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ABSTRACT

The self-assembly of model [PJRWG lipopeptides (P: L-proline, R: L-arginine, W: L-
tryptophan, G: L-glycine), containing one or two aliphatic octadecyl (Cis) chains in water
and cyclohexanone / water solutions was examined. The self-assembly of mixtures of these
RWG and PRWG lipopeptides was also investigated. These materials presented a similar
critical aggregation concentration of ~ 4.0 x 10 wt% and were characterized by unordered
secondary structures with some f-sheet content. TEM and cryo-TEM revealed the presence
of mainly nanotape structures with micelles observed for systems rich in PRWG(C1gHs7).
Analysis of detailed SAXS form factor measurements revealed the presence of bilayers 3
— 4 nm thick while the PRWG(C1sH37) micelles have a core radius of approximately 3 nm,
and a shell thickness of 2 nm. For the cyclohexanone / water systems polymorphs
containing cluster aggregates (with radius of 0.25 nm to 0.50 nm) and some elongated
structures (with radius of 5.7 nm to 26.1 nm) were seen. Longer structures were formed
with the increase of the proline-containing lipopeptide content. The catalytic activity of
these peptides was assessed using a model nitro-aldol reaction. The concentration of water
in the reaction system influenced the conversion, higher content promoted better efficiency
for the water systems, but the opposite was observed for the cyclohexanone / water

samples.



INTRODUCTION

Self-assembled amphiphilic oligopeptides systems have attracted strong interest due to
their potential for bionanotechnological applications for new materials and in the
development of diagnostic and therapeutic strategies where protein and peptide aggregation
is associated with disease.l**] Peptide amphiphiles (PAs) are structures based on
hydrophobic blocks, such as lipid chains, and bioactive peptides, which correspond to the
hydrophilic part.>®1 Among several promising uses, we can highlight the development of
sensing devices,® molecular carriers,*® 11 and bioelectronics.[*? Many advantages —
especially the fast synthesis, functionalization capabilities, and relatively low cost —
confirm the potential of these systems. 2 13-15]

One of the great advantages of amphiphilic peptides as models for studies on
aggregation processes is their capability to self-assemble into a rich variety of
morphologies.*®! Various self-assembled structures including nanofibers, nanotapes and
micelles, have been reported.[®8 15 1729 These systems are thus excellent models for the
formulation of biomimetic materials and for establishing interfaces with biological
systems. The self-assembly into distinct morphologies depends on concentration, pH and
temperature, among other parameters. Sequences containing free L-proline (P) coupled
with long carbon aliphatic chains can act as organocatalysts for direct aldol reactions in
water. Many works used lipidated proline derivatives in asymmetric aldol reactions and
observed that the conversion and stereoselectivity are parameters that depend on the self-
assembled structure in solution.?-%6] Changes in peptide sequence lead to new modes of
self-assembly, through a combination of different supramolecular interactions, such as z-
stacking, electrostatic and hydrogen bonding.?" 28l

Organocatalysts incorporating L-proline residues have been demonstrated to be
successful as asymmetric catalysts for a wide range of synthetic reactions.[?°! Proline-based
peptides with attached hydrophobic chains have been found to catalyze aldol reactions in
reaction mixtures containing both water and organic solvents.?® Aldol reactions combine
two carbonyl compounds to form a new C-C bond, to produce a compound containing a -
hydroxy carbonyl group,% 3! found in living organisms with unusual pharmacological
activities. The reactions mediated by proline have high enantioselectivity, which can be
explained by its ability to promote the formation of highly organized transition states via
hydrogen bonds. In all these reactions, proton transfer from the amine or carboxylic acid
of the proline residue to the forming alkoxide or imide is essential for charge stabilization

and to facilitate the formation of the C-C bond in the transition state.[*4 Because of this



unique characteristic as an organocatalyst, many studies have evaluated the application of
proline in several asymmetric reactions, including Michael and Mannich reactions, and
aldol reactions.[33-%8l

