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Structural Screening of Short Peptide Amphiphiles with

Autocatalytic Self-Replication

[a, b a, b]

lon Turcan™® and Ignacio Insua*!

There is great interest in developing small synthetic molecules
that imitate some of the functions and behaviour of living
beings. Here, we describe the structural screening of peptide
amphiphiles with autocatalytic self-replication, which mimics
the perpetuation mechanisms of living matter. Our design uses
two reactive precursors to generate self-assembling peptide

Introduction

Molecular replication is a fundamental trait of living beings that
allows the propagation of structural and functional information
across generations. While specialised enzymes are required to
replicate the genetic information of an organism, ™ other
biomolecules like lipids and peptides are capable of autono-
mous molecular replication (i.e. self-replication).”® In these
cases, no enzyme is involved in the replicating process, instead,
the self-assembly of the parent molecule into different
structures (e.g. micelles, fibres, etc.) hosts the accumulation
and/or templation of reactive precursors. This is an autocatalytic
process, meaning that the self-replicating molecule catalyses
the formation of molecular copies of itself by co-assembly with
its precursors. For example, self-replicating amphiphiles can
assemble micelles that favour the mixing and reactivity of
immiscible precursors.*” The self-replication of peptides has
been engineered by hydrophobic interfacing of the parent
peptide with two precursor fragments, both in o-helical® and p-
sheet” conformations. Dynamic combinatorial libraries of
peptides®? or synthetic amphiphiles” allow the self-replication
of a 'fitter’ product from pools of competitors, mimicking
Darwinian evolution by the spontaneous selection of a more
favourable self-assembling product. Particularly interesting from
an evolutionary standpoint are information-encoding self-
replicators, like synthetic peptides’™ and nucleobase
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amphiphiles, which form micelles that catalyse their own
synthesis. A collection of precursors with varying sizes was
screened combinatorially, revealing a minimal tripeptide amphi-
phile required to trigger autocatalytic self-replication. These
results contribute to the structural simplification of synthetic
supramolecular monomers with life-like behaviour.

derivatives,"*™ which can perpetuate structural information by

the specific recognition of template sequences.*'

The increasing interest in miniaturising functional assem-
blies from the bottom-up protocell and systems chemistry
communities has fostered the design of small supramolecular
monomers with cooperative behaviour, like self-replication. The
challenge lies in reducing the size of a monomer to a minimum
while retaining self-assembly and functional capacity. While
small monomers are easy to produce and incorporate into other
hybrid designs, their limited supramolecular contacts can
compromise self-assembly affinity and specificity. In this
context, peptides offer a versatile platform for the design of
small supramolecular monomers with defined assembly modes
and cooperative action. For example, the small fragment
diphenylalanine is contained within the 42-amino acid se-
quence of the B-amyloid peptide, and it has been shown to
self-assemble into nanofibres like its parent peptide.'® Assem-
blies of histidine-containing octapeptides have shown esterase
behaviour, similar to that found in the catalytic pockets of
much larger enzyme structures."” These examples show the
capacity of short peptides to mimic the structure and function
of complex biomolecules through self-assembly.

Amongst all non-covalent interactions, hydrophobic packing
tends to dominate supramolecular self-assembly in water. For
this reason, peptides with conjugated aliphatic tails (i.e. peptide
amphiphiles or lipopeptides) have been widely explored for
nanomaterial assembly in biological and other aqueous
media.'® Just recently, peptide amphiphiles were shown to
undergo autocatalytic self-replication for the first time.'
However, while short peptide amphiphiles have been screened
in self-assembly capacity with decreasing molecular size,?*?"
the miniaturisation of self-replicating peptide amphiphiles
remains unexplored.

In this paper, we perform a systematic study of peptide
amphiphile self-replication using progressively smaller mole-
cules, aiming to identify the shortest peptide amphiphile
capable of autocatalytic self-replication. A combination of
spectroscopic, chromatographic and microscopy techniques
confirmed the autocatalytic self-replication of a tripeptide in
reaction with an aliphatic aldehyde, dodecanal, yielding cata-
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lytic micelles not accessible from any shorter peptide amphi-
phile. The minimum structural requirements reported here for
an autocatalytic self-replicating peptide amphiphile can be
broadly applied to other functional supramolecular designs,
contributing to the simplification of biomimetic assemblies and
bottom-up protocell engineering.?>*!

