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ABSTRACT: Toll-like receptor (TLR) agonists are of interest in immunotherapy vesiclas

and cancer vaccines. The most common agonists of TLR2 are based on Pam,Cys or Pam.Cys . ‘ =3
Pam;Cys. In the former, two palmitoyl (Pam) fatty acids are linked to a :::j:tﬁe s Fbe (' v
glycerylcysteine motif by ester linkages. Pam;Cys is analogous but contains an extra N ﬁfﬁ
Pam group on the @-amine. Here, we compare the self-assembly in aqueous solution C"”“Toj) B
of the parent Pam,CysOH and Pam;Cys amino acid conjugates to that of %Hnio TLR2/6 agonism

Pam,CysSK, and Pam;CysSK, which are potent TLR2 agonists bearing the CysSK,

peptide sequence. All four conjugates exhibit a critical aggregation concentration — ®N_enmenoncaton
above which self-assembled structures are formed. We find through a combination Heosb

of small-angle X-ray scattering (SAXS), cryogenic transmission electron microscopy
(cryo-TEM), and confocal fluorescence microscopy remarkable differences in self-
assembled nanostructures. Pam,CysOH and Pam;CysOH both form unilamellar
vesicles, although these are larger for the latter compound, an effect ascribed to
enhanced membrane rigidity. This is in contrast to previously reported morphologies for Pam,CysSK, and Pam;CysSK4, which are
spherical micelles or predominantly wormlike micelles, respectively [Hamley, I. W.; et al. Toll-like Receptor Agonist Lipopeptides Self-
Assemble into Distinct Nanostructures. Chem. Comm. 2014, 50, 15948-15951]. We also examine the effect of introduction in the bulky
N-terminal Fmoc [fluorenylmethoxycarbonyl] group on the self-assembly of Fmoc-Pam,CysOH. This compound also forms vesicles
(above a critical aggregation concentration, determined from dye probe fluorescence experiments) in aqueous solution, larger than
those for Pam,CysOH and with a population of perforated/compound vesicles. The carboxyl-coated (and amino-coated for
Pam,CysOH) vesicles demonstrated here represent a promising system for future development toward bionanotechnology
applications such as immune therapies. Conjugates Pam,CysOH, Pam,CysSK,, and Pam;CysSK, show good cytocompatibility at
low concentrations, and in fact, the cell compatibility extends over a wider concentration range for Pam,CysOH. The TLR2/6
agonist activity was assessed using an assay that probes secreted alkaline phosphatase (SEAP) in NF-kB-SEAP reporter HEK293 cells
expressing human TLR2 and TLR6, and Pam,CySOH shows significant activity, although not to the extent of Pam,CysSK4 or
Pam;CysSK,. Thus, Pam,CysOH in particular is of interest as a vesicle-forming TLR2/6 agonist and stimulator of immune response.

R'=OH
Peptide SK; (Ser-Lys-Lys-Lys-Lys)

B INTRODUCTION

Lipopeptides are emerging as a class of biobased or bioderived
molecules with a remarkable range of applications, among
which a particular current highlight is the antidiabetic/weight
control gut hormone peptide-based compounds semaglutide
and tirzepatide, which also show promising potential for many

other important healthcare applications. Lipopeptides (one

type of peptide amphiphile, PA) also have demonstrated roles Examples of ves%cle—forml.ng Iigpt‘de systems 1ncl}1 de I%chme—
. . - . o rich surfactant-like peptides,” sequenced peptides,” Boc-
as materials for biomedicine and tissue engineering, as

antimicrobials, in biocatalysis, and in many other areas 1-10 diphenylalanine [Boc: fert-butoxycarbonyl] in organic  sol-
) ) .

Lipopeptides can self-assemble into different nanostructures
depending on their structure (lipid chain type, length, and Received: February S, 2025
peptide sequence) as well as the solution conditions.” """ ~** Revised:  March 25, 2025
A diversity of nanostructures has been observed including Accepted: March 26, 2025
nanofibrils, nanosheets, nanotubes, vesicles, and micelles. The
most commonly reported are fibrillar structures, which are
stabilized by p-sheet intermolecular hydrogen bonding.

Lipopeptide micelles have been observed as a result of the
self-assembly of various types of peptides, especially those with
short or disordered sequences where J-sheet aggregation is
suppressed. Vesicular structures are infrequently observed for
lipopeptide (or indeed peptide) systems since there is a
particular constraint on bilayer packing of molecules in the
membrane walls with intrinsic curvature for vesicle formation.

