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ABSTRACT

The function and properties of peptide-based materials depend not only on the amino acid
sequence but also the molecular conformations. In this paper, we chose a series of
peptides Gn(XXKK),X-NH; (m=0, 3; n=2,3; X=I, L, and V) as the model molecules, and
studied the conformation regulation through N terminus lipidation and their formulation
with surfactants. The structural and morphological transition of peptide self-assemblies
have also been investigated via transmission electron microscopy (TEM), atomic force
microscopy (AFM), circular dichroism spectroscopy (CD), and small angle neutron
scattering (SANS). With the terminal alkylation, the molecular conformation changed
from random coil to B-sheet or a-helix. The antimicrobial activities of alkylated peptide
were different. C16-G3(11KK)3l-NH; showed antimicrobial activity against Streptococcus
mutans while Cie-(I1IKK)2I-NH, and Ci6-G3(IIKK)2I-NH; didn’t kill the bacteria.
Surfactant sodium dodecyl sulfonate (SDS) could rapidly induce the self-assemblies of
alkylated peptides (Ci6-(IHKK)21-NH2, Ci6-G3(IIKK)2I-NH;, Ci6-G3(VVKK),V-NHy)
from nanofibers to micelles, along with the conformation changing from B-sheet to
a-helix. Cationic surfactant hexadecyl trimethyl ammonium bromide (CTAB) made the
lipopeptide nanofibers thinner, and nonionic surfactant polyoxyethylene (23) lauryl ether
(C12EO23) induced the nanofibers much more intensive. Both the activity and
conformation of a helical peptide could be modulated by lipidation. Then the
self-assembled morphologies of alkylated peptides could also be further regulated with

surfactants through hydrophobic, electrostatic and hydrogen bonding interactions. These
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results provided useful strategies to regulate the molecular conformations in
peptide-based material functionalization.

INTRODUCTION

Short peptide motifs play critical roles in many biological functions, such as recognition,
binding, signal transduction, catalysis, cell adhesion, movement, growth and even
apoptosis, as well as body defensing and protection. It has been widely perceived that
their biological activities not only rely on their primary amino acid sequences but also are
closely related to the 2D and 3D structures they reside. For instance, the folding into
helical conformations facilitate the YPWM peptides, derived from the HOX
homeodomain protein, to bind the PBX homeodomain.*> For another instance,
amphipathic a-helical or B-sheet conformations are required for many antibacterial
peptides to achieve effective membrane permeabilization.>” However, short peptide
sequences usually tend to take disordered structures on their own. In vivo, it is usually
large proteins that act as a scaffold and endow the resident short sequences with ordered
patterns or folded structures.

To increase the folding ability of short peptides in solution for creating protein-like
architectures, a simple and straightforward approach is acylation with long-chain fatty
acids, i.e. lipidation, which usually occurs on either the N-terminal amine or the side
chain amine of lysine or the side chain thiol of cysteine.*** Lipidation of peptides and
proteins has been observed to not only induce or stabilize their secondary structures but

also promote their self-association or association with cell membranes. As a result, some
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of their biological activities can be modified. For instance, lipidation of glucagon and its
analogs with long-chain saturated fatty acids have been found to increase and balance
their in intro potencies for the glucagon and glucagon-like peptide 1 receptors.® Another
typical example is that some inactive ultrashort sequences such as KKK can be endowed

with antibacterial and antifungal activities.™>®

Simultaneously, due to their
self-association induced by lipidation, some important physicochemical properties can be
enhanced, including structural thermal stability, rheology, and resistance to enzymatic
degradation. These enhancements are virtually favorable for their practical applications.
Stupp and co-workers have designed a series of N-terminally acylated peptides, termed as
peptide amphiphiles (PAs), which can self-assemble into hydrogels.'”?° These PAs
hydrogels have shown application potential in regenerative medicine.