However, despite the high efficiency and selectivity observed in reactions that are
catalyzed by proline, some characteristics can be improved, including the large required
amount of catalyst, excess reagents, low catalyst solubility in an organic reaction medium,
and extended reaction time. Many of the aldol reactions involving L-proline are carried out
in organic solvents such as DMSO and chloroform which are harmful and environmentally
unfavorable.? As a result, there is a current drive to overcome this by replacing the
solvents with a green solvent such as water. The use of water is also attractive for promoting
self-assembly via hydrophobic interactions and hydrogen bonding.

Therefore, to address these problems and to enhance the catalytic performance of
proline, a large number of organocatalysts derived from proline have been developed,327]
but few works are showing the effect of the self-assembled nanostructure on the catalytic
activity of such systems. Previous results showed that conformational changes are
important parameters that modify the yield of asymmetric aldol reactions since the packing
factor, radius and morphology of these nanostructures can influence the reagents'
availability to interact with the substrate in solution. 28

A lipidated peptide with a C16 (hexadecyl, palmitoyl) chain attached at the C-terminus
and a proline based head group (PRW-Ci¢), was found to be an excellent catalyst for aldol
reactions performed in water, with very good stereoselectivity and conversion rates.!? The
lipidated peptide self-assembled into spherical micelles above a critical aggregation
concentration (cac), and the self-assembled structures were the driving force of the
catalysis since poor results were obtained in the absence of lipidated assembles. It showed
better catalytic efficiency in aqueous media, by comparison with its performance in organic
media (neat cyclohexanone), since the micelle seems to provide an environment that
enhances catalysis.?”l In contrast, poor results were obtained in the absence of the
lipopeptide assemblies. In another example, Miravet, Escuder et al. reported examples of
aldol reactions catalyzed by L-proline-derived peptides that form organo-gels,?*! or
hydrogels.[3

Another parameter that can influence the self-assembly is the size of the lipid chain
attached to the peptide sequence. Increasing the number of carbon atoms, an enhancement
of the hydrophobicity is observed and, consequently, different polymorphs can be

structured. Here we study the self-assembly of the lipopeptides, based on L-arginine, L-
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tryptophan, L-proline and L-glycine attached to an aliphatic chain containing eighteen
carbons, and their efficiency as catalysts in aldol reactions. The molecular structures are
presented in Figure 1. The glycine amino acid was used as a spacer between the peptide
and the lipid chain. Also, the effect of including a free proline residue was monitored, since
it is well known to increase the aldol reaction efficiency.°!
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Figure 1. Molecular structures of PRWG(CigHsz), PRWG(CigHsr)2, RWG(CisHs7), and
RWG(C1sH37)2 lipopeptides.

We investigate the conformation and self-assembly of the lipopeptides, presented in
Figure 1, in the absence and presence of proline, using water and cyclohexanone / water
mixture as solvents, using a combination of microscopy, spectroscopy and scattering
techniques. To the best of our knowledge, the effect of mixing lipopeptides with different
alkyl chain lengths on morphology and biocatalytic behavior has not previously been
examined. Besides, asymmetric direct aldol reactions mediated by cyclohexanone and p-

nitrobenzaldehyde were made to evaluate their efficiency as catalysts.

MATERIALS AND METHODS



Materials. The lipopeptides were synthesised by Peptide Synthetics, UK; with purity

evaluated by HPLC > 95.0 %: The molecular weight of each sequence was determined by
mass spectrometry: RWG(C1sHs7) 668.9 g mol™ (expected: 668.6 g mol™), RWG(CisHs7)2
921.3 g mol™ (expected: 921.4 g mol™), PRWG(C1sHs7) 765.7 g mol™ (expected: 766.1 g
mol™?) and PRWG(CisHs7), 1018.3 g mol™ (expected: 1018.5 g mol™). The mass spectra

chromatograms can be seen in Figure S1.

