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Abstract: Structural adaption in living systems is achieved by
competing catalytic pathways that drive assembly and dis-
assembly of molecular components under the influence of
chemical fuels. We report on a simple mimic of such a system
that displays transient, sequence-dependent formation of
supramolecular nanostructures based on biocatalytic forma-
tion and hydrolysis of self-assembling tripeptides. The systems
are catalyzed by a-chymotrypsin and driven by hydrolysis of
dipeptide aspartyl-phenylalanine-methyl ester (the sweetener
aspartame, DF-OMe). We observed switch-like pathway
selection, with the kinetics and consequent lifetime of transient
nanostructures controlled by the peptide sequence. In direct
competition, kinetic (rather than thermodynamic) component
selection is observed.

Living systems are exceptionally capable of altering their
structures in response to changing situations, largely through
molecular assembly and disassembly via competing catalytic
pathways under the influence of chemical fuels. There is
tremendous interest in developing man-made analogues of
such systems, which provide insight into the workings of
biology’s remarkable ability to adapt to changing environ-
ments and may find use in future adaptive nanotechnolo-
gies.'””) Dynamic processes in living systems are regulated by
balancing thermodynamic and kinetic aspects. The rapid
responses required for biological survival are achieved
through catalytic amplification, which enables dynamic
change under otherwise constant conditions. Indeed, enzymes
are increasingly used to activate or deactivate a variety of
functions in designed, peptide-based nanostructures, includ-
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ing self-assembly.®” Furthermore, nature's self-assembly
systems operate away from equilibrium, facilitating “unfav-
orable” reactions by coupling them to hydrolysis of a high-
energy molecular fuel. Most existing laboratory-based self-
assembly processes!!*"! are designed with thermodynamics,
rather than kinetics, in mind. Changes in environmental
conditions, such as temperature, ionic strength, solvent, and
pH value, result in thermodynamically driven self-assembly.
In particular for supramolecular gels, " equilibrium is not
always reached and consequently the self-assembly route is
crucial in determining the final supramolecular architec-
ture.'"! Kinetics may also be controlled by taking advantage
of the catalytic production of self-assembly building blocks, as
demonstrated using enzymaticl”l and chemical catalysis."!
The first example of a chemically fuelled, non-equilibrium
supramolecular system was demonstrated by Boekhoven
etal., who showed that transient hydrogelation may be
achieved by catalytic esterification (to form a gelator) and
competing, thermodynamically favored hydrolysis of the ester
group.’”) We recently demonstrated the chemically fuelled
biocatalytic formation of peptide nanofibers which display
dynamic instability based on transient formation (fuelled by
ester hydrolysis) and degradation of an aromatic dipeptide
amphiphile.” Transient self-assembling nanostructures have
also been achieved by controlled protonation and consequent
disassembly, using dynamically controlled pH gradients.”"!

Sequence-dependent function may be found even in very
short peptide sequences.””?! Thus, a system where different
peptides are formed through competing pathways provides
interesting opportunities for nanostructures with adaptive
functions. Herein, we demonstrate peptide-sequence-depen-
dent kinetic pathway selection in the chemically fuelled
biocatalytic self-assembly of tripeptides. We show that these
systems demonstrate transience, with the lifetime of the
nanostructures dictated by the peptide sequence. We stress
that the approach used in this Communication is conceptually
different from our previous work on equilibrium-driven
enzymatic self-assembly.”*! In that work, the thermody-
namic stabilization of the peptide reaction product drives the
reaction and the equilibrium situation represents the assem-
bled state, that is, equilibrium-driven formation of peptide
nanostructures. In the current approach we deliberately focus
on peptides that do not assemble at equilibrium, that is, we
operate them under conditions where self-assembly is not
favored. This point is key to achieving transience because, as
demonstrated previously by us® and others,*) nanostructure
formation should be unfavorable at equilibrium.

Therefore, to produce transient structures, a “poor assem-
bler” is required, necessitating a balance of attractive and
repulsive forces within one molecule. In addition, the peptide
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should be a good substrate for the enzymatic reaction. As the
enzyme, we chose a-chymotrypsin which has previously been
used in biocatalytic self-assembly?® and has a well-docu-
mented preference for aromatic residues at the C terminus.
Conveniently, the artificial sweetener aspartame, a dipeptide
methyl ester (DF-OMe), used as a sugar substitute in some
foods and beverages,"3! is a potential substrate for a-
chymotrypsin that also provides phenylalanine (F) in posi-
tion 2 to ensure the peptides have a propensity to aggregate
and a conflicting aspartic acid (D) at the N-terminus position.
For the purposes of this work, aspartame provides a low-cost,
water-soluble activated precursor for the formation of
transient nanostructures. The third amino acid is used to
regulate the properties of the material formed by using
a range of amino acid amides (Scheme 1) to form DFX-NH,.
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Scheme 1. Sequence-controlled pathway selection in transient biocata-
lytic self-assembly from a dipeptide precursor (aspartame; 1) with
different amino acid amides in the presence of a-chymotrypsin to form
the temporary tripeptide hydrogelator, which may be also hydrolyzed
by the same enzyme.

