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ABSTRACT ARTICLE HISTORY
Antimicrobial and plant defence elicitor peptides have received attention on last decades as novel Received 17 January 2024
tools to combat bacterial plant diseases. We previously reported a library of peptide conjugates result- Accepted 7 May 2024

ing from the combination of an antimicrobial peptide (BP16, BP143, BP387 or BP475) and a plant
defence elicitor sequence (flg15, BP13, Pep13 or PIP1). From this library, we selected a set of 14 pep-
tide conjugates including both highly and poorly active sequences and we performed a structure- secondary structure;
activity relationship study by NMR and MD simulations. Analysis of their structure by NMR in 30% mechanism; compu',cational
TFE-d3 and in zwitterionic DPC-dsg and anionic SDS-d,s micelles showed that the presence of an studies; micelles

a-helix fragment together with a flexible random coil can be related to a high antibacterial activity

and a low hemolysis. In contrast, the sequences with a rigid a-helix structure were low active and

highly hemolytic. PRE-NMR experiments in presence of MnCl, and 16-DSA revealed that the highly

active peptides flg15-BP475 and BP100-Pep13 interacted stronger with DPC-dsg micelles than the

low active peptide BP13-BP16. In the two former sequences this interaction took place through the

a-helix region. From GaMD simulations of BP100-Pep13 conducted in membranes composed of

anionic DPPG lipids, after its electrostatic interaction, the peptide flipped and the hydrophobic resi-

dues were faced to the membrane triggering its insertion and also causing membrane thinning. Thus,

the flexibility and moderate cationicity of BP100-Pep13 seem to be crucial for its biological activity.

These findings can help to establish the guidelines for future rational design of BP100 derivatives.

KEYWORDS
Antimicrobial peptides;

1. Introduction They are generally cationic short sequences, containing
around 50% of hydrophobic residues and with a linear struc-
ture that can adopt an amphipathic o-helix. Although they
can act through multiple targets and mechanisms of action,
their main target is the bacterial membrane. It is well known
that their cationicity allows their electrostatic interaction
before the hydrophobic face is inserted into the membrane

Agriculture is nowadays facing major challenges mainly
related to the increasing population growth, the climate
change, the devastation caused by plant pathogens and the
scarcity of pesticides that can be used according to the
actual regulations. In this context, antimicrobial peptides
(AMPs) have aroused great interest as potential alternative of
conventional pesticides due to their unique structural and Pilayer (Ciumac et al, 2019; Li et al, 2017; Talapko et al.,
biological properties (Erdem Buyikkiraz & Kesmen, 2022; 2022). This mode of action contributes to avoid the emer-
Lobo & Boto, 2022; Luo et al., 2023). These bioactive small gence of resistance in target pathogens (Liu et al, 2021;
proteins are naturally produced by organisms from both the ~Magana et al,, 2020; Xuan et al., 2023).

prokaryotic and eukaryotic organisms, including microorgan- Among the large list of known AMPs, KKLFKKILKYL-NH,
isms, plantsl insects, amphibians and mammals, among (BP100) is a linear undecapeptide first identified in our
others. AMPs display a broad spectrum of activity against group with high activity against gram negative plant patho-
Gram-positive and Gram-negative bacteria, fungi, and viruses genic  bacteria, including Erwinia  amylovora, two
(Chen & Lu, 2020; Lei et al., 2019; Mahlapuu et al., 2020). Pseudomonas species and three Xanthomonas species
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(Badosa et al, 2007). In addition, BP100 is low hemolytic
and phytotoxic. Since our findings, this peptide has been
investigated by many other research groups for other appli-
cations (Devi et al, 2022; Eales et al., 2018; Eggenberger
et al, 2011; Miyamoto et al., 2022; Oddo et al., 2016; Souza
et al, 2020; Torres et al, 2019; Yilmaz et al., 2021; Zhang
et al,, 2017). In our group, we have developed BP100 deriva-
tives to optimize its biological activity in the field of plant
diseases, such as sequences bearing p-amino acids or a fatty
acid chain, or peptide conjugates (Badosa et al., 2022). In
particular, we have recently prepared a collection of thirty
peptide conjugates resulting from the conjugation of an
AMP (BP16, BP100, BP143, KSL-W, BP387 or BP475) at the
N- or C-terminus of a plant defence elicitor peptide (flg15,
BP13, Pep13 or PIP1) (Oliveras et al., 2022). Among the pep-
tide conjugates with the best biological profile, BP100-
Pep13, Pep13-BP100 and BP475-PIP1 stand out for their
MIC values (between 0.8 and 12.5 uM) against all the tested
bacteria. In addition, flg15-BP475 and PIP1-BP475 show
MIC <0.8pM against two Xanthomonas species. All these
peptide conjugates are low hemolytic. In this study it has
been observed that the order of the monomers in the pep-
tide conjugates influences both the antibacterial and hemo-
lytic activities.

The secondary structure of BP100 as well as its inter-
action with lipid membranes has been thoroughly investi-
gated by different research groups using circular dichroism
(CD), oriented CD (OCD), nuclear magnetic resonance (NMR)
and molecular dynamics (MD) simulations. It has been found
that this peptide is highly a-helical in the presence of mem-
branes. OCD and NMR experiments provided evidence that
the BP100 helix is oriented essentially flat on the bilayer sur-
face (S-state) or slightly tilted within the membrane, while
also exhibiting remarkable mobility (Wadhwani et al., 2014;
Zamora-Carreras et al., 2016). Solid state >N and H NMR
studies in model membranes of different lipid composition
pointed out that whereas the azimuthal rotation angle
remains constant, the tilt angle and the dynamic fluctuations
of the peptide depends on its concentration and on the
spontaneous lipid curvature (Zamora-Carreras et al., 2016).
These experiments have also shown that the C-terminus of
BP100 can get inserted into the hydrophobic core of the
membrane while the N-terminus remains on the membrane
surface. From 2H NMR and grazing incidence small angle X-
ray scattering (GISAXS) it has been concluded that BP100
induces membrane thinning, as expected for amphiphilic
sequences that interact almost parallel with the membrane
(Grage et al,, 2016). All these results together with the short
length of BP100 rule out the formation of pores. Instead,
they suggest a carpet mechanism, wherein peptide binding
to the outer monolayer surface induces enhanced membrane
permeabilization, ultimately resulting in bacterial cell death.
More recently, further OCD and NMR experiments carried out
by Strandberg et al. varying the lipid length, peptide concen-
tration and temperature reveal that BP100 can adopt a sta-
ble upright transmembrane orientation under suitable
conditions (I-state) (Strandberg et al., 2023).

MD simulations have allowed the description of the
molecular interactions of BP100 with the membrane at
the atomic level. These simulations are in accordance with
the above OCD and NMR experimental observations. BP100
has a random coil conformation in a water environment and
folds into a-helix upon interacting with negatively charged
membranes (Park et al., 2019). A 8 ps MD simulation in
DMPC bilayers has shown that BP100 remains in the surface
of the membrane, slightly tilted and with its C-terminus
inserted into the bilayer (Wang et al., 2014). Performing lon-
ger MD simulations in more complex model membranes it
has been observed that, initially, the polar residues of the
a-helix are in contact with the membrane and the apolar
face exposed to solvent. Afterwards, BP100 flips leaving the
hydrophobic residues buried into the core of the bilayer
(Park et al., 2019). Franco et al. have described that this
insertion increases the conformational dynamism of the
hydrophobic chains of the membrane resulting in a negative
curvature, a reduction of the lipid lateral diffusion and a local
membrane thinning (Franco et al, 2022). In addition, MD
simulations carried out by Strandberg et al. suggest that the
I-state observed by NMR in several conditions could be stabi-
lized by Lys side chains snorkelling to remain in a polar
environment (Strandberg et al., 2023).

