemes had been systemati-
cally compared using '*F*? and 2H NMR spectroscopy.?” It was
found that the *HNMR method worked better because all
positions in the peptide could be labeled without disturbing
the conformation or amphiphilic character, thus giving more
data points for the data fit.?" Here, we thus used *H NMR to
refine the transmembrane orientation of BP100 in terms of the
helix tilt angle (r) and its azimuthal rotation angle (p), along
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Figure 4. "N NMR spectra of BP100-8L-"°N measured in 14:0-PC lipids at a series of different temperatures above and below the lipid phase transition (T, of
DMPC =25 °C). The chemical shift of the peak indicates the orientation of the peptide. Signals at approximately 90 ppm (- indicate peptides in a surface-
aligned state. Signals at approximately 150 ppm () indicate a strongly tilted state that is close to a transmembrane insertion. A) DMPC at P/L=1:20;

B) DMPC at P/L=1:100; C) DMPC/DMPC (1:1) at P/L=1:20; D) DMPC/lyso-MPC (2:1) at P/L=1:20. Peak positions are listed in Table S5.

with the dynamical parameters (0, and o,) describing the time-
averaged fluctuations about these two axes. A detailed
description of the spectral interpretation, the data analysis and
the fitting procedures is found in our previous reports on BP100
in the surface-bound state.”’ In short, we compare the
experimental 2H NMR splittings with so-called helical waves that
are calculated for different values of the orientation angles and
dynamical parameters. To determine the best-fit parameters,
we systematically vary all parameters and search for that wave
with the smallest deviation from the experimental data set.
Based on the CD analysis showing that BP100 forms an a-helix
when bound to essentially any type of membrane, we can
assume that the peptide is also helical in the NMR sample.
Furthermore, once the fitting procedure has been performed,
we can retrospectively deduce from the quality of the fit
whether the peptide is indeed helical or not. That is because
the splittings are very sensitive to small deviations in
conformation and orientation, so if there is a good fit to the
entire set of NMR data points (root mean square deviation,
RMSD, <3 kHz) then the peptide must form an essentially
perfect a-helix over the full length of labeled positions.

ChemBioChem 2023, 202200602 (8 of 18)

BP100 was labeled with [D;]Ala at each of its 11 positions,
one at a time, and H NMR spectra were measured in oriented
samples. Based on the above "N NMR results, DLPC and DLPC/
lyso-LPC were chosen as lipid systems, and measurements using
P/L=1:20 were performed at 35 and 5°C. The spectra in DLPC
are shown in Figure 5. At 35°C, sharp peaks are observed and
the splittings are easy to determine. In addition to the doublet
from the [Ds]Ala label, there is often also a central peak from
natural abundance deuterium in water. For position 3, there is
only a central peak and it is assumed that the splitting from the
peptide is close to 0. At 5°C, spectra show much broader lines,
and for position 9, there is no clear splitting seen. For position 8,
a small splitting is observed (marked in red in Figure 5; less line
broadening was used in this case). Experiments were also
performed at —5°C for some peptides, but at this temperature,
the spectra were of very low quality and could not be used for
the analysis. The corresponding spectra in DLPC/lyso-LPC are
shown in Figure 6. 2H NMR splittings are listed in Table 2, and
data analysis results are shown in Figure 7 and summarized in
Table 3.
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Figure 5. °H NMR spectra of [D;]Ala-labeled BP100 in DLPC. A) *'P NMR spectra before the ?H experiments at 35°C; B) °H NMR spectra at 35 °C; C) °H NMR
spectra at 5°C; D) *'P NMR spectra after the ?H experiments at 35 °C. The red bar indicates the estimated splitting for the label at position 8 at 5°C.

In DLPC, the N NMR spectra had shown a significantly
tilted state at 35°C, which is confirmed by the H NMR data
analysis, giving a helix tilt angle around 60° (between the helix
axis and the bilayer normal) and an azimuthal angle of 172°. At
5°C, the "N NMR spectra had indicated a transmembrane
orientation, and the 2H NMR spectra indicated a tilt angle of
about 29° and an azimuthal angle of 164°. This is not a perfectly
upright orientation, but clearly, the peptide is much more tilted
at lower temperatures.