© XXXX The Authors. Published by
American Chemical Society
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The innate immune response depends on the recognition of
pathogens. Toll-like receptors (TLRs) are cell membrane
proteins (with some TLR types located in intracellular
vesicles) that serve as pattern recognition receptors (PRRs)
that can recognize pathogen-related molecules (that can be
distinguished from host molecules), which are known as
pathogen-associated molecular patterns (PAMPs). Lipopep-
tides have been used for the development of vaccines, their
adjuvants, and agents for cancer immunotherapy,” and one of
the most active sequences is the lipid-linked toll-like receptor
(TLR) agonist hexapeptide CSK, (Cys-Ser-Lys-Lys-Lys-
Lys).”*" The lipid glyceryl-cysteine component is derived
from bacterial lipopeptides (which stimulate a strong immune
response).”” The CSK, sequence shows activity as an
adjuvant™ and is derived from the Pam;CSSNAK [Pam:
palmitoyl, C;s] N-terminal domain of the murein (peptido-
glycan) lipoprotein in the outer cell membrane of E. coli.”"*

or peptide

Due to their strong adjuvant activity, Pam,Cys and Pam;Cys-
based conjugates have been extensively examined. Further
details on TLR lipopeptides, including examples and
applications, are discussed elsewhere.”*"”**” There have
been fewer studies on the self-assembly of this class of
molecules. We examined the conformation and self-assembly
of PamCSK,, Pam,CSK,, and Pam;CSK,.”® The former two
molecules form spherical micelles with the peptide in a
disordered conformation, whereas the latter forms flexible
wormlike micelles (coexisting with globular structures) with a
P-sheet secondary structure and bilayer molecular packing.
These structures were later confirmed by molecular dynamics
simulations.””

We were motivated to examine the self-assembly and
bioactivity of minimal Pam,Cys- and Pam;Cys-based mole-
cules, specifically to investigate whether these thioglycerol
“scaffolds” bearing one or two palmitoyl chains, but without
peptide sequences as in CSK, or CSSNAK, are able to self-
assemble and whether they show any bioactivity. Here, we
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compare the self-assembly in aqueous solution of the amino
acid-based conjugates Pam,CysOH, Pam;CysOH, and Fmoc-
Pam,Cys and the TLR-agonist peptide conjugates
Pam,CysSK, and Pam;CysSK,. To the best of our knowledge,
Pam,CysOH, Pam;CysOH, and Fmoc-Pam,Cys have not
previously been studied. We show that in fact, they do form
self-assembled nanostructures and act as TLR2/6 agonists. The
critical aggregation concentration (CAC) is determined from
lipophilic dye probe fluorescence assays. Confocal microscopy
is used to image vesicle structures along with cryo-TEM which
also elucidates the (smaller scale) micellar structures formed
by the peptide conjugates. SAXS provides unique detailed
information about the size and shape of nanostructures. It
shows that the vesicle structures formed by Pam,CysOH and
Pam;CysOH are unilamellar and confirms the distinct self-
assembly behavior of Pam,CysSK, in spherical micelles and
Pam;CysSK, in wormlike micelles. Vesicle size distributions
are determined by dynamic light scattering, and peptide
conformations are probed using circular dichroism spectros-
copy. In addition, we examined the cytocompatibility of the
conjugates using MTT assays. We also measure the TLR2/6
agonist activity, comparing the new Pam,CysOH conjugate
with the well-known Pam,_CSK, lipopeptide analogues using an
assay that probes secreted embryonic alkaline phosphatase
(SEAP) by NF-kB-SEAP reporter-engineered HEK293 cells
expressing human TLR2 and TLR6.

B METHODS

Materials and Sample Preparation. Lipopeptides
Pam,CysOH, Pam;CysOH, Pam,CysSK,, and Pam;CysSK,
(Scheme 1) were custom-synthesized by Peptide Synthetics
(Peptide Protein Research Ltd., Farnham, UK) and supplied as
TFA salts. The molar mass measured by ESI-MS for
Pam,CysOH is 672.05 g mol™' (671.52 g mol™" expected),
and for Pam;CysOH, the measured molar mass is 910.48 g
mol™" (909.75 g mol™" expected). The molar mass measured
by ESI-MS for Pam,CysSK, is 1271.8 g mol™" (1270.9 g mol ™"
expected), and for Pam;CysSK,, the measured molar mass is
1510.2 g mol™" (1509.1 g mol™" expected). Fmoc-Pam,CysOH
was also prepared by Peptide Synthetics and supplied as a TFA
salt. The molar mass measured by ESI-MS for Fmoc-
Pam,CysOH is 894.3 g mol™' (894.3 g mol™' expected).
The purity by HPLC (0.1% TFA in acetonitrile/water
gradient) is >95% for all samples.