Even though the mechanism of action of BP100 was
studied by several groups, to the best of our knowledge similar
studies had not been undertaken with BP100 derivatives. As
described above, we have identified peptide conjugates with
an interesting biological activity profile to be used as plant
protection products. Understanding the mode of action of
these peptide conjugates would help in the design of new
sequences with enhanced properties. Thus, herein, we
selected peptide conjugates with a distinct activity and per-
formed a comprehensive study of their activity-structure rela-
tionship. Their secondary structure and their localization in
micelles were studied by NMR. In addition, computational
studies based on molecular dynamics (MD) and enhanced
sampling simulations were conducted to explore the conform-
ational ensemble of the peptide conjugates as well as the
molecular basis of their interaction with membranes. The
results provided evidence for a correlation between the con-
formation, membrane interaction and biological activity.

2. Results
2.1. Selection of peptide conjugates

Peptide conjugates were selected from a previously
described library of sequences resulting from the conjugation
of an AMP with a sequence able to induce plant defence
responses (Oliveras et al., 2022). This library included sequen-
ces active against the plant pathogenic bacteria Erwinia amy-
lovora (Ea), Xanthomonas arboricola pv. pruni (Xap),
Xanthomonas fragariae (Xf), Xanthomonas axonopodis pv. ves-
icatoria (Xav), Pseudomonas syringae pv. actinidiae (Psa) and
Pseudomonas syringae pv. syringae (Pss), and with low
hemolysis.

From this library, we selected 14 sequences with a distinct
biological activity profile and which contain the AMP BP100



or a derivative (BP16, BP143, BP387 or BP475) at the N- or
the C-terminus of the plant defence elicitor peptide (flg15,
BP13, Pep13 or PIP-1) (Table 1). Compared to BP100, BP16
contains a Lys'®, BP143 a p-Phe”, BP387 a Lys®(COC;H,), and
BP475 a p-Phe* and a Lys'°(COCsH,). This set of peptide
conjugates would allow to study the relationship between
their secondary structure and their biological activity as well
as the influence of the order of the two monomers in both
the secondary structure and the biological activity. In particu-
lar, these selected sequences included ten highly active pep-
tide conjugates with MIC <125uM against five or six
pathogens; two moderately active peptides with MIC
<12.5uM against three or four pathogens; and two poorly
active sequences with MIC <12.5 uM against two pathogens.
Regarding the hemolysis, those peptide conjugates with high
and moderate activity were low hemolytic (<28% hemolysis
at 150 uM) and the least active ones exhibited high hemoly-
sis (>86% at 150 uM). The activity of the 14 selected peptide
conjugates is summarized in Table 2.

2.2. Analysis of the secondary structure of peptide
conjugates in presence of TFE

Peptide conjugates were characterized by NMR, because this
technique is very useful to describe in atomic detail the
three-dimensional structure of peptides in membrane

Table 1. Selected peptide conjugates.

Peptide Sequence®

BP475-flg15 Ac-KKLfKKILKK(COC3H,)L-RINSAKDDAAGLQIA-OH
flg15-BP475 Ac-RINSAKDDAAGLQIA-KKLfKKILKK(COC3H5)L-NH,
BP387-flg15 Ac-KKLFKKIK(COC3H;)KYL-RINSAKDDAAGLQIA-OH
flg15-BP387 Ac-RINSAKDDAAGLQIA-KKLFKKIK(COC3H,)KYL-NH,
PIP1-BP475 Ac-YGIHTH-KKLfKKILKK(COC3H;)L-NH,

BP475-PIP1 Ac-KKLfKKILKK(COC3H;)L-YGIHTH-NH,

Pep13-BP100
BP100-Pep13
Pep13-BP143
BP143-Pep13

VWNQPVRGFKVYE-KKLFKKILKYL-NH,
KKLFKKILKYL-VWNQPVRGFKVYE-OH
VWNQPVRGFKVYE-KKLfKKILKYL-NH,
KKLfKKILKYL-VWNQPVRGFKVYE-OH

Pep13-BP16 VWNQPVRGFKVYE-KKLFKKILKKL-NH,
BP16-Pep13 KKLFKKILKKL-VWNQPVRGFKVYE-OH
BP13-BP16 FKLFKKILKVL-KKLFKKILKKL-NH,
BP16-BP13 KKLFKKILKKL-FKLFKKILKVL-NH,

4COC3Hy, butanoyl; lower case letters correspond to p-amino acids.
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environments. Their characterization was performed in aque-
ous solution in presence of 30% 2,2,2-trifluoroethanol-ds
(TFE-ds). Trifluoroethanol is a widely used cosolvent in NMR
studies to mimic the hydrophobic environment of bacterial
membranes and elucidate the conformation of AMPs (Buck,
1998; Mercurio et al, 2019; Santiveri et al.,, 2005). It is sug-
gested that it acts lowering the hydrogen bond interaction
with the solvent thereby promoting the intramolecular
hydrogen bonds responsible for the stabilization of the sec-
ondary structure of the peptide (Sonnichsen et al., 1992).

The full assignment of "H,"3C, and "°N signals and of the
primary structure was accomplished by the combination of
nuclear Overhauser effect (NOE) correlations, Ho;-HN, 1)
interresidue correlations, and total correlation spectroscopy
(TOCSY) Hoyg)-HNg, intraresidue correlations. The secondary
structure was predicted by the chemical shift index (CSI3.0)
based on the 'H-'3C- and '°N- chemical shifts (Supporting
Information) and was confirmed by NOESY and TOCSY corre-
lations. The chemical shift deviation (AS, ppm) for 'Ha and
3Ca from random coil shifts were calculated and, in add-
ition, the percentage of a-helix population was determined
by comparing the experimental Ady, with the averaged
Ady,, described for a-helix proteins (—0.39 ppm) (Supporting
Information) (Vila et al., 2000; Wishart et al., 1991; Zamora-
Carreras et al., 2015). The schematic representation of the
secondary structure of the 14 peptide conjugates is depicted
in Figure 1. A summary of NOEs for representative peptide
conjugates is included in Figure 2.

The four peptide conjugates derived from the combin-
ation of the elicitor peptide flg15 with the antimicrobial
peptide BP387 or BP475 showed a percentage of o-helix
population ranging from 62 to 69%. This a-helix mainly
involves the residues of the antimicrobial peptide irrespect-
ive of its position at the N- or C-terminus of the conjugate.
Accordingly, NOESY spectra of these four peptide conjugates
confirmed a random coil conformation for most of the resi-
dues corresponding to the flg15 moiety and that the anti-
microbial fragment adopted an o-helix. For instance, as
depicted in Figure 2, the NOESY spectra of flg15-BP475
exhibited only the presence of sequential NN(i, i+ 1), aN(,
i+ 1) and BN(i, i+ 1) NOEs for residues 1 to 11. In contrast,

Table 2. Antibacterial activity (MIC) and hemolysis of the selected peptide conjugates.