Despite these advantageous effects, it is still challenging to predict what secondary
structures are induced by lipidation based on certain sequences, as well as to establish the
relationship among the secondary structures, supramolecular nanostructures,
physicochemical properties, and biological functions of lipidated peptides and proteins.
We have recently designed a series of peptides containing simple repeated KK
sequences, G(IIKK),I-NH, (n=2-4, G-Gly, I- lle, and K-Lys), which are unstructured in
water but fold into amphipathic a-helical conformation in the bacterial
membrane-mimicking environment.?* Furthermore, these peptides show potent

antibacterial and anticancer activities.”>* Considering that the hydrophobic B-branched

Ile residue has high propensity for -sheet structuring in protein folding,* we reason that
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the biologically active G(IIKK),I-NH; (n=2-4) peptides may act an ideal peptide model
for lipidation to achieve distinct secondary structures and activities. In this study, we
conjugate palmitic acid to the N-terminus of (IIKK),I-NH, (n=2-3) peptides and their
analogues, (LLKK),L-NH, and (VVKK),V-NH; (L-leucine or Leu and V-valine or Val),
giving rise to a series lipidated peptides, including Cie-(I1IKK)2I-NHa,
C16-G3(I1KK)I-NH, C16-Ga(I1KK)3l-NH, C16-Ga(LLKK),L-NH,, and
C16-G3(VVKK),V-NH, (Scheme 1). At first, their secondary and supramolecular
structures are investigated. Then, to understand the structure-function relationship, their
antibacterial activities are assessed. Finally, their structural and morphological
responsiveness to addition of conventional surfactants (anionic, cationic, and non-ionic)

is also observed.
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Scheme 1. Molecular structure of the lipidated peptides: (1) Cie-(I1IKK)21-NHz, (2)
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C16-G3(IIKK)21-NH2,  (3) Ci6-G3(1IKK)3l-NH,, (4) Ci6-Ga(LLKK),L-NH, and (5)
C16-G3(VVKK),V-NH.
EXPERIMENTAL SECTION
Materials and Chemicals. The peptide sequences were synthesized and lipidated on a
CEM Liberty microwave synthesizer based on solid phase peptide synthesis (SPPS). The
detailed procedures for synthesis and purification have been described in our previous
works.”>% The peptides were analyzed with reverse-phase high performance liquid
chromatography (HPLC) and matrix-assisted laser desorption/ionization time-of-light
mass spectrometry (MALDI-TOF MS) to confirm the purity. The results showed that the
synthesized peptides were the target products with the purity of >97% (Figure S1).
Sodium dodecyl sulfonate (SDS) was purchased from Sigma-Aldrich and
Polyoxyethylene (23) lauryl ether (C1,EO23) was purchased from Acros Organics BVBA.
These two surfactants were used without further purification. Hexadecyl trimethyl
ammonium bromide (CTAB) was bought from Sinopharm Chemical Reagent Co., Ltd.
and was recrystallized three times with acetone and ethanol before use.?” Solutions of
surfactants, peptides and their mixtures of different mole ratios were prepared in water
(Millipore, >18.2 MQ-cm). The pH of all the peptide solutions was adjusted to 7.0 with
0.1 mM NaOH. And the solution pH was double checked before use.
Surface tension. Surface tension was measured with a KRUSS Easy Dyne tensiometer
using Wilhelm plate method at 25+0.1 °C. The samples were kept for at least 60 min for

equilibration before measurement. The measured surface tension had an accuracy of £0.1
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mN-m™,

Circular dichroism (CD) spectroscopy. CD spectra of measurements were performed
on a MOS-450 spectrometer (Biologic, France) at room temperature. Wavelength scans
were recorded at 0.5 nm intervals from 190 to 270 nm. A quartz cuvette with 0.05 mm
path length was used in the measurements. After the solvent background was subtracted,
the data were averaged based on 5 repeating measurements using Biokine software. The
CD signals were expressed as [68] (10%deg-cm?-dmol™) versus wavelength.
Fluorescence spectroscopy. The fluorescence spectrum was collected on a Horiba Jobin
Yvon Fluoromax-4 spectrometer using a 3.0 mm path-length quartz cuvette at room
temperature. The samples of peptide solutions were mixed with Thioflavin-T (ThT) and
the concentration of ThT was fixed at 0.05 mM. The excitation slits and emission slits
were set as 2.0 nm and 3.0 nm, respectively. The emission spectra were collected from
460 nm to 540 nm with the excitation wavelength at 442 nm.