In DLPC/lyso-LPC, the "N NMR spectrum at 35°C had
indicated a transmembrane state, with a "N chemical shift
similar to that found in DLPC at 5°C. ?H NMR analysis confirmed

ChemBioChem 2023, 202200602 (9 of 18)

these observations, giving a tilt angle of 26° and an azimuthal
angle of 165° (as the difference compared to the orientation in
DLPC at 5°C lies within the estimated error of the method). This
comprehensive picture of helix (re-)orientations thus indicates
that the lysolipids promote the transmembrane state, which is
also favored by temperatures close to the lipid phase transition
T.. Lowering the temperature further to 5°C did not lead to
much change in the N NMR chemical shift (Figure 3D), but the
’H NMR analysis suggests an even more inserted orientation of
the peptide, with a tilt angle of 7°, indicating an essentially
complete upright alignment in the bilayer. Yet, the fit was
rather poor, with an RMSD of more than 6 kHz (the other fits
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Figure 6. °H NMR spectra of [D;]Ala-labeled BP100 in DLPC/lyso-LPC (2:1). A) *'P NMR spectra before the *H experiments at 35 °C; B) 2H NMR spectra at 35 °C;

C) H NMR spectra at 5°C; D) *'P NMR spectra after the *H experiments at 35 °C.

were good, with RMSDs below 3 kHz), so this result is not very
reliable. Nonetheless, the helical wave (Figure 7H) looks signifi-
cantly different compared to the one at 35°C (Figure 7F), and it
is indeed similar to what would be expected for an upright
peptide with a very small tilt angle. Therefore, it is plausible
that BP100 is actually aligned almost perfectly upright in the
membrane under these conditions.

MD simulations

Molecular dynamics simulations were performed for BP100 in a
DMPC lipid bilayer at 308 K. Two different starting positions of

ChemBioChem 2023, 202200602 (10 of 18)

the peptide were used in two separate simulations. In the first
case, the peptide was inserted from the water phase and bound
to the membrane surface. The simulation was then run for 8 s,
during which BP100 was always observed to remain more or
less flat on the surface (S-state). This is called the S-state
simulation and has been reported previously.”® In the second
simulation, to be reported here, the peptide was manually
inserted into the lipid bilayer in a membrane-spanning
orientation, with charged lysine side chains snorkeling to both
sides. When the simulation was run, it was found that the
peptide was stable in this inserted state (I-state) throughout the
entire 1 ps simulation. Below, this is referred to as the I-state
simulation.

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

85U8017 SUOWILLIOD BAITE1D) 8]qel (dde 8y Ag peusenob a1e Sopile O ‘8sN Jo Se|ni o} Akeid18uljuQ A1 UO (SUONIPUOD-PUE-SWLBIW0D A8 1M Ale.d1|Bulu//:Sdny) SUORIPUOD pue swie | 8y18es *[£202/T0/Sz] Uo Ariqiauluo 48| ‘a1Bojouyos 1 4 1| Jsunss|e Ag 209002202 2169/200T 0T/I0p/wod A8 | Ake.q1puluo'ado.ne-Ansiweyo//sdny wo. pepeojumod ‘0 ‘€€926€7T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202200602

Table 2. *H NMR splittings [kHz] from experiments, at P/L=1:20."!

Peptide DLPC DLPC/lyso-LPC
35°C 5°C 35°C 5°C
BP100K1A 13.9 13.0 8.0 9.2
BP100K2A 2.3 239 14.0 20.3
BP100L3A 0 30.7 12.8 26.4
BP100F4A 24.7 30.8 19.5 11.8
BP100K5A 439 51.0 347 0
BP100K6A 27.2 23.0 22.8 22.5
BP100I7A 0 29.1 5.6 234
BP100L8A 1.3 3.0 7.0 5.0
BP100K9A 26.8 0 29.5 0
BP100Y10A 6.6 30.8 19.6 25.8
BP100L11A 2.0 29.7 14.5 234

[a] Only absolute values are available from experiments; therefore, no
signs are given. The error in the splitting is estimated to +2 kHz.

Table 3. Best-fit orientation of BP100 in different bilayers, calculated from
’H NMR data.