MIC (uM)
Peptide Ea® Xap® X Xav® Psa® Pss? Hemolytic activity (%)°
flg15-BP475 3.1-6.2 <0.8 6.2-12.5 <0.8 3.1-6.2 12.5-25 28+23
BP475-flg15 12.5-25 1.6-3.1 25-50 3.1-6.2 3.1-6.2 6.2-12.5 0£0.2
flg15-BP387 12.5-25 0.8-1.6 3.1-6.2 0.8-1.6 12.5-25 12.5-25 15£1.6
BP387-flg15 25-50 1.6-3.1 6.2-12.5 3.1-6.2 6.2-12.5 3.1-6.2 5+£0.9
PIP1-BP475 3.1-6.2 <0.8 12.5-25 <0.8 1.6-3.1 3.1-6.2 11+05
BP475-PIP1 3.1-6.2 0.8-1.6 1.6-3.1 3.1-6.2 1.6-3.1 6.2-12.5 18+1.4
Pep13-BP16 6.2-12.5 0.8-1.6 3.1-6.2 0.8-1.6 1.6-3.1 6.2-12.5 3+0.2
BP16-Pep13 6.2-12.5 0.8-1.6 1.6-3.1 1.6-3.1 1.6-3.1 1.6-3.1 1£0.3
BP100-Pep13 0.8-1.6 1.6-3.1 3.1-6.2 1.6-3.1 0.8-1.6 1.6-3.1 12+1.1
Pep13-BP100 6.2-12.5 0.8-1.6 6.2-12.5 0.8-1.6 3.1-6.2 6.2-12.5 25+24
BP143-Pep13 1.6-3.1 1.6-3.1 6.2-12.5 1.6-3.1 0.8-1.6 1.6-3.1 9+04
Pep13-BP143 6.2-12.5 0.8-1.6 3.1-6.2 0.8-1.6 3.1-6.2 6.2-12.5 8+0.3
BP13-BP16 >50 6.2-12.5 6.2-12.5 12.5-25 >50 >50 86+ 1.6
BP16-BP13 >50 6.2-12.5 12.5-25 1.6-3.1 25-50 12.5-25 100+£2.3

?Ea stands for Erwinia amylovora, Xap for Xanthomonas arboricola pv. pruni, Xf for Xanthomonas fragariae, Xav for Xanthomonas axonopodis pv. vesicatoria, Psa
for Pseudomonas syringae pv. actinidiae, Pss for Pseudomonas syringae pv. syringae.

bPercent hemolysis at 150 uM plus confidence interval (o= 0.05).
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Figure 1. Schematic representation of the secondary structure of peptide conjugates predicted by NMR. Red curves mark the o-helical region and black lines
assign residues in a random coil. Lipopeptides BP475 and BP387 incorporate a butanoyl group at the side-chain of the lysine with an asterisk. Lowercase letters

correspond to p-amino acids.

medium range aN(i, i+ 2), aN(j, i+ 3) and aN(i, i+ 4) NOEs
were found from residues 12 to 25, typical of an o-helical
conformation. Regarding the latter, a weak oaN(j, i+4) NOE
was observed between GIn'® and Lys'’, and strong cross-
peaks between lle’* and Leu'®, and Ala'® and p-Phe'®.

Peptide conjugates PIP1-BP475 and BP475-PIP1 dis-
played a slightly higher a-helix population (73%) that spans
almost the entire sequence. The NOESY spectra of BP475-
PIP1 showed strong medium range aN(i, i+ 3) NOEs for resi-
dues 1 to 14 and a weak aN(, i+4) NOE between Leu®
and Tyr'%,

Concerning the six peptide conjugates that contain the
elicitor peptide Pep13 and the antimicrobial peptide BP100,
BP143 or BP16, the percentage of a-helix population
depended on the position of the latter in the sequence.
Pep13 derivatives with the antimicrobial peptide at the C-
terminus showed a higher percentage of a-helix population
(68-75%) compared to those with this peptide at the N-ter-
minus (34-50%). In all these six sequences, the helical struc-
ture involves mainly the residues of the antimicrobial
peptide. These results were confirmed by the NOESY

correlations. In the case of Pep13-BP100 strong medium
range oN(i, i+3) NOEs were found for residues 8 to 22
whereas for BP100-Pep13 these NOE cross-peaks were
observed only for residues 4 to 12.

In the case of the two conjugates containing BP13, BP13-
BP16 and BP16-BP13, it was determined that they folded
into a complete a-helix (88 and 90% of a-helix population,
respectively) (Figure 1). The NOESY spectra of BP13-BP16
revealed a more rigid structure with medium range oN(,
i+3) correlations for all the residues. This spectra also
showed NN(i, i+2) and aN(i, i+ 4) cross-peaks for most of
the residues. The same trend was observed for its counter-
part BP16-BP13.

The secondary structure of these 14 peptide conjugates
was also analysed by circular dichroism (CD). The CD spectra
were recorded in 30% TFE in 10 mM sodium phosphate buf-
fer at pH 7.4. For all sequences the obtained spectra were
characteristic of a typical o-helical conformation with two
negative minimum bands at 208 and 222 nm (Supporting
Info). These results were in agreement with the above con-
formational analysis performed by NMR.
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Figure 2. Summary of NOEs for peptide conjugates flg15-BP475, BP475-PIP1, Pep13-BP100, BP100-Pep13 and BP13-BP16. Thickness of lines indicates the inten-

sity of the signal.

2.3. Analysis of the secondary structure of peptide
conjugates in micelles

To further corroborate the secondary structure of these pep-
tide conjugates as well as their interaction with lipid mem-
branes, we carried out NMR experiments in presence of
anionic SDS-d,5 and zwitterionic DPC-dsg micelles which are
well-known models for mimicking membranes. In particular,

we analyzed the peptide conjugates flg15-BP475, BP100-
Pep13 and BP13-BP16 because the two former sequences
are among the most active flg15 and Pep13 derivatives,
respectively, and the latter is one of the least active
conjugates.

For this purpose, the 1D and 2D NMR spectra of these
selected peptide conjugates were recorded in presence of
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the above micelles at 40°C and the 'H chemical shifts were
assigned. The spectra obtained in SDS-d,s micelles were of
lower resolution than those in DPC-dsg micelles. Figure 3
shows a bar plot of the chemical shift deviation, Ady,,
defined as the difference between the experimental Ha
chemical shift and the characteristic random coil values, as a
function of peptide sequence (Wishart et al., 1995). The data
corresponding to the spectra recorded in 30% TFE-d3 are
also included in this figure. The dashed lines in the graphs
A-C mark the random coil range and bars below this range
correspond to residues found in the helical region.

Results showed that peptides adopted similar conform-
ation in both micelles which was in agreement with that
observed in TFE-d3;. Accordingly, in the case of flg15-
BP475 it was found an a-helical region at the C-terminus
involving some residues of flg15 and all the BP475 frag-
ment (Figure 3A). Regarding BP100-Pep13, an a-helix was
localized at the N-terminus of the conjugate corresponding
to BP100, whereas the Pep13 fragment assumed a random
coil conformation (Figure 3B). Finally, as previously

observed in TFE-d;, BP13-BP16 folded into an a-helix that
spanned throughout the entire sequence with no appre-
ciable differences along the peptide (Figure 3CQ).