Morphology characterization of self-assemblies. The morphologies of lipidated peptide
self-assemblies were characterized with transmission electron microscopy (TEM),
cryogenic Transmission electron microscopy (Cryo-TEM) and atomic force microscopy
(AFM). In TEM observation, a volume of 30 uL solution was dropped on a piece of
parafilm, and a 300-mesh copper grid coated with a carbon support film was putted onto
the surface of the droplet. The extra sample solution was wicked away by filter paper
after adsorption for 7 min. Then, the grid was negatively stained with uranyl acetate (2%,

w/v) aqueous solution for another 7 min; and the excess aqueous solution was blotted
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with filter paper. TEM micrographs were recorded on a JEOL JEM-1400 Plus electron
microscope with an accelerating voltage of 120 kV. The samples for Cryo-TEM
characterization were prepared in a controlled environment vitrification system (CEVS).
A volume of 2 uL peptide solution was coated onto a TEM copper grid. And the grid was
blotted with filter paper on both sides for about 6 s in order to form a solution thin film.
Then the grid was plunged into a reservoir of liquid ethane (cooled by liquid nitrogen) at
-165°C. The sample was stored in the liquid nitrogen until observation. The sample was
examined at -174°C on a JEOL JEM-1400 Plus TEM (120 kV) after transferring the grid
to a cryogenic sample holder (Gatan 626).

In AFM characterization, a volume of 20 uL sample solution was dropped on a freshly
cleaved mica sheet. After adsorption for 6 min, the sample solution was dried by gently
purging with N,. Images were imaged on a NanoScope IVa MultiMode Atomic Force
Microscope (Digital Instruments, Santa Barbara, CA) with a tapping mode at a scan rate
of 1.0 Hz and a scan angle of 0° . All images were flattened using NanoScope Analysis
software with a second order line fit to correct for piezo-derived differences between scan
lines.

Small angle neutron scattering (SANS). The SANS measurements were carried out on
the LOQ diffractometer, 1SIS Neutron Facility, Rutherford Appleton Laboratory (Oxford,
UK). The sample solutions were prepared with D,0, and the pD values were adjusted to
7.0 using NaOD D0 solution. The samples were incubated under ambient conditions for

7 days before being transferred into a 2.0 mm path length disc-shaped fused silica cell for
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measurements. Incident neutron wavelengths were used ranging from 2.2 to 10.0 A at 25
Hz. The data fitting were performed using SansView program (ver. 4.2.0). A flexible
cylinder elliptical model was used to fit the SANS profile.

Antimicrobial Activity and MTT assay. Streptococcus mutans was cultivated in LB
media at 37 °C for 24 h. Bacterial cells were separated and washed with PBS twice, and
then suspended in the media again. A volume of 100 pL bacterial suspension solution of
2x10° CFU/mL was added into 100 pL lipidated peptide (Cig-(11KK)al-NHo,
C16-G3(11IKK),1-NH; and C16-G3(11KK)3l-NH>) solutions in a 96-well plate. The bacteria
were incubated at 37 °C for another 18 h and then Aggo Was measured using a microplate
autoreader (Molecular Devices, M2e).

MTT assay was analyzed the effects of lipidated peptides on cytotoxicity of NIH 3T3
cells. Firstly, the NIH 3T3 cells were seeded and incubated overnight in a 96 well plate at
37 °C. Then, the NIH 3T3 cells were treated with certain concentration of lipidated
peptides for 24 h. Subsequently, adding 20 pL (5 mg/mL) MTT to each well and further
incubated for 4 h. Finally, the supernatant was removed and the precipitated formazan
was dissolved with 150 pL of dimethyl sulfoxide (DMSO) followed by measuring the
absorbance at 490 nm (A490) on a microplate reader (Molecular Devices, M2e).
RESULTS AND DISCUSSION