Solutions were prepared using the thin-layer hydration
method, previously used to prepare liposomes.*® A peptide film
was produced by weighing a quantity of peptide, dissolving it
in chloroform, and drying it under a stream of nitrogen. The
peptide film was then placed in a vacuum chamber for 2 h to
remove traces of organic solvent. A peptide solution was
obtained by resuspending the peptide film in water, repeatedly
vortexing at 1800 rpm, and heating at 65 °C (above the
melting temperature of palmitic acid, 62.9 °C) for S min. The
peptide solution was then left to equilibrate before the
experiments. The final peptide concentrations were calculated
in weight percent= (100 X weight of peptide) /(weight of
peptide + weight of water). For example, 1 mg of peptide
powder was dissolved in chloroform to make a peptide film.
The peptide was resuspended in 99 mg of solvent to provide a
final concentration of 1 wt % peptide.

The pH values of 0.5 wt % Pam,CysOH, 0.5 wt %
Pam,CysSK,, 0.5 wt % Pam;CysOH, 0.5 wt % Pam;CysSK,,
and 0.1 wt % Fmoc-Pam,CysOH in water were 3.6, 2.6, 4.8,

2.8, and 7.8, respectively. The pH of the acidic solutions was
adjusted to pH 7 by NaOH titration.

A separate set of samples was prepared for confocal
microscopy experiments by following the procedure described
in the paragraph above. A solution containing 3 X 107> wt %
Nile red or 3 X 10™* wt % Rhodamine B was used instead of
water as a solvent to stain the peptides.

Critical Aggregation Concentration (CAC) Fluores-
cence Assay. The CAC was determined by fluorescence
assays using Nile red. For this, the samples were incubated in a
solution of water containing 5 #M Nile red. The excitation
wavelength was set at 550 nm, and the bandwidths were set at
S nm. The fluorescence was recorded using a Varian Cary
Eclipse Spectrofluorometer (Agilent, USA).

Circular Dichroism (CD) Spectroscopy. Far-UV CD
spectra were collected using a Chirascan spectropolarimeter
(Applied Photophysics, Leatherhead, UK) equipped with a
thermal controller. Spectra were recorded from 180 to 400 nm.
Samples were mounted in a quartz cell with detachable
windows, with a 0.01 mm path length, or in a quartz bottle
with a 1 mm path length. The CD signal from the samples was
corrected by subtracting the water background. The CD
spectra were smoothed using Chirascan software for data
analysis. The residual of the calculation was chosen to oscillate
around the average to avoid artifacts in the smoothed curve.
CD data, measured in mdeg, were normalized to molar
ellipticity using the molar concentration of the sample and the
cell path length. The absorbance spectra were measured by the
instrument simultaneously with the CD and are presented for
0.1 wt % Fmoc-Pam,CysOH in Supporting Information.

Dynamic Light Scattering. The hydrodynamic radius of
the vesicles, Ry, was calculated from the experimental DLS
data. DLS data were measured using a Zetasizer Nano ZS from
Malvern Instruments or an ALV/CGS-3 Compact Goniometer
System with an ALV/LSE-5003 correlator. For the Malvern
instrument, an aliquot of 120 uL of sample was placed inside a
quartz cell with a 1 mm path length. The DLS was measured at
a fixed scattering angle of 175°. The Ry was calculated from
cumulant fitting of the DLS autocorrelation functions using
Malvern software. For the measurements using the ALV/CGS-
3 Compact Goniometer System, 1 mL of solution was loaded
into a glass tube with a 1 cm internal diameter. The system
uses vertically polarized incident light with a wavelength of
632.8 nm. Measurements were performed at an angle 6 = 90 °
to the incident beam. The intensity autocorrelation functions
were analyzed by the constrained regularized CONTIN
method®' to obtain size distributions of Ry;.

Laser Scanning Confocal Microscopy. Imaging was
performed using a Nikon Al HD25/AIR HD2S confocal
microscope. Solutions were prepared as detailed in the sample
preparation method. A drop of the sample was placed on a
microscope slide, and a microscope coverslip was placed on the
drop. The edges of the microscope coverslip were sealed with
varnish to avoid sample evaporation, and the sample was
allowed to rest for approximately 20 min before examination.
Experiments were performed using a Plan Apo 4 100X oil lens
or a Plan Apo VC 20X DIC N2 lens. Pinhole sizes were 25.25
pm, 20.43 um, 35.76 pym, or 24.27 um. Solutions stained with
Nile red were excited at 561 nm, and the emission was
measured at 595 nm. Transmission detector (TD) images in
bright-field transmission mode were generated by illuminating
the sample with 405 nm light. For imaging with Rhodamine B,
500 pL of a 0.03 wt % aqueous solution of the dye was added

https://doi.org/10.1021/acs.bioconjchem.5c00051
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Figure 1. Nile red fluorescence assay data to determine critical aggregation concentration (CAC). Left axis: fluorescence intensity ratio I,/I,, where
I, is the intensity from a Nile red solution without conjugate (red dots). Right axis: blue shift represented by the wavelength shift (4,,,, — 4,)/nm
(black dots) for (A) Pam,CysOH, (B) Pam;CysOH, (C) Pam,CysSK,, and (D) Pam;CysSK,.