The conformation of the three peptides was also analyzed
by CD under the same conditions used in the NMR experi-
ments (SDS and DPC micelles, 30% TFE) as well as in aque-
ous medium. The CD spectra showed that the three peptide
conjugates were completely unstructured in water, but they
adopted an a-helix structure in presence of micelles or 30%
TFE (Figure 4). It can be noted, that the CD profile of all
three peptides was similar in both conditions. As expected
from the NMR results, the intensity of the bands characteris-
tic of an a-helix was higher in the case of the peptide conju-
gate BP13-BP16 (Figure 4CQ).

2.4. Study of the localization of the peptide conjugates
in micelles

The localization of the peptide conjugates flg15-BP475,
BP100-Pep13 and BP13-BP16 relative to the surface of DPC
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Figure 3. Ady, determined in TFE-d3, SDS-d,s and DPC-dsg for (A) flg15-BP475, (B) BP100-Pep13 and (C) BP13-BP16. Dashed lines represent the range of random
coil chemical shifts. Lipopeptide BP475 incorporates a butanoyl group at the side-chain of the lysine with an asterisk. Lowercase letters correspond to p-amino

acids.
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Figure 5. Effect of paramagnetic probes in DPC-dsg micelles. Spectra show H,/NH TOCSY correlations before the addition of paramagnetic compounds (blue sig-
nals) and after the addition of MnCl, (orange signals) and 16-DSA (pink signals): flg15-BP475 with (A) MnCl, and (B) 16-DSA, BP100-Pep13 with (C) MnCl, and (D)
16-DSA, and BP13-BP16 with (E) MnCl, and (F) 16-DSA.

micelles was analysed by paramagnetic relaxation enhance- remaining amplitude, defined as the relation between the
ment NMR (PRE NMR) experiments using MnCl, and 16-doxyl intensities of the H,/NH cross-peaks (H,/Hs for Pro residues)
stearic acid (16-DSA) as paramagnetic relaxation agents. The in the TOCSY spectrum after and before the addition of
water-soluble MnCl, selectively suppresses the signals corre- these probes (Figure 6).

sponding to the most solvent-exposed residues whereas the In the case of flg15-BP475, the TOCSY spectra showed
liposoluble 16-DSA affects the signals of the membrane- that the most affected amino acids by the addition of MnCl,
embedded residues. The TOCSY spectra of these peptide were those corresponding to the first half of the sequence
conjugates are represented in Figure 5 in which the intensity (from Asn® to Gly'") and the two last residues (Lys*> and
changes of the H,/NH cross-peaks of residues were esti- Leu®®) (Figure 5A). Conversely, these amino acids seemed to
mated in the absence or in the presence of these paramag- be the less affected by the addition of the liposoluble 16-
netic probes. In order to quantify the effect of the DSA (Figure 5B). Accordingly, the quantification of the effect
perturbation caused by paramagnetic compounds and be of these probes revealed that the addition of MnCl, caused a
able to compare between the peptides, we considered the significant drop of the intensities of the H,/NH cross-peaks
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Figure 6. Remaining amplitude of H,/NH cross-peaks for the addition of (A) MnCl, in flg15-BP475, (B) 16-DSA in flg15-BP475, (C) MnCl, in BP100-Pep13, (D) 16-
DSA in BP100-Pep13, (E) MnCl, in BP13-BP16 and (F) 16-DSA in BP13-BP16. Residues marked with a triangle could not be quantified due to fast exchange with

solvent.

of the first 11 amino acids and an increase of the cross-peaks
corresponding to amino acids 12 to 24 (Figure 6A). This
observation is in agreement with the conformation predicted
for this peptide conjugate which adopted an o-helix in the
C-terminal region. The formation of this a-helix would stabil-
ize the interactions between the residues in this region,
being less solvent-exposed. In contrast, after the addition of
16-DSA a dramatic decrease in the intensity of the H,/NH
cross-peaks of all the amino acids of the sequence was
observed (Figure 6B). The maximum remaining amplitude
was 10%, corresponding to Ser®. This result provided evi-
dence that, overall, the peptide significantly interacted with
the micelles. It is worth noting that after the addition of 16-
DSA, the signals corresponding to the side-chain protons of
residues Ala'® to Leu®® were totally quenched, as inferred
from the comparison of the TOCSY spectra. In this spectrum,
the signals of B-CH,-Ser* and B-CH,-Lys® were still observed
after the addition of this probe, reinforcing that the N-ter-
minus of flg15-BP475 was less absorbed in the micelles.

Regarding the peptide conjugate BP100-Pep13,
the amino acids of the first half of the sequence (Leu® to
Tyr'®) were the least affected by the addition of MnCl, and
exhibited higher remaining amplitude values of the H,/NH
cross-peaks than the rest of the residues (Figure 6C). These
observations are in agreement with the secondary structure
adopted by this peptide conjugate, with the N-terminus fold-
ing into an o-helix. The addition of 16-DSA resulted in an
overall decrease of the intensity of all signals and only some
particular H,/NH cross-peaks remained (Figure 5D). Similarly
to flg15-BP475, the addition of the paramagnetic probes
had an important effect in the signals corresponding to the
side chain of the amino acids. For instance, among the lysine
residues present in this peptide, only the C-terminal Lys*'
did not show a TOCSY correlation between H, and H, in
MnCl,, as expected for a more solvent-exposed residue.

Concerning BP13-BP16, the addition of MnCl, caused a
low decrease of the intensity of the H,/NH cross-peaks, 14
amino acids exhibited remaining amplitude values >60%



(Figure 6E). This is in agreement with an o-helix spanned
throughout the entire sequence, as predicted. Furthermore,
the addition of 16-DSA quenched the signals of residues
from both the N- and the C-terminus. However, compared
with the above peptide conjugates, a considerable number
of signals with higher remaining amplitude were detected,
suggesting that the insertion of BP13-BP16 into the micelles
was weaker.

2.5. Computational prediction of the structure and
conformational dynamics of peptide conjugates

Peptides are dynamic and can exist as an ensemble of mul-
tiple conformations that can be important for activity and
protein and membrane recognition. To gain insight into the
structure and conformational dynamics of the peptide conju-
gates, we explored their conformational ensemble with
molecular dynamics (MD) simulations in explicit solvent. To
this end, we selected two groups of peptides that present
different structure-activity relationships based on the NMR
assignments and experimental activity assays: a) highly active
Pep13-BP100 and BP100-Pep13 peptides where the BP100
segment present helical character and Pep13 is mainly disor-
dered; and b) less active BP13-BP16 and BP16-BP13 pepti-
des that according to NMR present a collective helical
character.

To explore the conformational ensemble of the selected
peptide conjugates, we applied a computational protocol
that consists of the following steps. First, we used deep
learning-based AlphaFold2 (Jumper et al, 2021) to generate
initial models of the 3D structure of the selected peptide
conjugates. Second, these 3D models were used as a starting
point for MD simulations. To extensively explore the con-
formational space and access the time scales typical of pro-
tein folding, we performed enhanced sampling simulations
with Gaussian accelerated molecular dynamics (GaMD) (Miao
et al, 2015). The GaMD trajectories were analyzed to recon-
struct the conformational landscape of the peptide conju-
gates as a function of the RMSD with respect to the
AlphaFold2 structure (indicator of global flexibility) and
the radius of gyration (indicator of peptide compactness) of
the protein. Finally, this conformational landscape was clus-
terized using hierarchical agglomerative clustering as imple-
mented in cpptraj (Roe & Cheatham, 2013) to obtain the
most relevant conformational states and its relative
populations.