Lipidation promotes conformational change and/or aggregation. Before lipidation,
the peptides G(XXKK),X-NH, or (XXKK),X-NH, (X=I, L, and V) tend to be

unstructured in neutral water.® After N-terminal acylation with palmitic acid, they show
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characteristic folding with distinct conformations. As shown in Figure 1la, 1.0 mM
Ci6-(IIKK)2I-NH3, C16-G3(11IKK)2I-NH3, and C16-G3(VVKK),V-NH, display pronounced
B-sheet characteristics, with a positive peak at ~200 nm and a negative one at ~218 nm in
their CD spectra (Figure l1a). Compared with the former two lipidated peptides,
C16-G3(VVKK),V-NH; exhibits a marked reduction in the CD signal intensity at ~218 nm,
presumably due to the decreased hydrophobicity of Val in comparison with Ile. The CD
spectrum of 1.0 mM Cy-G3(LLKK),L-NH; is consistent with a-helical conformations, as
characterized by two negative peaks at ~208 and ~222 nm (Figure 1a). These results are
reminiscent of the propensities of the three amino acids for different secondary structures:
B-branched hydrophobic lle and Val favor B-sheet structuring while y-branched Leu

promotes helix formation.?*?

However, it is very interesting that 1.0 mM
C16-G3(11IKK)3l-NH; exhibits a typical helical conformation (Figure 1a), indicating that
increasing 1IKK repeats or the peptide segment length can enhance the intramolecular
hydrogen bonding (H-bonding) rather than the intermolecular one, thus facilitating

helical conformations. These results suggest that the molecular conformation of lipidated

peptides can be tuned by the sequence and length variations of their peptide segments.
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Figure 1. Structural characterizations of the designed lipidated peptides: (a) CD spectra,
(b) cryo-TEM image of Ci6-G3(IIKK),1-NH; nanofibers, (¢) SANS signal and fitted
profiles of Cis-(1IKK)21-NH;, Ci6-G3(IIKK)2I-NH,, and Ci6-G3(VVKK),V-NH, at a
concentration of 1 mM, and (d) cryo-TEM image of C15-G3(11KK)31-NH; micelles.

The lipidated peptides not only show well-defined secondary structures but also
display enhanced surface activities. Surface tension measurements indicated that the five
lipidated peptides have similar critical aggregation concentrations (CMCs) (~0.5-1.0
mM), with their surface tensions of ~51 mN/m for Ci6-G3(VVKK),V-NH; and ~44
mN/m for the rest above the CMCs (Figure S2). Although the hydrophobic contacts
between C16 alkyl chains are mainly responsible for their initial solution aggregation,
their final aggregated morphology was found to be dictated by the interplay between this
hydrophobic interaction and peptide folding. Cryogenic TEM (cryo-TEM)

characterization revealed the formation of long nanofibers by the three B-sheet lipidated

peptides (Cle-(“KK)z'-NHz, Cle-Gg(“KK)z'-NHz, and C15-G3(VVKK)2V-NH2) at a
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concentration of 1 mM, as shown in Figure 1b and Figure S3 (cryo-TEM images of
Ci6-(IIKK)2I-NH; and Ci6-G3(VVKK),V-NH,). At this concentration, similar neutron
scattering profiles were observed in small angle neutron scattering (SANS) measurements
(Figure 1c). Furthermore, a flexible cylindrical model (FCM) was found to well fit these
SANS profiles, as denoted by the solid lines in Figure 1c. The key parameters from the
data fitting are given in Table 1. It can be seen that the three peptide nanofibers have
thicknesses of ~6-7 nm and widths of ~13-19 nm. The thicknesses are markedly larger
than their molecular lengths in extended conformations (~4.8 nm for Ci6-(11KK)21-NH;
and ~5.8 nm for Ci6-G3(IIKK)2I-NH; and Ci6-G3(VVKK),V-NH,), suggesting the
formation of a significantly interdigitated bilayer.?**® We have also measured the
nanofiber diameter of Cis-(IIKK)2I-NH;, C16-G3(I1KK)21-NH;, C16-G3(VVKK),V-NH,.
Each lipidated peptide has been measured 100 times based on at least 5 TEM images. The
statistics results were consistent with the SANS results. The widths of self-assembled
peptide nanostructures can reflect the degree of lateral stacking of B-sheets along the
x-direction.®* The Ci6-G3(1IKK),I-NH, nanofibers have larger widths than the
C16-G3(VVKK),V-NH; ones, well consistent with our recent observations that upon the
substitution of Val for the lle close to the C-terminal of Ac-KI;K-NH,, the resulting
Ac-KI3VK-NH; forms narrower nanotubes, with their widths decreasing from more than
one hundred to ~38 nanometers.*! Given that the same B-branching geometry of Ile and
Val side chains, these results reveal the important role of amino acid side-chain

hydrophobic collapse in promoting the lateral packing of B-sheets. In fact, the nanofibers
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of lipidated peptides are akin to amyloid fibrils, as demonstrated by a marked
enhancement in thioflavin T (ThT) fluorescence emission upon interacting with them
(Figure S4).