to 500 uL of a 0.049 wt % Fmoc-Pam,CysOH aqueous
solution. Fluorescence images were obtained from a drop of
the sample deposited on a glass slide, with an excitation
wavelength of 561 nm. The bandpass filters on the confocal
microscope were set for a window between 565 and 590 nm,
and the objective lenses selected for this assay provided
magnifications of 20X, 60X, and 100X.

Solution Small-Angle X-ray Scattering (SAXS). SAXS
experiments were performed on beamline B21°” at Diamond
(Didcot, UK). The sample solutions were loaded into a 96-well
plate of an EMBL BioSAXS robot and then injected via an
automated sample exchanger into a quartz capillary (1.8 mm
internal diameter) within the X-ray beam. The quartz capillary
was enclosed in a vacuum chamber to avoid parasitic
scattering. After the sample was injected into the capillary
and reached the X-ray beam, the flow was stopped during
SAXS data acquisition. Beamline B21 operates with a fixed
camera length (3.9 m) and fixed energy (12.4 keV). The
images were captured by using a PILATUS 2 M detector. Data
processing was performed by using dedicated beamline
software, ScAtter.

Cryogenic Transmission Electron Microscopy (Cryo-
TEM). Samples were deposited onto Quantifoil R2/1 holey
carbon Cu/Rh grids with a hole size of 2 ym and a 1 um
spacing. Prior to use, the grids were plasma-cleaned using a
Quorum SC7620 glow discharge system for 1 min at an
atmospheric pressure of 0.1 mbar and a current of 30 mA. A
FEI Vitrobot Mark IV plunge freezing system was used for

vitrification, with the climate chamber kept at 100% humidity
and maintained at 4 °C. For each grid, 3.5 pL of sample was
applied and blotted twice with a blot force of 3 and a blot time
of 3.5 s before plunging into liquid ethane at a temperature of
—180 °C. The vitrified grids were then clipped using the
Thermo-FEI clipping station and stored in a liquid nitrogen
storage system. Images from the vitrified samples were
acquired using a Thermo-FEI Glacios field emission micro-
scope operating at 200 kV coupled with a Falcon4i direct
electron detector and Selectris energy filter. EPU software was
used to select targets and acquire images at specified
magnifications. Images were collected in bright-field mode
with parallel electron beam illumination onto the specimen and
zero-loss energy filtering with a slit width of S eV.
Cytocompatibility. Assays of mitochondrial activity using
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] were conducted to determine cytocompatibility.
Initially, HEK 293T cells (ATCC) were kindly donated by
Prof. Mark Dallas (University of Reading) and cultivated in
T75 flasks at 37 °C under a 5% CO, atmosphere using DMEM
medium supplemented with 10% fetal bovine serum plus
antibiotics. After expansion, the cells were seeded into 96-well
plates at a confluence of 2 X 10* cells/well with supplemented
DMEM. Then the wells were washed 3X with PBS and
incubated for 72 h in media containing different concen-
trations of the Pam conjugates (dissolved in DMEM with
sonication). After incubation, the cells were washed again 3x
with PBS, and 100 xL of DMEM without phenol red +5 ug/
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mL of MTT was added to each well. The plate was incubated 10" F T

for 4 h inside an incubator at 37 °C, protected from light. After

4 h incubation, the DMEM was removed, and 100 uL of 10° 3

DMSO was added to each well to solubilize the resulting .

formazan crystals, followed by incubation for 30 min at 37 °C, e 10 3

protected from light. The absorbance was measured at 560 nm S 102 ]

using an Infinite FSO microplate reader (TECAN, Switzerland) =  bam,CysOH " :

and the software Magellan. Resulting values were statistically 2 103 L pamzcysoH data e d e |

analyzed using ANOVA (n = 3) with Bonferroni correction for 2 —— Pam,CSK, fit ' i

multiple assays — 10 gangs’g:*‘f‘_:’ e 3
Secreted Embryonic Alkaline Phosphatase (SEAP) b Pamoyeon data