In BP100-Pep13, the predicted AlphaFold2 structure
assigned an alpha helical character to residues 2-13 and a
disordered structure to the 14-24 segment (see Figure 7a).
This computational prediction was in line with NMR assign-
ments. The conformational landscape generated from GaMD
simulations in explicit solvent indicated that BP100-Pep13
can sample a wide range of conformations (Figure 7b and c).
In general, the helical character of the BP100 fragment was
mostly preserved while Pep13 was intrinsically flexible and
can adopt multiple disordered orientations either bending
toward the BP100 section (more populated) or adopting
more extended conformation (less populated). The presence
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of Pro'® and Gly'® in the Pep13 fragment played a key role
in keeping this region unstructured and highly dynamic. In
the most populated conformation (Cluster 1 in Figure 7c¢),
hydrophobic interactions between residues located in the
folded and unfolded sections were observed, keeping most
of the lysine residues solvent exposed. Interestingly, the
BP100 fragment can transiently unfold (Cluster 4 in Figure
7¢) but rapidly came back to the folded state. Peptide conju-
gate Pep13-BP100 presented a similar behavior keeping the
helical character in the BP100 fragment. The conformational
plasticity of these two Pep13-containing peptide conjugates
may play a role in recognizing and binding membranes (see
below).

In the case of BP16-BP13, AlphaFold2 predicted a con-
tinuous helical structure for the 2-21 segment including both
BP16 and BP13 regions (see Figure 7d), which perfectly
matched the NMR assignment. In comparison to BP100-
Pep13, the conformational landscape of BP16-BP13
obtained from GaMD simulations was more restricted in
terms of global flexibility (see Figure 7e and f). In the most
populated cluster (Cluster 1 in Figure 7f), the central part of
the BP16-BP13 (residues 5-19) retained the helical structure
with all charged lysines pointing in the same direction.
Transiently, the helix was splitted into two parts by a short
turn that coincided with the interface between the BP16
and BP13 fragments. Overall, MD simulations showed that
BP16-BP13 conjugates were significantly less flexible than
BP100-Pep13, which may impact the interactions with the
membrane and, consequently, its activity.

2.6. Molecular basis of peptide-membrane interactions

To evaluate the molecular basis of the interaction between
peptide conjugates and bacterial membranes and its poten-
tial impact on the membrane integrity, we performed 500 ns
GaMD simulations of BP100-Pep13 and BP16-BP13 in the
presence of a membrane composed of anionic DPPG lipids
(see Figure 8). All simulations started with the peptide conju-
gate placed 10A away from the membrane surface allowing
the free diffusion of the peptide from the solvent to the
membrane. From these simulations, we compared the pro-
cess of molecular recognition and the subsequent interaction
and orientation with respect to the membrane for both pep-
tides. The GaMD simulations indicated different interaction
patterns in BP100-Pep13 and BP16-BP13 that were caused
by the different structural features which may have impor-
tant implications for activity.

In the BP100-Pep13 GaMD simulations, the peptide rec-
ognition was driven by the lysine residues Lys', Lys?, Lys>,
Lys®, and Lys®, which rapidly established transient salt bridge
interactions with the phosphate groups of DPPG lipids (see
Figure 8a). In this orientation, most of the non-charged resi-
dues pointed toward the solvent. Once the recognition had
taken place, the BP100 fragment folded and unfolded when
interacting with the membrane, indicating that its helical
character can be altered in contact with the membrane. The
Pep13 fragment remained unfolded during the simulation
and transiently interacted with the membrane. After 250ns,
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Figure 7. Conformational ensemble of BP100-Pep13 and BP16-BP13. a) Highest ranked conformation of BP100-Pep13 predicted with AlphaFold2. The BP100
and Pep13 segments are shown in purple and green, respectively. b) Overlay of the five most populated clusters obtained from the 3 replicas of 200 ns of GaMD
simulations of BP100- -Pep13. ¢) Conformational landscape of BP100-Pep13 as a function of the RMSD with respect to the AlphaFold2 structure (in A) and the
radius of gyration (in A) and structures and populations of the four most populated clusters. In the conformational landscape, the most populated regions are
depicted in purple while the less populated are shown in yellow. The position of the most populated clusters is represented in spheres in the plot. d) Highest
ranked conformation of BP16-BP13 predicted with AlphaFold2. The BP16 and BP13 segments are shown in cyan and orange, respectively. e) Overlay of the five
most populated clusters obtained from the 3 repllcas of 200 ns of GaMD simulations of BP16-BP13. f) Conformational landscape of BP16-BP13 as a function of the
RMSD with respect to the AlphaFold2 structure (in A) and the radius of gyration (in A) and structures and populations of the four most populated clusters. In the
conformational landscape, the most populated regions are depicted in purple while the less populated are shown in yellow. The position of the most populated

clusters is represented in spheres in the plot.

Tyr'® reorients to point toward the membrane (see

Figure 8a). This reorientation precedes a series of changes
that result in the BP100 flip. More precisely, after 400 ns of
GaMD simulation time, some interactions between the
lysines and the membrane were broken and the BP100 frag-
ment was able to flip its orientation. This flip was character-
ized by the non-charged residues pointing toward the

membrane while the charged lysines interacted with the
solvent. This peptide flip induced the insertion of the peptide
into the membrane, which involved the thinning of the
membrane around the peptide (see Figure 8b). In this way,
the non-polar side-chains of Leu?, lle’, and Tyr'® could be
stabilized by the lipid tails. This orientation was preserved
during the remaining simulation time.
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Figure 8. Molecular mechanism of peptide-membrane interactions. a) Time evolution of BP100-Pep13 and BP16-BP13 interactions with DPPG anionic mem-
branes obtained from 500 ns GaMD simulations. The key steps observed for each peptide-membrane system are depicted and briefly described. Lysines are shown
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with the SUAVE software. BP100-Pep13 is colored in purple while BP16-BP13 in red. c) Probability distribution of membrane curvature angles calculated with the
SUAVE software. BP100-Pep13 is colored in purple while BP16-BP13 in red.
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On the other hand, GaMD simulations showed that BP16-
BP13 followed a similar recognition pattern than BP100-
Pep13. Once the peptide was recognized by the membrane,
the peptide was placed in a parallel orientation with respect
to the membrane with Lys', Lys?, Lys®, Lys®, Lys®, and Lys'®
from BP16 and Lys'® and Lys'® from BP13 establishing salt
bridge interactions with the phosphate groups. In general,
the peptide retained the helical character when interacting
with the membrane indicating that its helicity was preserved.
In contrast to BP100-Pep13, the peptide flip was not
observed during the simulation, keeping the lysine residues
interacting with the anionic phosphate groups of the mem-
brane surface. These results indicated that the flip of BP16-
BP13 was prevented or significantly slowed down with
respect to BP100-Pep13 keeping the conjugated peptide in
the membrane surface. By comparing the sequence of the
BP100 and BP16 fragments, the only difference is in position
10, which is occupied by a tyrosine in BP100 and by a lysine
in BP16. MD simulations showed that the interaction of Tyr'®
with the membrane was key to induce and stabilize the
flipped orientation in BP100-Pep13 while, in the case of
BP16-BP13, Lys'® prevented the reorientation because it
helped to stabilize the orientation with lysine residues
interacting with the phosphate groups. In comparison to
BP100-Pep13, BP16-BP13 do not alter the thickness of the
membrane and show a lower membrane angle curvature
(see Figure 8b and c).