Systems preparation. Firstly, the self-assembly process was monitored considering the

mixtures of the lipopeptides and the influence of their ratio amount in water (W) solutions.
In this case, mixtures of PRWG(CigHs7) / RWG(CigHs7) [P1R1] and PRWG(CigHs7)2 /

RWG(CisH37)2 [P2R2] were selected with proportions v/v:

Samples PRWG(CisH3s7) RWG(CisHa7) Samples PRWG(CisHs7)2 RWG(CisHsr)2
() ) ) )
P:RiW 1 0 1 P2R.W 1 0 1
PiRiW 2 0.3 0.7 P2RaW 2 0.3 0.7
PiRiW 3 0.5 0.5 P2R2W 3 0.5 0.5
PiRiW 4 0.7 0.3 P2R2W 4 0.7 0.3
PiRiW 5 1 0 P2R2W 5 1 0

After that, the effect of the solvent on the polymorphism was evaluated, changing the

samples solvent for a combination of 5:1 cyclohexanone / water (C). Mixtures solutions

were prepared with proportions v/v:

Samples PRWG(CisHs7) RWG(CisHa7) Samples PRWG(CisHs7)2 RWG(CisHsr):2
v) v) v) v)
PiRiC1 0 1 P2R:C 1 0 1
PiR:1C 2 0.3 0.7 P2R2C 2 0.3 0.7
PiR:C 3 0.5 0.5 P2R2C 3 0.5 0.5
PiR:.C 4 0.7 0.3 P2R2C 4 0.7 0.3
PiRiC5 1 0 P2R.C 5 1 0

The water addition was made only after the peptides powder solubilized completely in

cyclohexanone.



All solutions were prepared with water purified by the Direct-Q System, Millipore, with
resistivity of 18.2 mQ cm™ (at 25 °C) and TOC below 10 ppb. Cyclohexanone was

purchased from Sigma Aldrich.

Fluorescence Spectroscopy. Fluorescence spectra were recorded with a Varian Cary
Eclipse fluorescence spectrometer with samples in 4 mm inner quartz cuvettes. ANS assays
were performed using 1.0 x107 to 0.1 wt% peptide, in 2.0 x10° wt% 8-anilino-1-
napthalenesulfonic acid (ANS) solution. The samples were excited at Aex = 356 nm, and
the fluorescence emission was measured for A = 400—650 nm. Water assays were also
performed using the same peptide concentration, using the tryptophan emission band (Aem
330—350 nm). The samples were excited at Aex = 280 nm, and the fluorescence emission

was measured for A = 300—460 nm.

Circular Dichroism (CD). CD spectra were obtained using a Chirascan
spectropolarimeter (Applied Photophysics, UK). Solutions containing 0.1 wt% of peptide
were scanned at 20 °C in a quartz cuvette with thickness of 0.01 mm. The spectra were
recorded with absorbance A < 2 at any measured point, considering 0.5 nm step, 1 nm
bandwidth and 1 s collection time per step. A water background CD signal was used to

subtract the baseline from the experimental data.

Transmission electron microscopy (TEM). TEM was performed on a JEOL 2100Plus,
instrument operating at 200 kV. Copper grids (Agar Scientific, UK) 5.0 mm in diameter
and 10 pum thick, coated with carbon film, were used. The samples were stained with 1 wt%

uranyl acetate (Sigma-Aldrich, UK), and left to dry at room temperature.