Results and Discussion

Peptide amphiphiles (PAs) are self-assembling monomers
consisting of an aliphatic tail covalently attached to a
peptide."® The peptide unit usually contains two regions: a
hydrophobic B-sheet-inducing domain to promote self-assem-
bly, and a charged end that provides colloidal stability to the
final assembly. To engineer self-replicating behaviour in PAs, an
efficient reaction is required to connect two PA precursors in
the presence of their product as catalyst. One reported strategy
to rapidly generate PAs in aqueous media is the connection of
hydrophobic aldehydes to peptides bearing hydroxylamine
groups, thus forming the oxime-connected PA products.'#***"!
Based on these molecular designs, we decided to study the
progressive reduction in size of PAs to identify the minimum
structure required for autocatalytic self-replication.

A collection of four dormant (i.e. non-assembling) peptides,
comprised of phenylalanine and glutamic acid residues as
hydrophobic and charged domains respectively, were tested
against three aliphatic aldehydes of varying length (Figure 1).
The dormant peptides studied include a short dipeptide (FE),
tripeptide (F,E), tetrapeptide (F,E,) and pentapeptide (F;E,). The
hydroxylamine group at the N-terminus of these peptides
would condensate with the reacting aldehydes (Tg, T, or T;,) to
afford a total of twelve combinatorial PA products. Each
reaction product is denoted as the combined aldehyde and
peptide codes (e.g. T,,F,E). Being formed in aqueous buffer,
these PA products may self-assemble into micelles, which can
catalyse the further connection of peptide and aldehyde
precursors by accumulating these reactants at their amphiphilic
interface (Figure 1 inset).

Aliphatic tail (T)

PSS

All peptides were synthesised on solid phase using methods
previously reported®* and characterised by NMR and HPLC-
MS. The peptides were then combinatorially mixed with
commercial aldehydes to assess their autocatalytic self-replica-
tion, using octanal (Tg), decanal (T,,) and dodecanal (T;,) to
evaluate the influence of longer -and hence more hydrophobic-
aliphatic tails in the product PAs. Autocatalytic reactions are
characterised by a sigmoidal kinetic profile, indicative of an
isothermal acceleration of the reaction by the product formed,
usually preceded by an induction phase (a.k.a. lag phase) where
not enough product has yet been formed to trigger catalysis.”””!
Induction phases to produce autocatalytic micelles can vary
from a few minutes'®'? to several hours“® depending on
precursor reactivity and product self-assembly (i.e. critical
micelle concentration in a given medium). On this basis, we
performed kinetic studies with all possible combinations of
reactive peptides and aldehydes, looking for sigmoidal profiles
indicative of an autocatalytic self-replication (Figure 2). In these
experiments, peptide and aldehyde mixtures were incubated in
the presence of the fluorescent probe thioflavin-T (ThT), which
is a sensor for anionic micelles®™ and PA assemblies."**' ThT
emission was monitored over time as a reporter for the self-
assembly of product PAs, providing insight into both the
covalent connection of the precursors and the supramolecular
association of the product, since the former is required for the
latter. Like for other reported autocatalytic micelles,®*” reac-
tions were stirred and heated, and reactive aldehydes were
added from concentrated stocks in ethanol, all to maximise the
solubility and mixing of reagents. We were pleased to find
some sigmoidal profiles in the combinatorial screening of PA
precursors (Figure 2). The longest peptide tested, F;E,, showed
two sigmoidal emission profiles, both with T,, and T, while
shorter F,E, and F,E analogues only so with the longest
aldehyde, T,,. The two shortest precursors, FE and Tg, did not
show any indication of micellisation (i.e. ThT emission) in any of
the combinations tested. These observations are consistent
with larger and more hydrophobic PAs favouring self-assembly
in water, unlike shorter and more polar PAs incapable of
sufficient solvophobic packing. Interestingly, the shorter the
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Figure 1. Reaction scheme of dormant non-assembling peptides with aliphatic aldehydes (i.e. tails) to generate peptide amphiphile (PA) products. PAs can
self-assemble as micelles in the aqueous reaction medium, which can catalyse the further conversion of precursors into PAs by increasing the local
concentration of reactive molecules at the amphiphilic surface of the micelles (bottom left inset).

ChemSystemsChem 2025, 7, e202400094 (2 of 5)

© 2025 Wiley-VCH GmbH

01010SUOD -BJORD) Z8PUB N UQIAe0U0D AQ ¥6000120Z SAS/200T 0T/10p/W0 A8 |1 Aselq 1 jput juo'adone-Ans iwsyoy/sduy wouy pspeojumod ‘1fSz0z ‘902v0L5e

INeWwssIS 0g ol

36USD17 SUOLULLOD BAIERID 3 et |dde auy Aq peusenob ase sspiiie YO ‘38N JO S9Nl 10} ARigiT aulu AS|1M UO (SUONIPUOD-PUR-SLUB/LI0D S| 1M AR1g 1 U1 UO//SANY) SUORIPUOD pUe SWB | 3U138S *[9202/70/c2] uo ARigiiauliuo A8jim * (Bnsio)enies aq ot



Chemistry

Research Article Europe

European Chemical

Figure 2. Thioflavin-T (ThT) emission kinetics of dormant peptide (FsE,, F,E,,
F,E and FE) and aldehyde tail (T,,, T,, and Tg) mixtures. Control samples were
performed in the absence of aldehyde tail. Mean + SD, n=3.

peptide, the shorter the induction phase [F,E (ca. 10 min) <
F,E, (ca. 45 min) < F5E, (ca. 80 min) with T,,], which could result
from the higher solubility and hence reactivity of shorter
peptides. Overall, it was clear that T,,F,E was the smallest PA
structure tested to show a sigmoidal kinetic profile indicative of
a potential autocatalytic self-replication.