Lipid, T 7 [°] p [ o, [°] 0, ] RMSD [kHz]
DLPC, 35°C 58 172 36 16 2.8
DLPC, 5°C 29 164 19 0 2.5
DLPC/lyso-LPC, 35°C 26 165 36 21 24
DLPC/lyso-LPC, 5°C 7 200 6 1 6.6

In the S-state simulation, the peptide was initially fully
helical. After 1.5 ps, the N-terminal Lys1 and Lys2 became
unfolded and remained so for the rest of the simulation,
resulting in a reduction of helicity to approximately 80% and a
significantly reduced tilt angle.”® After that, refolding of the
N terminus occurred only very rarely. The peptide was seen to
be lying flat on the membrane surface throughout the entire
simulation, as illustrated by the snapshot of Figure 8A. The
most probable helix tilt angle was close to 90° (Figure 8C), with
10-20° fluctuations in the tilt angle. For symmetry reasons, the
combination of 7/~ 97° and p~351° is equivalent to 7~83° and
p~=171°.

In the I-state simulation, the peptide remained completely
helical (except for Lys1), and it was much less mobile. The
average helicity for each residue (the proportion of time points
at which the residue is in a helical conformation, as defined in
the Experimental Section) is plotted in Figure S11, showing that
the peptide is fully helical for positions 3-11 in both simula-
tions. In the I-state simulation (but not the S-state) also
position 2 is fully helical, while the N-terminal Lys is not in a
helical conformation in any simulation. A snapshot of the I-state
simulation is shown in Figure 8B. The 7-p plot in Figure 8D
shows the distribution of the orientational angles, with the
most common orientation defined by 7~156° and p~117°
(equivalent to 7/ 24° and p~297°), corresponding to an almost
upright peptide in the DMPC bilayer. Notably, numerous water
molecules and phosphate groups are seen to be pulled rather
deeply into the lipid bilayer from both sides by the snorkeling
Lys side chains. The central ones tend to assume a rather
stretched all-trans configuration.

The results of the MD simulations can be checked against
the experimental H NMR data. From the simulation trajectories,
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it is possible to calculate the hypothetical NMR splitting for any
specific residue by analyzing the time-averaged orientation of
the corresponding C,—Cz bond vector with respect to the
membrane normal. This is the splitting that would be measured
in an NMR experiment if the residue were labeled with [D;]Ala
(assuming that the orientation of the C,—C; bond vector is not
disturbed by labeling with a different side chain), so this
prediction can be directly compared with the experimental
values. The calculated splittings from the S-state simulation had
been previously compared with '°F NMR data of BP100 in
DMPC/DMPG,?**® even though only half of the positions could
be labeled with *F-Bpg in our first study.” In a later study, all
11 positions of BP100 were selectively labeled with [D;]Ala,
resulting in a complete set of 2H NMR data,”" which makes it
possible to compare the simulation with experiments in a more
comprehensive way. Here, in Table 4, we give the calculated
’H NMR splittings for both S- and I-state simulations.

Figure 9 shows a fit of the back-calculated splittings, based
on the same analysis method as previously used for the
experimental NMR data.”” For the S-state simulation, two
periods are examined separately: 0-1.5 us with a higher helicity,
and 1.5-8 us where the N terminus was unfolded. The change
in conformation of the peptide after approximately 1.5 us of the
simulation also leads to a change in the calculated splittings, as
seen in Table 4, and a fit of the splitting also shows a change in
tilt angle from 71° for the first 1.5 ps to 86° in the 1.5-8 us time
span (Figure 9, Table 5). The above fit of the experimental
splittings gave a tilt angle of 76° that is in between the two
simulation values; the experimental fit also supported a fully
folded helix over the entire length of the peptide.”?" This could

Table 4. *H NMR splittings [kHz] from MD simulations (DMPC, P/L=
1:58).

Position MD (S) 0-1.5 ps MD (S) 1.5-8 us MD (1)

1 -13+17.0 +18.0+23.1 —16.8+13.6
2 +14.1+24.0 +10.9420.1 —38.0+1.1
3 —-123+96 +3.9+8.9 —23.6+44
4 —26.5+4.6 —18.6+2.0 +39.6+4.0
5 +572+44 +46.4+4.6 —129+1.8
6 —25.0+3.6 —29.7+34 —379+1.6
7 +11.3+121 +32.7+84 —26+33
8 —253+24 —314+1.7 +31.2+49
9 +49.1+6.6 +40.6 £6.5 —325+14
10 —26.1+3.8 —214+58 —29.6+24
1 —6.54+10.0 +146+53 +26.7+4.8

[a] The sign of the splitting can be determined from the simulation and is
therefore given here. The deviations are obtained from block averaging
over the simulation trajectories.