3. Discussion

The good biological properties against plant pathogens of
peptide conjugates previously identified in our group
(Oliveras et al.,, 2022) prompted us to investigate the rela-
tionship between their structural characteristics and their
biological activity to obtain insights for designing new
sequences with enhanced properties. These peptide conju-
gates resulted from the combination of BP100 or a BP100
derivative (BP16, BP143, BP387 or BP475) with a plant
defence elicitor peptide (flg15, BP13, Pep13 or PIP1).
Fourteen peptide conjugates were chosen: twelve highly or
moderately active sequences with low hemolysis and two
low active and highly hemolytic. NMR was used to analyze
their secondary structure and micelle localization, and com-
putational studies were employed to explore their conform-
ational ensembles and the molecular basis of their
membrane interactions. The results revealed a correlation
between the conformation of the peptides, their interaction
with membranes, and their biological activity.

Analysis of the structure of these peptide conjugates by
NMR techniques in 30% TFE-ds3 allowed to classify the pepti-
des with high and moderate activity into 3 groups according
to their a-helix population. The first group included the four
peptide conjugates containing the elicitor peptide flg15 and
the antimicrobial peptide BP387 or BP475. These sequences
exhibited an a-helix population ranging from 62 to 69%. In
this secondary structure the residues of the antimicrobial
peptide, regardless of its position in the conjugate, adopted
an o-helix while the residues corresponding to flg15

remained as a random coil as confirmed by the NOESY spec-
tra. In the second group we found PIP1-BP475 and BP475-
PIP1 with a higher o-helix population (73%) that involves
almost all the residues of the sequence. The third group
comprised the six peptide conjugates bearing the elicitor
peptide Pep13 and the antimicrobial peptides BP100,
BP143 or BP16. In this case the position of the antimicrobial
peptide influenced the percentage of a-helix, being higher
(68-75%) for those sequences with the antimicrobial peptide
at the C-terminus compared to the derivatives with the anti-
microbial peptide at the N-terminus (68-75% vs. 34-50%).
Regarding the two peptide conjugates BP13-BP16 and
BP16-BP13 that exhibited the lowest antibacterial activity
and the highest hemolysis, they showed a more rigid struc-
ture with almost all the entire sequence folded into an
a-helix (88% and 90% a-helix population, respectively). CD
analysis in 30% TFE supported the NMR results, showing
characteristic a-helical spectra with negative minimum bands
at 208 and 222 nm for all 14 peptide conjugates. Therefore,
the percentage of a-helix population depends on the elicitor
peptide present in the sequence, flg15, Pep13 or PIP1
mostly adopting a random coil and BP13 a rigid a-helix.

The above-described results confirm the hypothesis postu-
lated in our previous study on this family of peptide conju-
gates (Oliveras et al, 2022), specially regarding the
importance of the secondary structure on the antibacterial
and hemolytic activities. Thus, a percentage of a-helix popu-
lation together with the presence of a flexible random coil
fragment renders peptide conjugates with high activity and
low hemolysis (flg15, Pep13 and PIP1 derivatives) whereas a
rigid a-helix structure has an unfavorable effect both on the
antibacterial and hemolytic activities (BP13 derivatives).
Apart from the secondary structure, other important parame-
ters that govern the biological activity of these peptide con-
jugates are the cationicity, hydrophobicity and
amphipathicity. Notably, a balance between these parame-
ters is required for an optimal biological activity profile as
previously reported (Huang & Li, 2023; Jiang et al, 2020;
Oliveras et al., 2022). Accordingly, the best peptide conju-
gates (flg15, Pep13 and PIP1 derivatives) have a positive
charge between +5 and +7, and a moderate hydrophobic
moment/amphipathic character. In contrast, poorly active
and high hemolytic sequences (BP13 derivatives) have a
positive charge of +10 and a considerably higher hydropho-
bicity and amphipathicity.

The o-helix structure found in our peptide conjugates
could confer them with the ability to target bacterial mem-
branes. Thus, we further carried out NMR and CD experi-
ments to determine the structure of three representative
peptide conjugates (flg15-BP475, BP100-Pep13 and BP13-
BP16) in anionic SDS and zwitterionic DPC micelles, which
have been commonly used as membrane mimics to study
the structure of antimicrobial peptides (Bischetti et al., 2023;
Gomes et al,, 2018; Kao et al., 2022; Porcelli et al., 2006; Sani
& Separovic, 2016; Shenkarev et al, 2011; Usachev et al,,
2015; Wu et al, 2020). The secondary structures of flg15-
BP475, BP100-Pep13 and BP13-BP16 determined from
NMR and CD experiments in the presence of SDS and DPC



micelles were consistent with those obtained with TFE.
Moreover, similar conformations in both micelles were
obtained. In general terms, the antimicrobial fragment of
flg15-BP475 and BP100-Pep13 folded into a helical struc-
ture whereas almost all the sequence of BP13-BP16 adopted
an o-helix. Examples of antimicrobial peptides that are simi-
larly structured in SDS and DPC micelles can be found in the
literature, such as the piscidin antimicrobial peptide Of-Pis1
and the metbhicillin-resistant Staphylococcus aureus-inhibiting
antimicrobial peptide RR14 (Bischetti et al., 2023; Kao et al,,
2022). However, conformational differences have also been
observed for other antimicrobial peptides depending on the
micelle composition. This is the case of ocellatin-F1 that
forms a more linear a-helix in SDS than in DPC (Gomes et al.,
2018).

Besides the secondary structure, the localization and
orientation of peptides within membrane environments are
related to their mechanism of action. Investigation of the
spatial arrangement of an antimicrobial peptide can lead to
the identification of functionally essential fragments that can
be rationally modified to obtain peptides with improved
antimicrobial activity. With this in mind, we explored the
localization of the three peptide conjugates flg15-BP475,
BP100-Pep13 and BP13-BP16 in DPC-d3g micelles. We
selected these micelles, because the spectra recorded in
them resulted more resolved with well-dispersed cross-peaks
than in SDS-d,s micelles. Analysis of the localization of these
three peptide conjugates relative to the surface of DPC
micelles using PRE NMR experiments in presence of MnCl,
and 16-DSA revealed that flg15-BP475 and BP100-Pep13
significantly interacted with the micelles, and that their inter-
action was stronger than that of BP13-BP16. In addition, the
results obtained were consistent with the secondary struc-
ture adopted by these peptide conjugates described above.
In the case of flg15-BP475 and BP100-Pep13, the water-sol-
uble paramagnetic probe MnCl, significantly affected amino
acids that are not involved in the o-helical structure with a
noticeable decrease in intensity of the corresponding Ho/NH
cross-peaks. Moreover, the addition of this probe led to an
increase of the cross-peak intensity for the amino acids that
adopt an o-helix. Conversely, the liposoluble paramagnetic
probe 16-DSA caused a significant decrease of all the amino
acid signals. These results align with the predicted o-helix
conformation in the C-terminal region for flg15-BP475, sug-
gesting a significant interaction of this region with micelles,
whereas the N-terminus is less membrane-embedded. For
BP100-Pep13, results are consistent with an a-helix in the
N-terminus and a more solvent-exposed C-terminus. Finally,
BP13-BP16 exhibited a minor decrease in Ho/NH cross-peak
intensity in the presence of MnCl,, aligning with the pre-
dicted a-helix spanning the entire sequence. Moreover, 16-
DSA quenched signals from both termini, with a higher num-
ber of signals showing a high remaining amplitude, indicat-
ing a weaker interaction with micelles compared to the
other peptide conjugates.