In contrast, only spherical micelles with diameters of ~3-4 nm were observed for
C16-G3(11IKK)3l-NH; and Cy6-G3(LLKK),L-NH; at a concentration of 1 or 4 mM (Figure
1d and Figure S5). Such an observation is consistent with their structural features, i.e.
a-helical conformations (intramolecular H-bonding, Figure 1a) and little enhancement in
ThT fluorescence upon interacting with the peptide aggregates (Figure S4).

Taken together, it is the B-sheet H-bonding interaction between peptide backbones that
prompts the axial aggregation of lipidated peptide molecules (denoted as the y-direction),
and then the lateral stacking of B-sheets primarily arises from the close contact of
hydrophobic amino acid side chains (denoted as the x-direction). Such a hierarchical
self-assembly process has been extensively observed for many designed peptides that can
form 1D nanostructures, such as nanofibers, wide nanoribbons, and nanotubes.?**** On
the other hand, due to the inherent chirality of amino acids, peptide B-sheets tend to
twist.**3* The natural twisting of B-sheets, together with the repulsive interaction among
Lys side chains, limits their lateral stacking to a certain degree, eventually leading to
nanofibers with twisting marks, as indicated by AFM imaging (Figure S6).

Table 1 The best fitting results of the SANS data of Cys-(1IKK)21-NH,

Cle-G3(| | KK)2|-N H, and Cle-Gg(VVKK)QV-N H, ©
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Peptides Cis(IIKK),I-CONH,  C16G3(IIKK)2I-CONH,  C16G3(VVKK),V-CONH,

Fitting model FCM? FCM FCM
Effective Volume Fraction (%) 0.065 0.066 0.032
Background 0.016 0.018 0.012
Length (A) >1000 >1000 >1000
Kuhn_Length (A) 100 250 64
pl_Radius (A) 29.2 31.1 36.7
AXxis_ratio 2.52 3.07 1.78
Sid_Cyl (x10°A3)" 4.0 4.0 4.0
Sid_Sol (x10°A3)"® 6.35 6.35 6.35
2Noss 1.04 0.82 0.58

% FCM denotes the flexible cylinder model. ” Sid_Cyl and SLD_Sol are the scattering length density
(o) of scattering entities (cylinders) and the solvent (D,0), respectively. ) The fitting was performed
in the presence of size polydispersity for the radius and Kuhn length of the long and thick nanofibers.

The effect of lipidation on biological activities. Antibacterial activities of three
lipidated peptides against Streptococcus mutans (S. mutans) were investigated by using
the standard microdilution method. The lipidated peptide Ci16-G3(IIKK)3l-NH, showed
good antimicrobial activity which is similar to that of G(IIKK)3l-NH,. The MIC values of
G(IIKK)3l-NH; to E. coli and B. subtilis were 8.0 and 2.0 uM, respectively.?*?3 3%
While the other two lipidated peptides, Ci6-(11KK)2I-NH> and C16-G3(11KK).I-NH, had
no antimicrobial activities (Figure 2a). The three lipidated peptides had no adverse effect

of the cytotoxicity toward the model host mammalian cells (NIH 3T3) (Figure 2b).

14



20 ( ) S. mutans 12 (b) NIH 3T3
{(a .
- - - (=]
= ‘S 0.8
2121 3
= 1 —O0— C16(IIKK)2I-CONH:z |
Z 0.8 —O—C16Gs(IIKK)2l-CONHz| .2
z —A— C16G3(IIKK)3l-CONH: z
= . 50.4-
@ 0.4
] — C16{lIKK)2I-CONH:
A A —O— C16G3(IIKK)2I-CONH2
0.0 —4 —— C16G3(IIKK)31-CONH2
LN LA S A B I A R | 00 +—7F—F—F——7——T 7T
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Peptide Concentration (uM) Peptide Concentration (pM)

Figure 2. Antibacterial ability and cytotoxicity of the designed lapidated peptides. (a)
antimicrobial activity of lipidated peptides, (b) cytotoxicity of lipidated peptides.