Table 5. Best-fit orientations from ?H NMR splittings of BP100 in DMPC,
back-calculated from MD simulations or determined from experiments.

1 pll o1 0,1 RMSDkHzZ]
MD S-state (0-1.5 ps) 71 159 12 2 39
MD S-state (1.5-8 ps) 86 156 0 5 4.2
MD I-state 25 267 0 4 20
2H NMR, P/L=1:20" 76 168 21 23 37

[a] Values from experiments in DMPC/DMPG (3:1) at 35°C.12"
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Figure 7. Analysis of 2H NMR data. A), B) BP100 in DLPC, P/L=1:20 at 35°C. A) The 7-p plot gives the RMSD between the experimental data and the helical
waves that were systematically fitted to every combination of helix tilt angle 7 and rotation angle p, color-coded for the RMSD value at each point. The two
minima at tilt angles of 58° and 122° are equivalent for symmetry reasons (i.e., peptides in either of the two monolayers, related by a 180° difference in p).
The best-fit value is 7=>58° p=172° The insert is a plot of RMSD for different values of the two parameters o, and g,, which reflect the range of whole-body
fluctuations around the corresponding tilt and rotation angles. B) Helical wave of the best-fit solution. Experimental data are marked with squares, and the
numbers indicate the labeled amino acid position in the sequence of BP100. All data points fit the curve well, except for position 11 (o), which was therefore
excluded from the fit. C), D) are similar to (A) and (B), but using data from BP100 in DLPC at P/L=1:20 and 5 °C. The best-fit orientation is 7=29°, p=164°.
The splitting from position 9 was ambiguous in the raw spectrum, and was therefore not used in the fit (2). E), F) show the data from BP100 in DLPC/lyso-LPC
at P/L=1:20 and 35°C, with best-fit orientations of t=26° and p=165°. G), H) are similar to (A) and (B), but using data from BP100 in DLPC/lyso-LPC at P/
L=1:20 and 5°C. The best-fit orientation is 7=7°, p=200°, but the RMSD is in this case very high.

mean that BP100 is mostly in the fully folded state when occasionally enters a less folded and more tilted state. There is
observed during the first 1.5 ps of the simulation, and it only  a minor difference of about 10° in the rotation angle between

ChemBioChem 2023, €202200602 (12 of 18) © 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH

85U8017 SUOWILLIOD BAITE1D) 8]qel (dde 8y Ag peusenob a1e Sopile O ‘8sN Jo Se|ni o} Akeid18uljuQ A1 UO (SUONIPUOD-PUE-SWLBIW0D A8 1M Ale.d1|Bulu//:Sdny) SUORIPUOD pue swie | 8y18es *[£202/T0/Sz] Uo Ariqiauluo 48| ‘a1Bojouyos 1 4 1| Jsunss|e Ag 209002202 2169/200T 0T/I0p/wod A8 | Ake.q1puluo'ado.ne-Ansiweyo//sdny wo. pepeojumod ‘0 ‘€€926€7T



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemBioChem doi.org/10.1002/cbic.202200602

150 150 A

120 A 120 1
o
~ 90 1 ‘ 90 -
N

60 - 60

30 - 30 A

0 T ‘ ‘ ‘ ‘ 0 . . . ‘ ‘
0 60 120 180 240 300 360 0 60 120 180 240 300 360

p/°

p/°

Figure 8. A) Snapshot of BP100 in the S-state simulation, showing a typical peptide orientation. Lipid phosphate groups are marked with golden spheres,
lysine side chains are shown in dark blue. B) Snapshot of BP100 in the I-state simulation showing that the peptide can span the membrane as a stable
monomer, with Lys side chains snorkeling towards either monolayer surface and thereby dragging water molecules (blue) into the membrane. C) Alignment
of BP100 during the S-state simulation (for the time period of 1.5-8 ps, after unfolding of the N terminus). The equilibrium orientation of BP100 is tilted

97° +4° (equivalent to 83° +4°), and more strongly tilted helices up to 120° (i.e., 60°) can also be seen occasionally. (D) Alignment of BP100 during the I-state
simulation. The equilibrium orientation is tilted by 156° +4°, which is equivalent to 24° +4°.

the results of the simulation and experiments. Such (systematic)
difference was previously reported for other helical peptides.”