Cryogenic Transmission Electron Microscopy (Cryo-TEM). Cryo-TEM images of the
systems (1-10) were carried out using the JEOL JEM-3200FSC instrument, operating at
200 kV. A bright-field mode and zero loss energy filtering (omega type) with a slit width
of 20 eV was used. Micrographs were recorded using a Gatan Ultrascan 4000 CCD camera,
at —187 °C. Vitrified specimens were prepared using an automated FEI Vitrobot device
using Quantifoil 3.5/1 holey carbon copper grids with a hole size of 3.5 um. The grids were
plasma cleaned using a Gatan Solarus 9500 plasma cleaner and then transferred into the
environmental chamber of an FEI Vitrobot at room temperature and 100% humidity.
Thereafter, 3 uL of the sample solution was applied on the grid and it was blotted twice for

5 sand then vitrified in a 1:1 mixture of liquid ethane and propane at a temperature of —180
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°C. The grids with vitrified sample solution were maintained at liquid nitrogen temperature
and then cryo-transferred to the microscope.

Small-Angle X-ray Scattering (SAXS). SAXS experiments were performed on the
bioSAXS beamline B21 at the Diamond light source, U.K. Solutions containing 1 wt%
peptide were loaded in PCR tubes in an automated sample changer. For the cyclohexanone
[ water samples, 100 pL of 1.0 wt% systems were measured on a capillary with a thickness of
0.01 mm, length of 80 mm and outside of 1.5 mm. Data was collected using a Dectris
PILATUS 2 M detector at a fixed camera length of 3.9 m with a wavelength A= 1 A. Data

are presented as a function of q = 4= sin 6 /A, where 20 is the scattering angle.

Aldol reactions in water. Asymmetric aldol reactions using cyclohexanone and p-
nitrobenzaldehyde were chosen to evaluate the efficiency of the lipopeptides as catalysts.
The reactions were performed using different catalyst amounts of 5 and 20 mol%. Two
methodologies were tested: from the powder peptides and from the solutions P1R1C (1-5)
and P2R.C (1-5). Considering the first methodology, 20.2 pL of cyclohexanone (0.19
mmol, 12 equivalents) was mixed with 1.0 mg of catalyst (0.81 pumol) and then 2.45 mg of
p-nitrobenzaldehyde (1.6 pumol, 1 equivalent) and 40.4 puL of water (2x cyclohexanone
volume) were added, for 5 mol% catalyst reaction. The solutions were stirred at room
temperature for three days and the mixtures were extracted with ethyl acetate four times,
via centrifugation at 4000 rpm for 5 min. After, the organic phase was removed on a rotary
evaporator and the samples were solubilized using deuterated chloroform. NMR
measurements using a (*H) Bruker Ultrashield Plus 400 instrument were performed at 400
MHz. The yield and diastereomer anti:syn ratio were calculated using the NMR spectra
obtained, for which tetramethylsilane (TMS) was used as a reference.

For the second methodology, for the 5 mol% catalyst, 2.45 mg of p-nitrobenzaldehyde
(1.6 umol, 1 equivalent) was added in 60.6 pL of systems P1R:C (1-5) and P2R.C (1-5),
containing cyclohexanone / water mixture (5:1, v/v), respectively. The same proceeding

used in the first methodology was performed to obtain and analyze the aldol product.

RESULTS



Fluorescence assays were made to determine the cac of the lipopeptides in water, which
is the minimum concentration at they aggregate in solution. Firstly, intrinsic tryptophan
fluorescence was probed, which revealed a cac of (3.4 + 0.5) x 10 wt% for all systems.
Figure 2 shows the fluorescence intensity as a function of the peptide concentrations. As
can be seen in Figure S2, the same cac value was observed for solutions with ANS (except
PRWG(C1gHz37)2) , a probe that is well known to promote interaction with hydrophobic
binding sites, enhancing the fluorescence signal.[*> 421 The original fluorescence emission
spectra are shown in Figures S3 and S4. It is surprising that the cac does not seem to be
sensitive to the different numbers of alkyl chains in the mono- and di-alkyl chain
functionalized molecules. This may be related to differences in the aggregation state of the

lipopeptides above the cac, as discussed below.
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Figure 2. Intrinsic tryptophan fluorescence intensity as a function of A) PRWG(CisHs7), B)
PRWG(CigH37)2, C) RWG(C1sHs7) and D) RWG(CisHasr)2 lipopeptides concentration.