As we all known, self-assembly is deleterious to their antibacterial potency. In the case
of C16-G3(1IKK)3l-NH,, there is more strong intra-molecular interactions while weaker
intermolecular interactions. Ci6-G3(11KK)3l-NH, showed antibacterial activity far below
its CMC (10 uM) in monomer state, and the self-assembled lipopeptides (aggregates of
molecules like micelles) were not as tightly bound, thereby gaining the ability to
dis-aggregate upon interaction with bacteria and the ability to exert their antibacterial
activity. For the lipidated peptides Cie-(IIKK)21-NH; and Ci6-G3(IIKK)2I-NH,, the
propensity for forming nanofibers that inhibited their antimicrobial activities. These two
lipidated peptides had stronger intermolecular interactions which result in more
molecules to format of long nanofibers while fewer molecules to interact with bacteria.
Therefore, the antimicrobial activities of lipidated peptides that with a-helical
conformation is better than that with 3-sheet conformation when the use concentration is

above their CMC.
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In our previous work, G(I1KK),I-NH; had antimicrobial activities against to E. coli and
B. subtilis with MICs in the range of 30-125 uM.?' After lipidation, the peptide
C16-G3(1IKK)21-NH, showed no antimicrobial activity. Therefore, the antimicrobial
activity of peptides could be regulated by the lipidation of N-terminus and the length of
their peptide segments. The active peptide sequences of these lipidated peptides could be
released by enzymatic cleavage. This is of great significance for biological application.
Anionic SDS-induced conformational transition from pB-sheets to a-helices and
disassembly of aggregated nanofibers. The effects of SDS on conformational and
self-assembly morphologies transition for the lipidated peptides Ci6-(1IKK)21-NH, and
C16-G3(1IKK),1-NH; were investigated by CD and Cryo-TEM. As shown in Figure 3a,
the secondary structure of Cis-(11KK),I-NH; adopted B-sheet conformation while in 8
mM and 16 mM SDS solutions, but adopted a-helical conformation in 64 mM SDS
solution. And Cy6-G3(l11KK),I1-NH, adopted B-sheet conformation in 8 mM SDS solution,
while adopted o-helical conformation in 16 mM and 64 mM SDS solutions. All these
results indicated that increasing the peptide segment length (GGG) could decrease the
intermolecular hydrogen bonding and increase the intramolecular hydrogen bonding. And
the anionic surfactant SDS could disrupt the intermolecular bonding of cationic lipidated
peptides and therefore change their secondary structure and morphologies. This is due to
the stronger electrostatic attraction between lipidated peptides and SDS molecules. The
results found in CD spectra were in agreement with that found in Cryo-TEM. When the

concentration of SDS was fixed at 8 mM, nanofibers were the dominated morphologies
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(Figure 3b). When the concentration of SDS was further increased, the Cryo-TEM
images revealed that SDS could obviously disrupt the nanofiber structures of lipidated
peptides (16 mM SDS). The nanofibers of lipidated peptides were decreased and the
micelles appeared in this condition. When the SDS concentration was raised to 64 mM,
the nanofibers disappeared, leaving only micelles in the solution. The results of
C16-G3(VVKK)2I-NH, with SDS were similar to those of Cig-(1IKK)2I-NH, and

Cle-Gg(l I KK)2|-N H, (Figure 83)
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Figure 3. (a) CD spectra and (b) cryo-TEM images of 1 mM Cie-(11IKK),I-NH; and
C16-G3(11IKK),1-NH; with different concentrations of SDS (8 mM, 16 mM and 64 mM).
Based on the results above, the possible mechanism of the interaction between lipidated
peptides (Ci6-(1IKK)21-NH; and C16-G3(11KK)21-NH3) and SDS is supported by two steps:
(1) the nanofibers were disrupted due to the insertion of SDS into nanosheets of lipidated
via electrostatic attraction between the hydrophilic moieties of peptide and SDS and (ii)

the micelles formation by peptide and surfactant molecules through electrostatic force
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together with hydrophobic interaction.