To demonstrate the autocatalytic nature of T,,F,E self-
replication, seeding experiments were performed by doping a
mixture of T,, and F,E precursors with preformed PA product
(Figure 3). Seeding assays involve the addition of product
amphiphile at the start of the reaction, and demonstrate the
autocatalytic nature of the process by reducing the induction
phase."*" Indeed, the presence of product T,,F,E (i.e. seed)
accelerated PA production and micellisation, shortening the
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Figure 3. Thioflavin-T (ThT) emission kinetics of F,E and T;, reaction mixtures
in the presence of different amounts of their PA product, T,,F,E (seed). Mean
+SD,n=3.
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maxima at 655 and 633 nm as in-solution and in-micelle states,
respectively (Figure S1). While the autocatalytic self-replicating
T,,F,E showed a CMC of 59 uM, consistent with the low uM
range found for other PA CMCs," T,,FE did not show any CMC
transition in the range of concentrations tested (Figure 4B).
Taken together, these results imply that while FE can efficiently
react to form T,,FE, this PA product cannot form micelles in
solution, setting a lower limit in the structural miniaturisation of
PAs with assembly-driven autocatalytic self-replication.

The CMC found for T,,F,E (59 uM) perfectly fits the results
from the seeding experiments (Figure 3), where sub-CMC values
of PA (e.g. 5mol% =50 uM) still require an induction time to
generate catalytic micelles, whereas seed concentrations above
the CMC (10 mol% =100 uM) lack any induction time, having
pre-formed micelles from the start of the experiment. These
results show the autocatalytic nature of PAs is arising from their
assembled micellar state, which can work as a nanoreactor that
increases the local concentration of precursors and hence the
reaction rate. It must be noted that micellar autocatalysis, also
referred to as physical autocatalysis, is not a catalytic process in
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Figure 4. (A) Reverse-phase HPLC analysis of peptide precursors before (F,E,
FE) and 180 min after (T,,F,E, T,,FE) the addition of reacting aldehyde T;,. (B)
Critical micelle concentration (CMC) of PA products calculated by Nile red
emission. Mean + SD, n=3.
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strict terminology, as it does not decrease the activation energy
of the reaction.® Instead, examples have shown that the
solubilisation and mixing of amphiphile precursors within the
micelles are responsible for the catalytic process.*®

Finally, we decided to study the potential nanostructures
formed by all T,, products, being this aldehyde the most
hydrophobic one tested and hence the most likely to induce
self-assembly. PAs can generate different nano-assemblies
based on their molecular structure and assembly conditions
(e.g. concentration, pH, etc), mainly forming micelles and
nanofibres."® Usually, the longer the peptide unit of the PA, the
more favoured its linear propagation into nanofibres due to
larger H-bond networks between peptide backbones. Unlike
directional H-bonds, non-directional hydrophobic packing gen-
erally induces the micellisation of PAs with short peptide units.
Mimicking the conditions of the kinetic studies (Figure 2),
reaction mixtures of all four peptides with T,, were imaged by
electron microscopy (Figure 5). Images showed that, while the
two largest peptides, F;E, and F,E,, both formed nanofibres
with T,, -although the former in much higher amount-, F,E only
showed circular structures resemblant of micelles (=65
16 nm, Figure S2). Being analogous in amphiphilic core-shell
structure, both micelles and nanofibres (a.k.a. cylindrical
micelles)®” can work as catalysts for the self-replication of their
constituting PAs. Not surprisingly, the smallest peptide FE did
not show any nanostructures by electron microscopy, confirm-
ing its inability to self-assemble, as suggested by all previous
experiments. Dynamic light scattering confirmed the size of
T,,F,E micelles (D,=61+11nm, Figure S3), with all other
samples producing larger structures, consistent with nanofibres
of T,,FsE, and T,,F,E, and amorphous aggregates of T,,FE.
Importantly, the nanostructures found by STEM also demon-
strate the negligible effect the reporters ThT and Nile red have
on PA self-assembly -and hence autocatalysis-, since these
probes are absent in electron microscopy samples (Figure 5).