For the I-state simulation, a tilt angle of 25° was observed,
corresponding to an essentially upright alignment, that is a
transmembrane orientation. For symmetry reasons the combi-
nation of t/25° and p~267° is equivalent to 7/~155° and p
~87°. When this set of angles is compared with the orientation
found from the H NMR experiments in DLPC at 5°C, the helix
tilt is very similar, but the azimuthal angle is about 100° larger
in the simulation. We note that in such a steep helix orientation
(where 7 is close to 0° or 180°), the corresponding value of p
carries less structural meaning in terms of amphiphilicity than
in a surface-bound helix, but it can nevertheless be determined
experimentally with high confidence.

Discussion

Membrane-active amphiphilic helices have been reported in
many instances to take on different stable orientations in a
membrane, reflecting their functional mechanism of permeabi-
lization or translocation. The most obvious orientation for
longitudinally amphiphilic helices is flat on the membrane
surface, with the charged face pointing up toward the water,
and hydrophobic side chains immersed more deeply in the
hydrophobic interior of the bilayer. This surface-bound S-state

ChemBioChem 2023, 202200602 (13 of 18)

orientation has been described for virtually all amphipathic
helices at low concentrations, and is also known to be the
universally preferred state in lipid systems with negative
spontaneous curvatures."¥ Another meaningful way to arrange
amphiphilic helices is as a transmembrane orientation, where
an oligometric assembly of peptides defines a water-filled pore
across the membrane (with or without the participation of lipid
head groups). In this case, the pore is lined by the charged
faces of the helices, while the hydrophobic side chains point
sideways and retain their contact with the lipid acyl chains. This
inserted |-state has been observed for a limited number of
amphipathic peptides so far, usually only under certain
conditions. Systematic studies have revealed that the I-state
tends to be favored by 1) lipids with positive spontaneous
curvatures  (e.g.,  lysolipids),">'"'®*¢  2)high  peptide
concentration,"®**¥ 3) ong peptides (long enough to span the
membrane),">'” 4) peptides with one charged and one hydro-
phobic terminus,"® and 5) in special cases by peptide-peptide
interactions (one example being the PGLa/magainin 2 syner-
gistic pair of peptides).****

In the above-mentioned studies, the peptides were usually
around 20 amino acids long, which is a perfect size to span a
typical lipid bilayer. Far less is known about the behavior of
shorter peptides like BP100, and it is certainly not justified to
assume that they should follow the same rules and undergo the
same kinds of structural rearrangements. That is because short
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Figure 9. A), B) Analysis of splittings back-calculated from the S-state simulation, from 0 to 1.5 ps. A) Plot of the RMSD between the fitted data and the helical
wave for different values of tilt angle 7 and rotation angle p, color coded for the value at each point. The two minima at tilt angles of 71° and 109° are
equivalent for symmetry reasons, as they correspond to peptides in the two bilayer leaflets. The best-fit value from the experimental data (z=86°, p=168°) is
marked e. The insert is a plot of the RMSD for different values of the dynamical parameters o, and o,. B) Helical wave of the best-fit solution fitted to the back-
calculated quadrupolar couplings of all residues averaged over the MD simulations (x) and compared to the experimental *H NMR data (=) of BP100 in DMPC/
DMPG (3:1) bilayers at P/L=1:20.2" The black curves show the best fit to a helical wave of the MD data. C), D) are similar to (A) and (B) but using splittings
from the S-state simulation from 1.5 to 8 ps. The best-fit orientation is 7=286°, p=156°. E), F) are similar to (A) and (B) but using splittings from the I-state
simulation. The experimental >H NMR data (=) in (F) were collected in DLPC/lyso-LPC at 35°C. The best-fit orientation is 7=25°, p=267°. The best-fit
orientation from the experimental data is marked =. Error bars are given for simulated values. Some error bars are smaller than the size of the symbols. For
experimental values, the error is estimated to be 2 kHz.

peptides tend to be more mobile, have a more flexible
conformation, and they are too short to span a membrane.
BP100 is highly charged (+6) and indeed very short with its
11 amino acids, although it forms a proper amphipathic a-helix
when bound to a lipid bilayer. Several structural studies have
been previously devoted to BP100 and its interactions with lipid
membranes. So far, this helical peptide has always been found