CD spectra were measured to determine peptide conformation in the self-assembled
lipopeptide solutions. As the systems PiRiC (1-5) and P2R2C (1-5) showed too high

absorbance due to the cyclohexanone solvent, they are not considered further. Figure 3



shows the spectra for the samples P1R1W (1-5) and P2R>W (1-5). The systems (P1R1W 1)
and (P1R1W 2) presented, in the UV region, the n—n" transitions, characterized by two
positive bands: at 205 nm and 201 nm, respectively, and at 220 nm and 225 nm, which
correspond to the overlap of the indole and amide groups, dominated by the chiral signal
of tryptophan residue.*3l The other samples (P:R:W 3-5) only presented a maximum
located between 228 nm and 230 nm, correlated with the amide signal and possibly due to
tryptophan =-stacking interactions, suggesting the formation of week g-sheet structures.
The P2R>W 1-5 systems were characterized by a broad negative band at 210-214 nm and
a positive band at 228 nm, associated with proline.[**-#6] The differences in the CD spectra

for the lipopeptides may be correlated with differences the morphology, to be discussed.
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Figure 3. CD spectra of 0.1 wt% aqueous solutions of lipopeptides A) (P1R:W 1-5) and B) (P2R.;W
1-5).

TEM was used to identify self-assembled structures above the cac. The images shown
in Fig.4 revealed the coexistence of self-assembled nanotape and bilayer structures for
samples P1R:W (1-3) and spherical micelles or micelle clusters for P1R1W (4-5). Cryo-
TEM images, presented in Figure S5, show the formation of thin cylinders, with a diameter
lower than 50 nm, corroborating with CD results, and bilayers with approximately 200 nm
in diameter. TEM images shown in Fig.5 of the P2R>W (1-3) systems showed bilayers with
a diameter of 200 nm to 300 nm and small nanotapes. Polydisperse nanosheets were

observed for the P2R2W (4-5) samples.
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Figure 4. TEM images of 1 wt% solutions of P1R1W (1-5).

Figure 5. TEM images of 1 wt% solutions of P2R>W (1-5).

100 nm
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Figure 6 presents the SAXS measurements, showing more details about the nanoscale
shape and dimensions. SASFit*” software was used to fit the SAXS curves, and the red
curves, presented in Figure 6, represent the adjusted form factors. All systems, except
P1R1W 5, were provided considering a bilayer Gaussian form factor (with a fixed diameter
planar object of 500 nm) and a Gaussian size distribution. This form factor, based on that
used for lipid bilayers,#€1 has been used successfully to fit the form factor of lipopeptide
nanotape and nanosheet structures.®5% The form factor for samples P1R1W 4 and P;R;W
5 shows a different shape with a flat intensity profile at low g and sharp oscillations at high
g. These are characteristics of the form factor of core-shell particles (i.e., micelles), so the
scattering data were fitted to a core-shell form factor model, using Gaussian size
distribution (or) of the radius. Table 1 summarizes the fitted parameters.

The parameters in Table 1 show a decrease of the micelles thickness (t), in the systems
P1R1W (1-5), with the increase of PRWG(C1sHs7) content, from 3.6 nm for sample P1R{W
1to 2.2 nm for P1R1W 5. The core electron density in the bilayer structures becomes more
negative with increasing PRWG(C1sH37) content, indicating a more electron-dense core
structure (the same trend was also observed for the spherical micelles, comparing P1R:W
4 and P1R1W 5).

12
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q/A?

Figure 6. SAXS data (grey points) of systems P;R1W (1-5) and P,R.W (1-5) in pH native. Model

fits (red line) using the model described in the text.