Combined, our results demonstrate T,,F,E is a true border-
line autocatalytic PA size-wise, whose molecular structure is just
amphiphilic enough to trigger micellar self-assembly, having

F3E2 + T12

F2E2 + T2

Figure 5. Representative scanning-transmission electron microscopy (STEM)
images of all T,, reaction mixtures. Samples were stained with phospho-
tungstic acid. All scale bars =400 nm.
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any of the slight reductions in size tested (i.e. T;oF,E or T,,FE)
fully compromise its self-assembling and autocatalytic behav-
iour.

Conclusions

We have identified T,,F,E as a minimal autocatalytic self-
replicating peptide amphiphile, capable of accelerating its own
synthesis from two reactive precursors, F,E and T,,, through
micellisation. Seeding experiments proved the autocatalytic
nature of this process, with doping levels above T,,F,E's CMC
triggering catalysis from the start of the reaction (Figure 3,
10 mol%). The inability of the smaller T,,FE analogue to form
catalytic micelles has been demonstrated with two self-
assembly sensors, ThT (Figure 2) and Nile red (Figure 4B), and
electron microscopy. Our results show a lower limit in the
simplification of self-assembling PAs, not only for their
autocatalytic self-replication, but also for their common assem-
bly as nanofibres, not accessible from T,,F,E. We hope these
results will guide future developments in functional biomimetic
assemblies made from simple synthetic monomers, which can
implement this minimal tripeptide amphiphile with autocata-
lytic self-replicating behaviour.

Experimental Methods

Solid-phase peptide synthesis. 2-chlorotrityl chloride resin (0.2-
0.4 mmol) was reacted with the required Fmoc-protected amino
acids (1.5 equiv.) in the presence of HBTU (1.3 equiv.) and DIPEA
(4 equiv.) in DMF for 30 min. Fmoc deprotection was performed
with 20 vol% piperidine in DMF for 30 min. After the final Fmoc
deprotection, (Boc-aminooxy)acetic acid (8 equiv.) was coupled to
the N-term of the peptide in the presence of DIC (8 equiv.) in DMF
for 10 min. The resin was then cleaved with TFA:TIS:H,0O
(95:2.5:2.5vol%) for 2h and the afforded solution precipitated
into chilled diethyl ether, to then freeze-dry the pellet and thus
isolate the peptides as white powders. All products were charac-
terised by "H-NMR and HPLC-MS (see supporting information).

Peptide amphiphile synthesis. Peptides F,E or FE (5 mg) were
reacted with dodecanal (T;, 1.5 equiv.) in 1 mL of DMSO at 60°C.
After overnight incubation, the solutions were precipitated in acidic
water and filtered. All products were characterised by HPLC-MS (see
supporting information).

Kinetic study of PA formation and micellisation. Solutions of
dormant peptide (1 mM) and ThT (250 uM) were prepared in
50 mM HEPES buffer pH 6.8, to which 5 uL of an aldehyde solution
in ethanol (10 equiv.) were added to start the reaction. These
reaction mixtures were prepared in triplicate to a final volume of
200 pL and fluorescence emission (ex=485 nm, em =520 nm) was
measured every 30s in a microplate reader at 40°C with orbital
shaking at 300 rpm (Figure 2). For data processing, all assembling
samples (i.e. sigmoidal profiles) were normalised to their maximum
emission, whereas flat kinetic profiles at baseline intensity were
normalised to the maximum emission of the intermediate assem-
bling PA, T,,F,E,. Seeding experiments (Figure 3) were prepared
and processed likewise, having different amounts (mol%) of
preformed product T,,F,E at the start of the reaction (i.e. before the
addition of the aldehyde).

© 2025 Wiley-VCH GmbH
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HPLC-MS analysis of precursor reactivity. Samples were prepared
and incubated as indicated in the kinetic experiments above, only
this time without ThT. FE and F,E samples do not contain T,,, while
T,,FE and T,,F,E samples were analysed 180 min after the addition
of T,, (Figure 4A). MS of all HPLC peaks can be found in the
supporting information.

Critical micelle concentration (CMC) determination. For each
sample, 10 uL of a 50 uM Nile red solution in acetone were left to
dry overnight in an eppendorf tube protected from light. Next,
500 pL of serial dilutions of T,,F,E and T,,FE, ranging from 2 to
200 pM in 50 mM HEPES buffer at pH 6.8, were added to these
eppendorfs and samples were again incubated overnight in the
dark. Each concentration was prepared in triplicate. The next day,
samples were measured in a fluorimeter (ex=550 nm, em=570-
700 nm) at 20°C. The CMC was calculated as the crossing point
between the two linear regimes found for Nile red’s emission
(Figure 4B).
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