ChemBioChem 2023, 202200602 (14 of 18)

to reside on the bilayer surface under a wide range of tested
conditions, #'*” even under conditions where other peptides -
such as MSI-103 and PGLa - change their orientation.'”** It
seemed plausible indeed that the short 11-mer BP100 was far
less likely to insert into a membrane compared to those longer
peptides (with about 21 amino acids), because its length of
about 16.5 A is simply too short to span the membrane. The
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hydrophobic thickness of DMPC at 30°C (in the liquid crystalline
phase) is close to 25.4 A, and that of thinner DLPC membranes
is 20.9 A The thickness tends to increase slightly upon
lowering the temperature,®® and in the gel phase every lipid
bilayer becomes much thicker due to the dramatic increase in
acyl chain order; for example, DMPC at 10°C has a hydrophobic
thickness of 30 A.©

It has been reported that peptides can induce local
membrane thinning, which has been proposed as a possible
functional effect of BP100.°” Furthermore, solid-state NMR
studies have shown that in the presence of BP100 at P/L=1:25,
the order parameters of deuterated lipid chains was reduced by
up to 30%, which indicates significant membrane thinning.2” In
those papers the thinning effect was not quantified, but values
have been published for other membrane-bound peptides. For
example, when the short WALP16 transmembrane model helix
(length 24 A assuming an ideal helix) was inserted into a thick
di-18:0-PC (DSPC) bilayer (hydrophobic thickness 28.5 A) at P/
L=1:30, a thinning of 0.4 A was noticed.*® For melittin in di-
20:1-PC bilayers at P/L=1:50 or higher, a thinning of 4% was
reported.®** These effects are quite small, so even for a thin
DLPC bilayer, a thinning in this range would mean that the
membrane is still too thick for BP100 to span it. However, the
addition of lysolipids to the bilayer will make it even thinner,
because there is less volume of the acyl chains while a similar
headgroup area is maintained. We have not found any
experimental data about how much thinner membranes get in
the presence of a high amount of lysolipids. For a very crude
estimate, we note that for a 2:1 mixture of for example DLPC
and lyso-LPC, there is 5/6 the number of acyl chains compared
to pure DLPC. If the headgroup area stays constant, then the
bilayer thickness would be reduced to (5/6)x20.9 A=17.4 A.
Including some additional thinning effect from the peptide, it is
then possible that BP100 would just about be able to span the
membrane. This line of arguments may be the underlying
reason why we observe the inserted state even at high
temperature in the presence of lysolipids.

Another point that had been initially assumed not to
support an insertion of BP100 rested on the finding that the
short and essentially egg-shaped peptide body was extremely
mobile, and therefore should be less likely to self-assemble into
active pores because of these high dynamics.”"*? We can
furthermore note that the NMR data gives information on the
orientation of the helix in the membrane, but not about the
oligomeric state of the peptide. Large oligomers are expected
to be less mobile, so the high dynamics found in the NMR
analysis is an argument against large oligomers, while small
oligomers such as dimers cannot be excluded.

In this study we used a powerful combination of solid-state
NMR methods to investigate a wider range of conditions than
before, and to study the orientation of BP100 in increasing
detail: 1) Highly sensitive '>F NMR spectroscopy was applied to
scan numerous conditions to find conditions where BP100
actually changed its spectral pattern, reflecting a qualitative
change in orientation and/or dynamics. 2) "N NMR spectro-
scopy was carried out on peptides with a single N-label to
obtain an approximate helix tilt angle and thereby show for the

ChemBioChem 2023, 202200602 (15 of 18)

first time that BP100 was actually inserted in a transmembrane
alignment. 3) ’H NMR spectroscopy was finally used to obtain
an accurate structural description of this I-state in terms of helix
tilt and azimuthal rotation angle, including an estimate of
whole-body fluctuations. An overview of these orientations
found under different conditions is schematically illustrated in
Figure 10.

It was thus possible to conclusively show that BP100 can
assume a stable transmembrane orientation in thin DLPC
membranes [with a hydrophobic thickness of 20.9 A®"] at
temperatures close to the gel-to-liquid crystalline phase tran-
sition (T,)), even at quite a low concentration (P/L=1:100). Even
in DMPC (with a hydrophobic thickness of 25.4 A®) at high
concentrations (P/L=1:20), slightly above the T, BP100 is in a
highly tilted and possibly even transmembrane state according
to "N NMR spectra. This finding was unexpected, since the
membrane is much thicker than the length of an ideal helix of
11 amino acids (1.5 A per residue leads to a helix length of only
16.5 A). However, an indication of how this alignment may be
possible, came from MD simulations.