Assay. Human HEK-Blue hTLR2-TLR6 cells were purchased 10 Pam,CSK, it 3

from InvivoGen (Toulouse, France). As recommended by the 10 L Pam,CSK, data ,

manufacturer, for the first 2 passages, the cells were expanded 0.01 0.1

without the use of selective antibiotics in DMEM + 10% of
fetal bovine serum (without antibiotics) and incubated at 37
°C under an atmosphere of 5% CO,. After expansion, the cells
were cultivated in the presence of HEK-Blue Selection
(InvivoGen, Toulouse, France), a mix of antibiotics, for at
least two passages. For the SEAP quantification assays, cells
were detached with trypsin, and 2 X 10* cells/well were seeded
on 96-well plates and incubated at 37 °C for 24 h for recovery
and attachment before the assay. Finally, the plates were
washed with PBS and incubated in HEK-Blue Detection
(InvivoGen, Toulouse, France) media without serum + Pam
conjugates for 24 h inside a cell incubator. The controls were
incubated using only HEK-Blue Detection media without
serum. After this final incubation, the resulting SEAP
production was quantified by measuring the absorbance at
620 nm using Tecan Infinite FSO (Tecan, Mainnedorf,
Switzerland) with the Magellan software.

B RESULTS

We first determined whether the conjugates Pam,CysOH,
Pam;CysOH, Pam,CysSK,, and Pam;CysSK, shown in
Scheme 1 exhibit concentration-dependent aggregation,
through a fluorescence assay of critical aggregation concen-
tration (CAC) [due to the presence of the bulky N-terminal
aromatic group, Fmoc-Pam,CysOH is considered separately
below]. The assays were performed using Nile red, which is a
neutral lipophilic dye,”*™ and the fluorescence peak intensity
(normalized by that of the control Nile red solution), I/I;, and
peak wavelength shift are plotted for each conjugate in Figure
1. The original spectra are shown in Figure S1. In Figure 1, the
CAC is most evident from breakpoints in I/I, although it also
coincides with the concentration above which there is no
longer a concentration-dependent blue shift in peak position.
All four conjugates show similar CAC values in the range of
0.028—0.061 wt % with no notable trends in terms of
dependence on the number of Pam chains or the amino acid/
peptide sequence. All samples presented some degree of blue
shift when compared to the Nile red control, this being notably
greater for Pam,CysOH and lower for Pam;CysOH (which is
also the case for the change in I/, values). A blue shift in Nile
red fluorescence intensity arises because the dye fluorescence is
influenced by the polarity of the microenvironment®~>® and
indicates that aggregates have a polar core that influences the
quantum yield of Nile red. The highly lipophilic nature of the
dye leads to a significant blue shift in fluorescence peak
position in the presence of self-assembled lipids.***°

A combination of SAXS, cryogenic-TEM, and confocal
microscopy was used to probe the self-assembled structures in
solution. SAXS data are shown in Figure 2 along with fitted

q/A’

Figure 2. SAXS data from 0.5 wt % aqueous solutions under
conditions as indicated. Open symbols are measured data, and the
solid lines are fits to form factors, as described in the text (fitting
parameters in Table S1). For ease of visualization, only every third
measured data point is plotted.

form factors. The fit parameters are listed in Table S1. The
data in Figure 2 show that Pam,CysSK, forms core—shell
spherical micelles at both pH values studied, consistent with
our previous report.”® In contrast, the intensity profile for
Pam,CysOH is very different from that of Pam,CysSK,, with a
distinct slope at low g and a much broader and shifted form
factor maximum. The data correspond to bilayer structures,
consistent with the presence of vesicle-like structures revealed
by confocal microscopy (discussed below).

We previously showed that Pam;CysSK, self-assembles into
wormlike micelles based on a bilayer arrangement of the
molecules (coexisting with globular micelles).””*” The SAXS
data shown in Figure 2 are consistent with this, showing a form
factor that can be fitted using a Gaussian bilayer model
(parameters listed in Table S1) which represents an electron
density profile across the bilayer described by three Gaussian
functions (one for the electron-depleted lipid interior and two
for the electron-rich peptide surfaces of the bilayers). In
contrast, the SAXS data for Pam;CysOH show distinct features
in that the form factor maxima are much stronger and wider.
This is a signature of unilamellar vesicle structures.””