1 mM C16(lIKK)2I-CONH2+64 mM SDS 1 mM C18G3(lIKK)2I-CONH2+64 mM SDS

0.5h

1h

3h

6h

12 h

24 h

Figure 4. Time-dependent TEM images of 1 mM Cye-(I1KK)2I-NH; and
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C16-G3(1IKK),1-NH; with 64 mM SDS. The samples were characterized at 0.5, 1, 3, 6, 12
and 24 h.

The nanofibers could be rapidly disaggregated with the addition of surfactant of
opposite charges (Figure 4). We can see that fibril bundles were formed by the parallel
packing of nanofibers at 0.5 h for both two lipidated peptides. This is due to the SDS
molecules binding to amino group of Lys side chains that decreased the electrostatic
repulsion between nanosheets. And then nanofibers were aggregated together through
hydrophobic interaction. With the time increased (1, 3, 6 and 12 h), more and more SDS
molecules could insert into nanosheets which result in the disruption of nanofibers.
Finally, the formation of micelles by peptide and SDS molecules were taken in 24 h. This
indicated that the disruption of nanofibers and reconstruction of micelles were rather
quick, which may favor their bactericidal behaviors. Furthermore, the time-dependent
morphology transition phenomena might be used in stimuli responsive peptide-based
biomaterial development, especially in personal care products with surfactants.

The influence of cationic and non-ionic surfactants. In order to investigate the
influence of other types of surfactants on the morphologies transition of lipidated
peptides, a cationic surfactant CTAB and a nonionic surfactant C;,EO,3 were used instead
of SDS. As shown in Figure 5a and Figure 5b, when adding 8 mM CTAB, the nanofibers
of Ci6-(11KK)21-NH; and C16-G3(11KK),1-NH; became thinner (~7 nm) compared to their
original state. And the micelles with diameters ~3-4 nm were also observed. It was

indicated that the electrostatic repulsion between CTAB and peptide molecules that
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compressed the width of the nanofibers. The original nanofibers morphologies of
lipidated peptides did not change with the addition of 2.5 mM C1,EQO,3. But the density of
nanofibers increased. This was due to the formation of intermolecular hydrogen bonding
between the hydrophilic moiety of C1,EO,3 and peptide segment. CD spectra of 1 mM
Ci6-(IIKK)21-NH; and C1-G3(11KK),I-NH, with both CTAB and C1,EOo; still exhibited
a positive peak at ~198 nm and a negative one at ~218 nm (Figure S7), indicating the
B-sheet secondary structures.®® Combined with the effect of SDS on lipidated peptides, it
indicated that the conformational and self-assembly morphologies transition of peptides
could be modulate by changing electrostatic interaction and hydrophobic interaction, as

well as the concentration of surfactants.

1 mM C16G3(1IKK)2I-CONH2

1 mM C16(lIKK)2l-CONH2

8 mM CTAB

2.5 mM C12E023

Figure 5. cryo-TEM images of 1 mM Cy-(1IKK),I-NH, and Cy5-G3(11KK),I-NH, with 8 mM CTAB

and 2.5 MM C1,EO.3. (@) 1 mM Cus-(11KK),I-NH, with 8 mM CTAB, (b) 1 MM C16-G3(I1KK),I-NH,
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with 8 mM CTAB, (c) 1 MM Cyg-(11KK),1-NH, with 2.5 mM C1,EO.s, (d) 1 mM C6-G3(IIKK),I-NH,
with 2.5 mM C1,EO,3.

CONCLUSIONS

We have shown that the influence of N-terminal lipidation on the conformation and
aggregation of a-helical antimicrobial peptide. Meanwhile, the interaction between
lipidated peptides and surfactants were also demonstrated. The lipidation enhanced the
hydrophobic interaction and induced the formation of B-sheet or a-helix conformation
along with hydrogen bonding and electrostatic interactions in the peptide segments.
Anionic surfactant SDS could affect the secondary structure and morphology of
positively charged lipidated peptides. The addition of cationic and nonionic surfactants
only give rise to changes of width and number of nanofibers. The essence of these
conformational and morphological transition is the mutual conversion between the
driving forces of electrostatic, hydrophobic and hydrogen bonding interactions. These
results help us to understand the regularity of self-assembly behavior of lipidated peptides
in the presence of surfactant and provide a new pathway for the development of

antimicrobial peptides.
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Figure S1. HPLC profiles and mass spectra of the designed lipidated peptides:
Ci6-(IHKK)2I-NH;, Cy6-G3(I11KK)21-NH;, Ci6-G3(1IKK)3l-NH;, Ci6-G3(LLKK),L-NH,
C16-G3(VVKK),V-NH,.