An opposite effect was observed for the samples P2R>W (1-5), which presented a slight
increase in the thickness when the PRWG(CisHs7)2 was enhanced. The trend in core
scattering density is also opposite to that observed for systems P1R1W (1-5), suggesting
that the two lipid chains in PRWG(C1sH37)2 are less tightly packed.
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Table 1. Summary of the model parameters obtained from the fitting procedure of SAXS data for
the lipopeptide water solutions.*

Samples Bilayer Gauss* Spherical shell i
t S, Cout Ceore Rl Rz Og
(nm) (nm)  (nm) out (nm) core (hm) (nm) (nm) H 1

P:R:W

) 36 024 05 10x10° 11 1.0x10°

@) 33 018 05 10x10° 12 -23x10

@3) 28 003 11 24x10° 19 -26x10°| - - - - -

) 26 004 15 20x10° 21 -29x10°|34 20 05 -12 35x10°

(5) - - - - - - 31 22 04 -0.8 52x10°
P.RW

) 38 020 14 81x10 05 -6.1x10

) 36 019 52 31x10 12 -52x10

3) 38 019 15 67x10 09 -21x10

4) 38 014 45 28x10 22 -49x10°

(5) 40 012 33 19x10 49 -69x10°

*The diameter of the bilayer structures (D) was fixed at 500 nm, and s corresponds to the thickness dispersity.

Considering the self-assembly process of the cyclohexanone/water mixtures, TEM
images of the samples P1R:C (1-5) and P2R2C (1-5), (Figures S6 and S7) showed the
formation of polydisperse aggregates. The lipopeptides, with one lipid chain, form more
ordered and defined structures in comparison with the aggregates of the two lipid chain
lipopeptides. They were characterized by different assembly/aggregation properties in
suspension: globular (P2R2C 1 and P2R>C 5), with a radius of approximately 25 nm, or
elongated (P2R2C 2, P2R2C 3 and P2R2C 4).

SAXS data for systems P1R:C (1-5) and P2R2C (1-5) were fitted using a combination
of two form factors (mass fractal Gaussian and long cylindrical shell), allowing for the
presence of the clusters and fibril structures observed in the TEM images. Figure 7 presents
the fitted curves, and Table 2 summarizes the fit parameters.

The parameters in Table 2 indicate a gradual increase of the fractal cluster radius (R”)
with increasing proline-lipopeptide content in the systems, from 0.37 nm for P1R;1C 1 to
0.5 nm for P1R:C 5; and from 0.25 nm for P2R>C 1 to 0.40 nm for P2R.C 5. However, for
both peptides systems, a decrease of fractal dimension (D) was seen as the proline content
increases, suggesting the presence of more compact clusters. The same effect was observed
for the cylinder contribution. An increase of the cylinder radius (R) and the cylinders shell

thickness (AR) was seen as the proline-lipopeptide content increases, suggesting large
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structures being formed. Considering the (electron) scattering length density, a higher
electron density contrast for the shell (nshen) Was observed for the systems P1R:C (1-5) and
at the core (ncore) for the systems P.R>C (1-4), these results prove smaller aggregates being
formed for the P2R.C in comparison with the P1R1C samples. Only P2R>C 5 had a slight
electron density at the shell, which can be associated with a higher structure dimension.

P1R1C PZRZC

(C))
®)

(4) (4)

3
() 3)

I(q) / a.u.

(@)

(1)

0.01 0.1 0.01 0.1
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Figure 7. SAXS data (grey points) of systems P:R:C (1-5) and P.R,C (1-5) in pH native. Model
fits (red line) using the model described in the text.