SAXS reveals that the two conjugates lacking the SK,
peptide sequence, ie., Pam,CysOH and Pam;CysOH, form
unilamellar vesicles, distinct from the spherical micelle and
wormlike micelle (+globule) structures for the two peptide-
bearing analogues. SAXS does not provide information on the
vesicle size, which is too large to be obtained considering the g
range covered in the SAXS experiment. We thus used confocal
microscopy to image nanostructures and dynamic light
scattering (DLS) to obtain average vesicle sizes. Confocal
microscopy images shown in Figure 3 indicate that
Pam,CysOH forms small vesicles, 1 pm or less in diameter,
whereas for Pam;CysOH, a population of larger vesicles up to
20 pum in size was noted. In addition, a population of fibrillar
structures could be distinguished (Figure S2). The difference
in size of the vesicles comparing the two molecules is
confirmed by DLS data in Figure S3. The size difference
indicates differences in bilayer stiffness (bending modulus)
since the thickness is very similar, as shown by SAXS (Table
S1). The difference in stiffness may arise from the distinct
charge of the hydrophilic units for Pam,CysOH compared to
Pam;CysOH and Fmoc-Pam,CysOH, since for Pam,CysOH,
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Figure 3. Confocal microscopy images from 0.5 wt % solutions of
samples stained with 3 X 107> wt % Nile red. (a,b,c) Pam,CysOH and
(def) Pam;CysOH. (a,d) Bright-field image, (b,e) fluorescence
image (Nile red fluorescence channel), and (c,f) merged images.

both amino and carboxyl groups are expected to be present,
whereas for the latter two molecules, only carboxyl groups are
present (Scheme 1). The bilayer rigidity may also be
modulated by distinct packing of the molecules with greater
lipid chain interdigitation in the case of Pam;CysOH.

The solutions contain vesicles with a range of sizes.
Structures smaller than 250 nm are usually beyond the
resolution limit of confocal microscopy, and therefore,
cryogenic-TEM images were also obtained to detect the
population of smaller vesicles. Cryo-TEM images in Figure 4
show small vesicles for Pam,CysOH and larger vesicles for
Pam;CysOH. In addition to the vesicles, the cryo-TEM image
reveals a population of fibrils, consistent with the confocal
microscopy (Figure S2), although a population of fibrils was
not evident in SAXS data fitting. Since SAXS provides sample-
averaged information on nanostructure (ie, in the volume
probed by the X-ray beam, a much larger region than imaged

by confocal or cryo-TEM microscopy), this suggests that the
fraction of fibrils is low.

The secondary structure of Pam,CysSK, and Pam;CysSK,
was probed using circular dichroism (CD) spectroscopy. The
spectra shown in Figure S4 are consistent with our previous
report, showing a random coil structure for Pam,CysSK, and a
P-sheet structure for Pam;CysSK,.”® These conformations
correlate to the observed micelles for Pam,CysSK, and
wormlike micelles for Pam;CysSK,*® (additional cryo-TEM
images are provided in Figure SS5).

We also investigated the solution self-assembly of Fmoc-
Pam,CysOH (Scheme 1) that is the analogue of Pam,CysOH
but with the Fmoc protecting group, commonly used in
peptide synthesis, still N-terminally attached. The Fmoc group
has been used extensively to promote self-assembly in
conjugates to peptides or amino acids since it can undergo
m-m stacking interactions that can drive aggregation.”® We
examined whether it has any influence on self-assembly in this
class of conjugates and also used it as a reporter group in
fluorescence assays of critical aggregation concentration.

The CAC was first determined from Nile red fluorescence
assays. As for the other conjugates, the CAC can be detected
from variations in fluorescence intensity (I/I,) and blue shifts
in peak position, as evident from the data in Figure SI1F
(original spectra in Figure S1E). The CAC was found to be
(0.018 + 0.003) wt %, slightly lower than the values for the
other conjugates, as expected due to the presence of the
hydrophobic Fmoc group, which facilitates aggregation at a
lower concentration. Confocal microscopy was performed on
solutions of Fmoc-Pam,CysOH rehydrated from films using
Nile red as a fluorescent probe. Confocal microscopy images
such as those shown in Figure S indicate that Fmoc-
Pam,CysOH self-assembles into vesicle-like structures with
some vesicles having an external structure (Figure 5). The size
of the vesicles is consistent with the hydrodynamic radius
distribution from DLS shown in Figure S3, with Ry in the

Figure 4. Cryo-TEM images from 0.5 wt % pH 7 solutions of (a) Pam,CysOH and (b) Pam;CysOH.
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Figure 5. Confocal microscopy images for 0.1 wt % Fmoc-Pam,CysOH stained with 3 X 107> wt % Nile red. (a) Bright-field image, (b)
fluorescence image, (c) merged image, and (d) enlarged image of a perforated vesicle.