HPLC profiles of lipidated peptides were recorded on a Waters 2695 Alliance HPLC
system equipped with a C18 reversed-phase column (4.6 mm X150 mm). The eluting
system consisted of eluent A (0.1 % (v/v) TFA in water) and eluent B (0.1 % (v/v) TFAIn
acetonitrile). After being loaded onto the C18 column, samples were first analyzed using
an isocratic elution consisting of 95 % eluent A and 5 % eluent B for 1 min, followed by a

linear gradient elution to 5 % eluent A and 95 % eluent B for 39 min. Finally, a linear
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gradient elution to 95 % eluent A and 5 % eluent B for 5 min was applied to reset the
system. Other instrumental conditions were as follows: eluent flow rate of 0.6 mM/min
and UV detection at 214 nm. The 1 mM peptide solutions were used for this
measurement.

Mass spectrometry measurements were performed on a Bruker Microflex
MALDI-TOF mass spectrometer. Positive-ion mode spectra were recorded with m/z
ranging from 400 to 3150 at a laser frequency of 60 Hz. Other instrumental parameters
were as follows: ion source I voltage, 19.0 kV; ion source II voltage, 15.7 kV; lens
voltage, 9.2 kV; accelerating voltage, 19.0 kV; reflection voltage, 20.0 kV; extraction
delay time, 140 ns. The matrix used in this study was 4-hydroxy-o-cyanocinnamic acid
(HCCA), which was dissolved in 30 % (v/v) acetonitrile containing 0.1 % (v/v)
trifluoroacetic acid (TFA) to obtained a saturated matrix solution. For the sample
preparation, 1 uL of peptide solution was mixed with 1uLof the saturated HCCA solution.
Then, 1 uL of the mixture solution was dropped on a polished steel sample target and
air-dried, immediately followed by MS measurements. Each of the spectra collected was

the integration of 100 individual measurements.
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Figure S2. Plot of surface tension against concentration for the designed lipidated
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peptides in pure water at 25 °C: Cye-(IIKK)2I-NH,,  Ci6-G3(IIKK),I-NH,,
C16-G3(IIKK)31-NH3, C16-G3(LLKK),L-NH2, C16-G3(VVKK),V-NH,.

% C1s(I|KK)2|-C C16G3(VVKK)2V-CONH: § (C) * Ci6Gs(VVKK)2V-CONH:

in 64 mM SDS

Figure S3. cryo-TEM images of (A) 1 mM Ci-(IIKK)I-NHy, (B) 1 mM
C16-G3(VVKK),V-NH, and (C) 1 mM Ci6-G3(VVKK),V-NH, with 64 mM SDS.
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Figure S4. Fluorescence emission spectra (excitation at 442 nm) of 0.05 mM ThT in the

absence and presence of 1 mM Cy5-G3(11KK)2I-NH; and C16-G3(11KK)3l-NHo.

1 mM C16G3(LLKK)2L-CONH2 4 mM C16G3(LLKK)2L-CONH2

4 mM C16G3(IIKK)3l-CONH2

Figure S5. cryo-TEM images of (A) 4 mM Cy-G3(IIKK)3l-NH2, (B) 1 mM
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C16-Gg(LLKK)2L-N H, and (C) 4 mM Cle-Gg(LLKK)gL-NHg.
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Figure S6. AFM images of (A) Cie-(IIKK)2l-NH3, (B) Cis-G3(IIKK)2I-NH,, (C)
Ci-(VVKK),V-NH,; and (D) Ci6-G3(VVKK),V-NH; nanofibers formed at a
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concentration of 1 mM in neutral water.
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Figure S7. CD spectra of 1 mM Cie-(IIKK)2I-NH; and Cy5-G(1IKK)2I-NH, with (A) 8
mM CTAB and (B) 2.5 mM C1,EOys.
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