Even though NMR experiments on DPC micelles provide
high-resolution structures, these structural results need to be
complemented with MD simulations, which constitute a
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better approximation to the behaviour of the peptide in cell
membranes. In addition, these simulations may give further
clues about the location and orientation of peptides in the
lipidic membranes. MD simulations in explicit solvent were
conducted with one of the least active peptides (BP16-
BP13) together with two of the most active peptides, one of
them bearing BP100 at the N-terminus (BP100-Pep13) and
the other one with BP100 at the C-terminus (Pep13-BP100).
In general, the structures obtained in these GaMD simula-
tions were in line with the NMR assignments. These simula-
tions also revealed that peptide conjugates BP100-Pep13
and Pep13-BP100 adopted various conformations exhibiting
higher intrinsic flexibility than BP16-BP13. Thus, a high flexi-
bility seems to be crucial for the antibacterial activity of
these conjugates.

GaMD simulations of BP100-Pep13 and BP16-BP13 in
the presence of a membrane composed of anionic DPPG lip-
ids were also in agreement with the above features and,
additionally, showed that the helical BP100 fragment is
responsible for the antibacterial activity of BP100-Pep13. In
fact, residues Lys', Lys?, Lys®, Lys®, Lys® and Tyr'® of BP100
allowed the electrostatic attraction of this conjugate with the
membrane and, then, its insertion into the membrane.
BP100-Pep13 was first oriented parallel to the membrane
with the non-charged residues of the B100 fragment
exposed to the solvent and the positively charged lysines
(Lys', Lys?, Lys®, Lys®, Lys®) faced towards the membrane and
interacting with the negative phosphate groups of the DPPG
lipids. The Pep13 fragment appeared flexible adopting mul-
tiple disordered structures folded towards BP100 or in an
extended form. After disruption of some lysine interactions
with the membrane, the orientation of the BP100 o-helix
changed, leaving the lysine side chains exposed to the solv-
ent and the hydrophobic amino acids Leu?, lle” and Tyr'®
faced towards the membrane and prompting the insertion of
the peptide. Interestingly, Tyr'® plays a key role in this mech-
anism as it was concluded by analyzing the GaMD simula-
tions of the non-active peptide conjugate BP16-BP13. This
Tyr'® contributes to the flipping of BP100-Pep13 and to
maintain this flipped orientation, which could be directly
associated with the high antibacterial activity of this peptide.
In contrast, in the case of BP16-BP13 all the sequence is ori-
ented parallel to the membrane and all the charged lysines
are involved in the electrostatic attraction of this peptide
with the membrane. Unlike BP100-Pep13, the lysine at posi-
tion 10 together with the other lysines of BP13 prevented
the reorientation of BP16-BP13, leading to a lower antibac-
terial activity.

Flexibility is another key determining factor for the anti-
bacterial activity of membrane-active peptides besides catio-
nicity, hydrophobicity and amphipathicity (Babii et al., 2017;
Liu et al,, 2013). A balance between rigidity and flexibility is
required for an optimal activity. Based on the above, the
intrinsic flexibility and less charged character of BP100-
Pep13 facilitated the interaction of non-charged or less
bulky residues such as Leu?, lle”, or Tyr'® with the membrane
while in the case of BP16-BP13 only charged and long lysine
residues remained faced toward the membrane. The fact that
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BP100-Pep13 was able to flip facilitating the interactions of
non-charged residues with the membrane seemed key to
trigger the insertion into the membrane and its thinning. On
the other hand, the restricted conformational plasticity of
BP16-BP13 and the higher number of positively charged res-
idues may slow down the insertion to the membrane affect-
ing peptide activity. This mode of action is also in
accordance with the mechanism of action previously
reported for BP100. This antimicrobial peptide was also
described to bind flat to the membrane surface, with the
lysine residues oriented towards the bilayer, followed by a
flip, which leads to the insertion of the hydrophobic face of
BP100 into the membrane (Franco et al.,, 2022; Park et al.,
2019; Strandberg et al., 2023).

4. Conclusions

Taken together our data can be drawn that the antibacterial
activity of membrane-active peptides depends not only on
factors like cationicity, hydrophobicity, and amphipathicity
but also on flexibility. Achieving an optimal level of activity
requires a delicate balance between rigidity and flexibility.
The inherent flexibility and moderate cationicity of BP100-
Pep13 facilitate its flipping, which seems to enhance its
interaction with the membrane, promoting peptide insertion
and causing membrane thinning. This behaviour correlates
with the high activity exhibited by this peptide conjugate.
These results provide guidelines for future rational design of
BP100 derivatives.

5. Materials and methods
5.1. NMR

Structural characterization of peptide conjugates was deter-
mined by NMR spectroscopy. NMR spectra were acquired at
the Serveis Tecnics de Recerca of the University of Girona
with a Ultrashield 400MHz spectrometer from Bruker
equipped with a RT BBI and processed and analyzed using
TopSpin 3.6.2.

For the experiments carried out in presence of 2,2,2-tri-
fluoroethanol-ds; (TFE-ds), the corresponding peptide conju-
gate (4 mM) was dissolved in 20 mM phosphate buffer at pH
6.5 in H,0/D,0 (90:10) containing 30% of TFE-ds. Each pep-
tide conjugate was analyzed with the following experiments:
1D 'H-NMR; 2D 'H-'H TOCSY (mixing time = 80ms); 2D
"H-"H NOESY (mixing time = 400 ms); 2D 'H-'3C multiplicity-
edited HSQC; 2D 'H-"°N HSQC and 2D 'H-'>C HSQC-TOCSY.
All spectra were acquired at 313K and water suppression
was achieved with excitation sculpting or the Watergate
scheme. From NMR experiments, the "H-, '*C and "°N- chem-
ical shifts were assigned following the standard sequential
assignment approach (Withrich, 1986) and structural deter-
mination was determined by Chemical Shift Index 3.0 web
server (Berjanskii & Wishart, 2005, 2008; Hafsa et al., 2015).

For the experiments in presence of micelles, the peptide
conjugate (1.5mM) was dissolved in 10% D,O at pH 3.5 in
presence of 60 mM perdeuterated sodium dodecyl sulphate

(SDS-d,5) or perdeuterated dodecylphosphocholine (DPC-
dsg). The following experiments were recorded at 313K: 1D
"H-NMR; 2D 'H-'H COSY, 2D 'H-'H TOCSY (mixing time =
80ms) and 2D 'H-'H NOESY (mixing time = 400 ms). In all
cases, sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS)
was used as internal reference for "H chemical shifts.