range of several hundreds of nanometers for the major
population of aggregates. Additional confocal fluorescence
microscopy images obtained using Rhodamine B confirmed
these findings, and a population of vesicles with perforated/
compound structures was also observed (Figure S6). We
propose that these may result from an osmotic pressure
difference between the vesicle interior and the bulk solution,
leading to partial collapse of some (the minority of) vesicles.
Alternatively, they may be surface raft-like structures. Dynamic
light scattering confirms that the vesicle size distribution is not
affected by the addition of Rhodamine B (Figure S7). SAXS
data for Fmoc-Pam,CysOH indicate a multilamellar structure
(Figure S8), in contrast to the unilamellar vesicles formed by
Pam,CysOH and Pam;CysOH. The d-spacing is 36.7 A, which
is reasonable considering a bilayer of palmitoyl (C,s) chains,
with the Fmoc group also likely to be within the hydrophobic
membrane interior. In addition to the two orders of reflection
from the multilamellar structure, there is a broad peak centered
at ¢ = 0.25 A™" which is most likely due to a population of
unilamellar vesicles, although it could also be a diffuse
scattering feature arising from membrane perforations.”’

The CD spectrum of Fmoc-Pam,CysOH shown in SI Figure
9 indicates a lack of defined secondary structure, consistent
with vesicle formation. However, there is a notable peak at 262
nm, which is due to the absorption of Fmoc at this wavelength,
as shown in the absorption spectrum also plotted, and
consistent with prior reports.””~* In fact, Fmoc peptides
exhibit fluorescence when excited at a suitable wavelength
(here A = 268 nm), and this can be used to detect aggregation
events which lead to a shift in fluorescence intensity and
wavelength.*> Figure S10 shows the measured fluorescence

spectra for a concentration series along with a plot of the
concentration dependence of the peak intensity, which shows a
discontinuity that signals a critical aggregation concentration
(CAC) at 0.01 wt % for Fmoc-Pam,CysOH, in good
agreement with the value from the Nile red fluorescence
assays (Figure S1F).

To be useful in biochemical analyses or potentially as TLR2/
6 agonists, the Pam, Cys-conjugates should be cytocompatible.
Due to very limited solubility in media, Pam;CysOH is
excluded from the following bioactivity studies. The
cytocompatibility of the remaining three conjugates was
determined by MTT assays (using HEK 293T cells), a
technique used to measure the mitochondrial activity of cells,
which serves as an overall cell health indicator.*’ The data in
Figure 6 show that Pam,CysOH is cytocompatible at low
concentrations, but there is a significant decrease in cell
viability when compared to the control at concentrations above
0.025 wt % (Figure 6A), while Pam,CysSK, shows cytotoxicity
above a slightly lower concentration (0.0125 wt %, Figure 6B).
Pam;CysSK, was only tolerated below 0.0062 wt % (Figure
6C). Thus, Pam,CysOH shows enhanced cytocompatibility
compared to its corresponding Pam,CysSK, analogues.

Since Pam,CysSK, and especially Pam;CysSK, are estab-
lished model TLR agonist lipopeptides,”*"***” stimulating
TLR2 in particular,””*° but also TLR6 for Pam, (diacyl)-
based lipopeptides,”**~** we compared the agonist activity of
these two lipopeptides with the conjugate Pam,CysOH. We
used commercially available HEK-blue TLR2/6 cells which
produce secreted alkaline phosphatase (SEAP) in the presence
of an agonist of either TLR2 or TLR6. SEAP reacts with the
resazurin dye Quanti-Blue in the detection media and can be
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Figure 6. Concentration-dependent cytotoxicity from MTT assays on HEK293T cells (after 72 h) of (A) Pam,CysOH, (B) Pam,CysSK,, and (C)
Pam;CysSK,. The tests were repeated in triplicate (n = 3), and the statistical analysis was performed using ANOVA with Bonferroni correction for

multiple comparisons. * p < 0.0S. ** p < 0.001.

quantified by spectrophotometry in the wavelength range of
620 ~ 650 nm.>” The SEAP assays extend for comparison up
to concentrations of 0.05 wt %, at which a significant reduction
in cytocompatibility was observed; however, it should be noted
that even under these conditions, typically 50% of cells or more
were still viable (Figure 6).

The data presented in Figure 7 and Table 1 show that both
Pam,CSK, and Pam;CSK, stimulate a 10-fold or greater
increase in the expression of SEAP by HEK-Blue cells, even at
dilute concentrations in the case of Pam,CSK,. The new
conjugate Pam,CysOH also shows some agonist activity,
exhibiting an ~ 8-fold increase at 0.0125 wt %, although it also
presented a larger variation in the amount of SEAP induced
when compared to the two CysSK, lipopeptides. The data
show that the two Pam,-based conjugates stimulated greater
TLR2/6 activation, as expected, given the strong binding of
diacylated lipopeptides (and here, the conjugate Pam,CysOH)
to TLR2-TLR6 heterodimers that activate nuclear factor kB
(NF-kB) and activator protein AP-1, leading to SEAP.