Table 2. Summary of the model parameters obtained from the fitting procedure of SAXS data for
the systems P;R;C (1-5) and P,R2C (1-5) in pH native.*

Mass Fractal . .
] . Long Cylindrical Shell

Gaussian
R’ OR D R OR AR

(hm) _(m) (hm)| (hm) (nm)  (nm)

Ncore Nshell

@ | 037 010 33| 57 01 045 24x10° 7.5x107
| 039 010 30| 57 03 037 16x10® 14x107
| 043 014 29| 60 05 037 19x10° 22x107

@ | o045 o001 26| 85 07 060 84x10° 65x10°
| 050 o010 24| 203 08 081 23x10° 7.9x10°

@ |02 013 27| 89 02 058 88x10° 1.6x 10
| 026 009 25| 92 04 058 12x10° 47x10%
@ | o024 002 25| 102 02 052 21x10° 1.2x10%
| 031 015 22| 144 04 058 41x10° 16x10%
| 040 007 20| 261 06 08 21x10° 46x10°

* The cylinder length (L) was fixed at 100 nm.

The TEM and SAXS data confirm differences in the self-assembly process depending
on the solvent. It was considered when analyzing the catalytic performance of the
lipopeptides in aldol reactions, using p-nitrobenzaldehyde and cyclohexanone. The
reactions were performed at room temperature for three days, varying the catalyst amount
(5 mol% and 20 mol%), for both solvent conditions: water or cyclohexanone/water
mixtures, at native pH. The results are schemed in Figure 8, and Table S1 gives more
detailed information. The NMR spectra are presented in Figure S8.

Considering the bar graphs in Figure 8, the reaction with 5 mol% of catalyst P1R1W 5
(Entry 5 in Table S1) represents the best efficiency of all results performed, achieving the
highest conversion (almost 95 %) and excellent diastereoselectivity (93:7) for the anti aldol
product. At the same catalyst amount, for the systems P1Ri1W (1-5) and P.R>W (1-5), an
enhancement of the conversion was observed with the increase of PRW(CisHs7) and
PRW(C1sH37)2 content, respectively, which can be associated with the packing factor

increase, due to the presence of smaller particles, showed previously by SAXS and TEM
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(see Table 1 and Figures 4 and 5). This effect was also observed for a short proline-peptide
studied by our group,?®! that produced more compact systems, which promoted an increase
of the aldol reaction efficiency because of the easier interaction between the reagents and
the catalyst surface, aiding the enamine transition state formation and decreasing its
reaction energy barrier.

Increasing the catalyst amount to 20 mol%, a slight enhancement of the conversion for
the systems P1R{W (1-4) and P2R>W (1-3) was observed, and a decrease of this parameter
for samples P1R1W 5 and P2R,W (4-5), with a slight reduction of the stereoselectivity.
However, the reactions in water excess presented a considerable increase in their
conversion, with high diastereoselectivity, suggesting that water favours the substrates
approaching, optimizing the catalysts, and enhancing their efficiency.

To investigate whether water content influences the aldol reaction products, the
reactions were performed in excess water, using the same lipopeptide catalyst
concentrations as for the cyclohexanone/water mixtures. In this case, a considerable
decrease in the conversion was verified, mainly for the systems P,R>C (1-5), but with
similar diastereoselectivity to the systems P1R1W (1-5) and P2R2W (1-5). Comparing the
results from Figure 8 and Table S1, it can be concluded that the reactions take place in the
hydrophilic region, as more than 80% of the solvent corresponds to the cyclohexanone.
Still, in P1R1C (1-5) and P2R.C (1-5) this part was constrained in the core so that the
reagent attack at the catalyst surface is more difficult, consequently lowering the
conversion. The behavior of these systems is similar to another amphiphilic peptide studied
by our group that also showed micellar self-assembly, and enhanced catalytic efficiency in

an aqueous environment.?”]
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Figure 8. Results from aldol reactions between p-nitrobenzaldehyde and cyclohexanone catalyzed
by the lipopeptide mixtures. Left: conversion, Right: stereoselectivity. The colored bars represent

the catalyst concentration: red (5 mol%), blue (20 mol%), and green (20 mol% with water excess).