To assess the localization of the peptide conjugates rela-
tive to the surface of DPC micelles, paramagnetic relaxation
enhancement (PRE) experiments were performed by acquir-
ing 1D 'H-NMR and 2D 'H-'H TOCSY experiments either in
the absence and the presence of 1.5mM MnCl, as a water-
soluble paramagnetic agent and 1.5 mM 16-doxyl-stearic acid
(16-DSA) as a lipid-soluble paramagnetic probe. For the lat-
ter, the 16-DSA stock solution was prepared in MeOD. The
effect of the presence of the paramagnetic agent on each
residue was quantified by means of the remaining amplitude,
which was calculated according to the ratio between the
intensities of the H,/NH cross-peaks (H,/Hs for Pro residues)
in the TOCSY spectrum after and before the addition of the
paramagnetic agent (Pandit et al., 2018).

remaining amplitude = lHOt/NH (paramagnetic agent)

/IHa/NH (without paramagnetic agent)

5.2. Circular dichroism spectroscopy

CD spectra were recorded in the Centres Cientifics i
Tecnologics of the Universitat de Barcelona using a Jasco J-
815 spectropolarimeter from Jasco International Co. All
experiments were recorded at a wavelength between 190
and 250nm using a quartz cuvette with 1 mm optical path.
The spectra were measured at a scan rate of 50 nm/min with
a bandwidth of 0.5nm, a response time of 1s and taking an
accumulation of three scans at 298 K. Samples were prepared
at a concentration of 100 uM under different conditions: (i) in
a 10mM phosphate buffer at pH 6.5, (ii) in phosphate buffer
containing 30% TFE, (iii) in presence of 30mM of SDS
micelles, and (iv) in presence of 30 mM of DPC micelles. Data
was processed with the Jasco Spectra Analysis software and
the calculation of the mean residue ellipticity, [6], was per-
formed as previously reported (Rajasekaran et al., 2019) and
expressed in mdeg cm? dmol™" units.

5.3. Gaussian molecular dynamics simulations

Gaussian Molecular Dynamics (MD) simulations of the pep-
tide conjugates BP100-Pep13, Pep13-BP100, BP16-BP13,
and BP13-BP16 in the absence of membrane and BP100-
Pep13 and BP16-BP13 in the presence of an anionic DPPG
lipid membrane were performed using the AMBER20 MD
package (Case et al., 2020). The amino acid residues of the
conjugated peptides were modelled with the force field
Amber ff14SB (Maier et al., 2015), the anionic DPPG lipids
with the SLipid force-field (Jambeck & Lyubartsev, 2012), and
explicit TIP3P (Jorgensen et al., 1983) water molecules were
considered to solvate the system.



5.3.1. Modelling and simulation strategy

The starting point of the GaMD simulations for the BP100-
Pep13, Pep13-BP100, BP16-BP13, and BP13-BP16 were
built using AlphaFold2 (Jumper et al, 2021). These initial
models were subjected to three replicas of 200 ns of GaMD
simulations. These trajectories were collectively analysed to
reconstruct the conformational landscape of the peptide
conjugates as a function of the RMSD with respect to the
AlphaFold2 structure (indicator of global flexibility) and
the radius of gyration (indicator of peptide compactness) of
the protein. In more detail, we calculated the RMSD and
radius of gyration for each frame of the GaMD trajectories
and we represented these values using a 2D-kernel-density
plot using PYEMMA software (Scherer et al., 2015), the most
populated regions are depicted in purple while the less
populated are shown in yellow. Finally, this conformational
landscape was clusterized using hierarchical agglomerative
clustering as implemented in cpptraj (Roe & Cheatham,
2013) to obtain the most relevant conformational states and
its relative populations. The most populated clusters of
GaMD simulations for BP100-Pep13 and BP16-BP13 were
selected as starting points for peptide-membrane simula-
tions. The lipid bilayer to simulate the conjugated peptide-
membrane systems was prepared with CHARMM-Gui web
server (Jo et al., 2008; Wu et al., 2014) using a lipid area of
100A x 100A of anionic DPPG lipids (including 160 lipids in
each leaflet) with 0.15M concentration of NaCl considering a
neutralized system. The peptide was situated 10 A away from
the membrane surface to allow the free diffusion during the
initial steps of the GaMD simulation.

5.3.2. Molecular dynamics and GaMD simulations

In the case of the conjugated peptides in the absence of the
lipid bilayer, we conducted the MD simulations using the fol-
lowing strategy. Before starting the MD simulations, a two-
stage geometry optimization approach was performed. First,
a short minimization of the positions of water molecules
with positional restraints on the solute by a harmonic poten-
tial with a force constant of 500kcal mol™'A™> was done.
The second stage consists of an unrestrained minimization of
all the atoms in the simulation cell. Then, the systems were
heated in six 50 ps steps, increasing the temperature by 50K
each step (0 —300K) under constant-volume, periodic-bound-
ary conditions, and the particle-mesh Ewald approach
(Darden et al., 1993) to introduce long-range electrostatic
effects. A 10 A cutoff was applied to Lennard-Jones and elec-
trostatic interactions during the process. Bonds involving
hydrogen were constrained with the SHAKE algorithm.
Harmonic restraints of 10 kcal mol™" were applied to the sol-
ute, and the Langevin equilibration scheme was used to con-
trol and equalize the temperature. The timestep was kept at
2 fs during the heating stages, allowing potential inhomoge-
neities to self-adjust. Each system was then equilibrated for
2ns with a 2 fs time step at a constant pressure of 1atm
(NPT ensemble). Finally, 100 ns of conventional MD trajecto-
ries at a constant volume and temperature (300K) were car-
ried out. From this structure we performed unconstrained
gaussian accelerated molecular dynamics (GaMD) simulations
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(Miao et al.,, 2015). GaMD is an unconstrained enhanced sam-
pling technique that enhances conformational sampling by
applying a harmonic boost potential to flatten the energy
landscape. The GaMD simulations were performed using the
AMBER package. First, a 10ns conventional MD simulations
was carried out to calculate the GaMD acceleration parame-
ters. Second, a 50ns GaMD equilibration run was performed.
Third, 3 independent replicas of 200 ns of ‘dual-boost’” GaMD
were carried out for BP100-Pep13, Pep13-BP100, BP16-
BP13, and BP13-BP16. The reference energy was set to the
upper bound (as described above) and the upper limit of the
boost potential standard deviation, ©, was set to
6.0 kcal/mol.

The MD simulations of BP100-Pep13 and BP16-BP13 in
the presence of a DPPG lipid bilayer were performed with
the AMBER package using the CHARMM-GUI suggested
protocol. First, a short minimization of the whole system
with positional restraints on the peptide and membrane was
carried out that was followed by six equilibration steps of
250 ps in the isotropoic NPT ensemble using the Berendsen
barostat progressively reducing the positional restraints of
both peptide and membrane. Next, 5ns of MD simulations in
the NPT ensemble without positional restraints are per-
formed. From this, the GaMD protocol is applied. First, a
10ns conventional MD simulations was carried out to calcu-
late the GaMD acceleration parameters. Second, a 50ns
GaMD equilibration run was performed. Third, 500ns of
‘dual-boost’ GaMD were carried out for BP100-Pep13 and
BP16-BP13. The GaMD simulations were performed at the
same conditions as described before. The SUAVE software
has been used to monitor the membrane thickness and
membrane curvature angle along the GaMD simulations
(Santos et al., 2020).
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