B CONCLUSIONS

We examined the self-assembly of Pam,Cys and Pam;Cys-
based compounds, comparing the parent Pam,CysOH and
Pam;CysOH with the bioactive TLR-agonist lipopeptides
Pam,CSK, and Pam3CSK,. All examined conjugates exhibit a
critical aggregation concentration, detected through Nile red
fluorescence assays. SAXS, cryo-TEM, and fluorescence
microscopy imaging indicate that Pam,CysOH and
Pam;CysOH both form unilamellar vesicles, although the
vesicles are smaller for the former, probably due to increased
membrane fluidity. This may result from the lower number of
lipid chains for Pam,CysOH (reduced steric constraints on
lipid chain packing) and/or changes in the charge at the vesicle
surface which will contain amino and carboxyl functions for
Pam,CysOH (zwitterionic) but only carboxyl groups for
Pam;CysOH or Fmoc-Pam,CysOH, leading to a negative
charge in the latter two cases. These nanostructures are very
different from those of Pam,CSK, which forms spherical
micelles and Pam;CSK, which forms mainly wormlike micelles
(with a population of globules)

Comparing the self-assemblies of Pam,CysOH and Fmoc-
Pam,CysOH, we find that the former forms an extensive
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Figure 7. Quantification of the secreted alkaline phosphatase (SEAP) production in HEK293T cells stimulated by different conjugates, as
indicated. The control was DMEM only. The data were analyzed by ANOVA with Bonferroni correction for multiple comparisons, n = 3. * p <

0.0S. ** p < 0.001.

Table 1. Mean and Standard Deviation of the SEAP Production for Conjugates at Different Concentrations

Concentration Pam,CysOH Pam,CysSK, Pam;CysOH Pam;CysSK,
0.05 wt % 901 + 89% 1034 + 61% 134 + 17% 1189 + 9%

0.025 wt % 644 + 202% 1063 + 49% 105 + 13% 1098 + 22%
0.0125 wt % 888 + 173% 1499 + 13% 121 + 8% 1118 + 76%
0.0062 wt % 702 + 136% 1523 + 7% 127 + 2% 1128 + 49%
0.0031 wt % 656 + 84% 1561 + 29% 110 + 5% 1049 + 40%
0.0015 wt % 485 + 110% 1544 + 2% 104 + 3% 811 + S8%
0.008 wt % 486 + 182% 1452 + 24% 101 + 2% 554 + 24%
Control 104 + 9% 98 + 6% 97 + 2% 99 + 9%

population of small vesicles, whereas the latter forms isolated
large vesicles, some of which show a perforated/compound
structure. It is clear that the addition of the Fmoc influences
self-assembly, probably due to its influence on membrane
fluidity, which may be reduced compared to that of
Pam,CysOH and Pam;CysOH. The vesicles of Fmoc-
Pam,CysOH predominantly exhibit a multilamellar structure
rather than the unilamellar vesicles of Pam,CysOH and
Pam;CysOH.

The vesicles formed by Pam,CysOH, Pam;CysOH, and
Fmoc-Pam,Cys will comprise a bilayer membrane with the
hydrophobic lipid (or mixed Fmoc/lipid) interior and a
carboxyl (plus amino for Pam,CysOH) coating on the inner
and outer vesicle surfaces. The carboxyl groups could serve as
tags for further functionalization of the vesicles for future

applications, such as biocatalysis or encapsulation/delivery
systems.

The nano/micro-sized vesicles show a population of some
virus-sized particles (and in the case of Fmoc-Pam,CysOH
particles with an external structure resembling perforated or
compound vesicles). Conjugates Pam,CysOH, Pam,CysSK,,
and Pam;CysSK, show good cytocompatibility at sufficiently
low concentrations, with slightly better cell compatibility at
high concentrations for Pam,CysOH conjugates compared to
the Pam, CSK, analogues. This may be due to the expected
cytotoxicity of cationic tetralysine sequences in the Pam, CSK,
lipopeptides. Pam,CysOH shows good TLR2/6 activation
through a HEK-Blue secreted alkaline phosphatase dye assay,
with up to an 8-fold increase in SEAP production. Our results
suggest that due to its vesicular structure (and population of
virus-sized structures), Pam,CysOH is of great interest for
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further studies on immune system stimulation, both in vitro
and in vivo.
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