CONCLUSIONS

We have compared the self-assembly process of four new lipopeptide compounds
containing one or two amphiphilic tails, in the presence and absence of N-terminal proline
residues. The obtained complexes, and their mixtures, were evaluated as catalysts for
enantioselective aldol reactions in water and cyclohexanone/water solutions. These
materials exhibit similar cac values of ~ 4.0 x 10 wt% since that volume occupied by the
lipidic part of the molecule does not change so much. It also seems that the aggregation
process is governed mainly by the RWG peptide sequence. CD spectra reveal some S-sheet
secondary structure, with a contribution even from n-stacking of tryptophan residues. TEM
reveals nanosheet structures for most systems except P1R:W (4-5), which form spherical

micelles. The difference in the shape of the nanostructures is presumably related to the
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surfactant packing parameters. The di-alkyl lipopeptides have similar cross-sectional areas
of the lipid chains and the peptide, forming layered structures. In contrast, the monoalkyl
lipid chains PRWG(C1gH37) and its mixtures, containing the highest content of this
lipopeptide, form spherical micelles with a core of hydrophobic segments surrounded by a
hydrophilic peptide corona. Remarkably, micellar aggregates do not grow in the absence
of proline in their network chains. It is likely to be due to the presence of terminal charges
on the arginine residues in RWG(C1sHas7), which due to electrostatic repulsion, prohibits
packing of the peptide “headgroups” into spherical micelles. Instead, bilayer structures are
again stabilized because charge effects enhance the peptide-surface interactions. The
influence of chains' number on molecular packing of these lipopeptides is consistent with
prior reports.®) We are not aware of prior studies of the self-assembly or bioactivity of
mixed mono- and di-alkyl functionalized peptides.

SAXS consistently confirmed the bilayer or spherical micelle morphology imaged by
TEM. The bilayer thickness is 3-4 nm, which is consistent with a highly interdigitated
bilayer structure. The length of the molecules is estimated to be approximately 3x0.32 nm
+ 18 x 0.11 nm = 2.4 nm for the RWG lipopeptides (2.7 nm for the PRWG ones), where
the peptide length is based on a parallel B-sheet structure.? The spherical micelle radius
ranges from 2.6 nm to 4.0 nm, again consistent with the estimated molecular length.
Systems P1RiW (1-5) presented higher packing factor, with smaller particles as the
proline-lipopeptide content was enhanced, while the systems P2R,W (1-5) remained with
similar particle size.

The assembly of the lipopeptides in the mixed organic/aqueous solvent used for the
model aldol reaction studies led to cluster aggregates (with a radius of 0.25 nm to 0.50 nm)
and some elongated structures (with radius of curvature of 5.7 nm to 26.1 nm).
Measurements of catalytic yield and stereoisomerization revealed that the concentration of
water in the systems can influence the conversion of the model aldol reactions. Also, it was
observed that higher proline content promoted better efficiency for the systems P1R1W (1-
5) and P2R>W (1-5), due to the increase of the packing factor, but the opposite was seen
for the P1R:C (1-5) and P2R>C (1-5) samples, as larger structures were formed with
increasing proline lipopeptide content.

Considering the influence of polymorphism, we verified that the catalytic efficiency is
correlated with the catalyst surface area availability. Comparing the SAXS parameters of
each of these systems, it was observed that systems P1R1W 4 and P1R:W 5 show the best

activity of all samples, and they are characterized by small micelles, which have a high
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surface area availability. For nanotape structures, the conversion efficiency is higher for
the systems which contain less thick bilayers (P1R:W 1-3) when compared with (P2R>W
1-5) samples. The proline availability is another factor that has to be considered since it
can occupy distinct positions or conformations in the self-assembled structures, and
consequently, different reactivity profiles. Furthermore, the effect of phase transfer is
another important factor in the enhancement of stereoselectivity in aldol coupling reactions,
and this will be important above the cac of the peptides. Measurements of catalytic yield
and selectivity revealed that the concentration of water in the systems influences the aldol

condensation product formation.

In summary, our results show that mixing mono- and di-alkyl lipopeptides is a valuable

method to tune self-assembly and to control biocatalytic activity.
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