Two simulations were performed for BP100 in DMPC
bilayers at 35°C. In one, the peptide was first located in water
and allowed to bind to the membrane, where it stayed on the
surface, in an S-state. In the other simulation, the peptide
initially spanned the membrane in an inserted I-state, where

DLPC, 35°C

(i
o

:

DLPCl/lyso-LPC,

DLPC, 5°C

7z
Co2s

2

w

5°C DLPCl/lyso-LPC, 5°C

Figure 10. Summary of the orientation of BP100 as determined from *H NMR
data analysis. The peptide is illustrated as a cylinder with blue (polar) and
yellow (hydrophobic) faces, and the helix axis is defined as pointing from the
N to the C terminus. Curved arrows indicate dynamics. Charged Lys side
chains are shown schematically with possible snorkeling according to
simulations. Only one peptide is shown (as we cannot tell from these NMR
data whether oligomers are formed). The hydrophobic part of the membrane
is shown in orange; for simplicity lipids are only shown at the edges and any
putative local membrane thinning by the peptide is not indicated. The tilt
angle with respect to the membrane normal (red arrow) is shown in each
case. A) In DLPC bilayers at 35°C, BP100 is slightly tilted on the membrane
surface and has a high mobility. B) In DLPC bilayers at 5 °C, the helix is
inserted in the membrane and has a lower mobility. C) In DLPC/lyso-LPC
(2:1) bilayers at 35°C, the peptide is inserted in the membrane and has a
high mobility. D) In DLPC/lyso-LPC (2:1) bilayers at 5°C, it is inserted in the
membrane in an almost upright position and is almost completely
immobilized.
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the snorkeling Lys side chains stretched out to reach the polar
face of the bilayer on both sides. In the S-state simulation, the
peptide was seen to be very mobile, and it showed a
considerable variation in its tilt angle during the simulation.
However, the helix mostly remained flat on the membrane
surface and never reached an inserted I-state. In the I-state
simulation, which started off with a transmembrane orientation,
this alignment remained stable during the entire 1 ps simu-
lation. There was only some minor variation in the tilt angle,
but the peptide never flipped into the S-state. These findings
suggest that snorkeling side chains may indeed support an I-
state of BP100, even at high temperatures in quite thick DMPC
membranes. It thus seems that both orientations are possible
for BP100, but there is a large energetic barrier to go from one
to the other. It is hard to observe any transitions between the
states using MD simulations with simulation times of 10 pus at
best.

Even if the I-state simulations show that a transmembrane
orientation of a single, monomeric BP100 peptide is stable on a
1 ps time scale, it is unlikely that this scenario is found in a real
membrane. Even if snorkeling is energetically relatively
cheap,”” a flip from the surface into the transmembrane state
would need to overcome a relatively high energy barrier of
translocating some of the charged side chains across the bilayer
core. The NMR experiments clearly showed that the I-state
occurs only at high peptide concentrations, indicating that
insertion is a cooperative process, wherein a peptide complex is
formed. Additionally, even if the tilt angle in the I-state
simulation is similar to that found in DLPC at 5°C using *H NMR
spectroscopy, the rotation angle deviated strongly from experi-
ment. This difference may well be attributed to peptide-peptide
interactions that are involved in the transmembrane state that
is observed by experiments, but which are missing in the MD
simulation of a single peptide.

?H NMR experiments under the simulated conditions (low
concentration in DMPC) show a surface orientation, fitting well
with the result of the S-state simulation. Yet, an equilibrium
seems to prevail. While BP100 is aligned almost completely on
the surface of DMPC at 35 °C, with increasing concentration and
upon lowering the temperature to slightly above the T, the
transmembrane orientation becomes more favorable. At even
lower temperatures in the gel phase, which is significantly
thicker than the fluid phase, the surface state is observed again.

One reason for this behavior could be that at high
concentrations and low temperatures, dynamics are reduced,
and peptide-peptide interactions become stronger, which could
favor the transmembrane complex. In the gel phase, there is
even lower dynamics, but the acyl chains are stretched and the
membrane becomes thicker, so that BP100 is again pushed out
of the membrane and re-locates to the surface. Another
possible explanation for the inserted state could be that the
membrane close to the T,, forms some gel-phase domains and
some liquid-crystalline domains. In each of these domains,
BP100 is most favored on the membrane surface, but in the
defects between the domains, the peptides might find con-
ditions favoring a transmembrane orientation. At the actual
phase transition temperature T,, the maximal number of
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domain boundaries is available, and here, BP100 is found
almost exclusively in a transmembrane orientation.

Notably, in membranes containing lyso-PC, the transmem-
brane orientation is also found at temperatures well above the
T This indicates that gel phase domains and defects between
domains are not necessary for insertion. Instead, it is clear that
lysolipids have a strong positive spontaneous curvature due to
their molecular shape with a large headgroup and only a single
acyl chain, whereas DMPC and DLPC, with two acyl chains each,
have only a small positive spontaneous curvature. We recently
showed for the longer amphiphilic helix MSI-103 that stable
transmembrane pores are formed in bilayers containing
lysolipids. It was demonstrated that these pores are enriched in
lysolipids, which are most likely also lining the toroidal worm-
hole type pores.'® As the temperature is lowered, the acyl
chains tend to stretch and get longer, leading to a smaller
cross-section, giving DMPC and DLPC a higher positive
spontaneous curvature. This process also increases the hydro-
phobic thickness of the membrane at the same time, but if the
peptides are already arranged on the curved inside of the
wormhole, this might not be a problem. This structural model
can thus explain both, the insertion of BP100 in DMPC or DLPC
close to their respective T,, as well as the insertion in the
presence of lysolipids even at high temperatures. With this
toroidal wormhole model, the peptide length should not be as
important as in a barrel stave. However, we did find that BP100
gets more easily inserted into DLPC than into DMPC, so there
seems to be some effect of membrane thickness in relation to
peptide length. When using a suitably thin membrane, we
postulate that it should be possible to eventually flip any
amphipathic helix of any length into an inserted state, either by
setting the temperature close to the T,, or by adding some
lysolipids, provided that the peptide concentration is suffi-
ciently high. An obvious limitation of the present study is that
we have only studied a single short peptide. To be able to
generalize and propose more robust conclusions, it will be
important to study and compare also other short peptides
using the same range of methods, and for example investigate
the influence of charge, hydrophobicity, and other properties
on the orientation of short amphiphilic helices in membranes.

Peptide orientation is known to be strongly dependent on
membrane properties. Therefore, the fact that conditions can
be found where a peptide has a stable transmembrane
orientation does not mean that this must also be the case
under biologically relevant conditions, which have to deal with
highly transient events anyhow. It is rather the other way
around, that is, once there are indications that the biological
activity is related to peptides in a surface orientation or a
transmembrane orientation, then a suitable model membrane
system can be found where the desired peptide orientation will
dominate. In other words, our ability to trap a normally short-
lived, transient state simply by using the appropriate kinds of
lipids, is very useful, as it allow us to study the peptide in this
particular state using biophysical methods under stable con-
ditions. We therefore hope that the present study will increase
the range of suitable model membrane conditions with well-
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characterized properties, and thereby help to make better
choices of model systems for future biophysical studies.

Conclusions

The orientation of BP100 in membranes was investigated under
a wide range of conditions by using oriented CD and solid-state
NMR methods. "°F NMR spectroscopy has a very high sensitivity
and was used to screen conditions to detect a structural re-
arrangement of BP100. Subsequent N NMR studies under
those conditions showed that BP100 was in a transmembrane-
inserted state, and 2H NMR spectroscopy was used to character-
ize this orientation with high accuracy (Figure 10). It might
seem quite unexpected that this short undecamer peptide,
which was previously only ever found on the membrane
surface, can in fact assume a stable transmembrane orientation.
However, our interpretation of extended (snorkeling) Lys side
chains, as found in a MD simulation, provides a plausible
explanation for such a stable state. These results suggest that it
should be possible to find special conditions for virtually any
amphipathic peptide, under which it can be placed flat onto
the membrane surface or flipped into an upright transmem-
brane state. This versatility in manipulating the peptide-lipid
interactions will also be useful for future biophysical studies of
many other peptides.
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