It is anticipated that transient supramolecular architecture
and hydrogel formation arises from aromatic stacking inter-
actions between the aromatic amino acid residues and
hydrogen bonding between the tripeptide backbones.?*33

Thus, starting from aspartame (1°; DF-OMe) and a range
of amino acid amides (X-NH,, where X=W, Y, F, L, V, S, or
T) with a-chymotrypsin™ as the catalyst, a range of potential
tripeptide amides may be formed (DFX-NH,). The forward
reaction, resulting in peptide formation (1°—2, Scheme 1) was
enabled by o-chymotrypsin-catalyzed transacylation.l?*3%]
Provided that self-assembly is thermodynamically disfavored
under the conditions used, this should lead to the formation of
2 (which exists only transiently), which is subsequently
hydrolyzed to 1 (Scheme 1). It should be noted that transient
supramolecular structures would only exist if the amide bond
formation (1°—2) is faster than the hydrolysis (1"—1) and if
amide hydrolysis (2—1) is slow.
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Remarkably, we observed a substantial difference in
pathway selection depending on the choice of the amino
acid amide nucleophile. In the presence of W, L, V, S, and T no
gelation was observed. Using high-performance liquid chro-
matography (HPLC), 2 was not detected, indicating its
transient existence was either of a very short duration and
immediately hydrolyzed or did not occur at all. Instead,
hydrolysis towards the formation of DF (1) occurred within
30 min. This is unexpected because in previous work it has
been shown that a variety of amino acid amides (L, V, S) may
be used as nucleophiles with high yields (60-80%) in
chymotrypsin-catalyzed peptide synthesis by trans-
acylation,*" although in that work the polymeric peptide
product was thermodynamically stable, therefore, the 2—
1 reaction was not favored.

In contrast, peptide formation and self-assembly was
obtained when using F-NH, (3a) or Y-NH, (3b). We observed
instant hydrogel formation after gently vortexing and soni-
cating (gelation was observed inside the sonication bath).
Note that W-NH, did not give rise to transient gelation,
despite the fact that it has previously been identified as a good
candidate for self-assembly.”® It is noteworthy that without
sonication (only vortexing) of the precursor solution, gelation
was observed after 5 min, indicating that ultrasonic energy
enhance the kinetics of the system. No gelation was observed
without the addition of chymotrypsin into the system. Digital
photos of the macroscopic transitions can be found in
Figure S1 in the Supporting Information. Monitoring the
DF-OMe/F-NH, reaction by HPLC, it was identified that the
tripeptide product (2a) had the highest conversion within
30 min. Gradually, the peptide hydrolyzed, giving rise to the
formation of DF (1), while after 72 h the percentage of 2a
(DFF-NH,) was found to be around 10% (Figure 1a). This
value represents the equilibrium conversion for DFF-NH,
(which is clearly below the critical gelation concentration).
Replacing phenylalanine (F-NH,, 3a) with tyrosine amide (Y-
NH,, 3b) we found that the lifetime of the gel could be
reduced significantly, from 24 to 4 h. HPLC analysis of the
reaction revealed that DFY-NH, (2b) reached complete
conversion after 30 min. After 2 h the tripeptide was reduced
to 40 % and it completely disappeared after 10 h (Figure 1b),
showing that this peptide has a lower propensity for self-
assembly than DFF-NH,. It should be noted that by using
mass spectroscopy we detected the formation of the dimeric
product (DFDF, m/z 541.83) as well as some diketopiperazine
(DKP, m/z 263.1131) present in the starting material, however
only in low abundance. The HPLC chromatographs and mass
spectra of all the reactions at different time points are
available in the Supporting Information (Figure S2-10).

These results indicate that sequence-specific interactions
played a major role for the formation of the transient product
and may be used to achieve a pathway switch. We propose
that the formed nanofibers observed for 2a and 2b are
potentially less prone to enzymatic hydrolysis in their
assembled state (i.e. delaying the reaction 2—1).

To further investigate the temporary formation and
degradation of the peptide nanostructures, transmission
electron microscopy (TEM) was used at different time
points. Figures 1¢,h show the precursor 1°. In the case of
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aggregates can be attributed to the forma-
tion of DF (1) as a result of complete
hydrolysis of 2b.

To probe the nature of the temporary
supramolecular interactions we used FTIR
to follow the transient 3-sheet-like arrange-
ment of the amide groups.”®! No hydrogen-
bonding-type interactions were found for 1*

0 10 20 30 40 50 60 70 80
time (h)

Figure 1. HPLC analysis of a) 2a and b) 2b product formation and degradation with the red
line representing DFF-NH, (in (a)) or DFY-NH, (in (b)) and the blue line representing DF
(1). The black arrow represents the gel-to-sol transition and the dotted purple line the
critical aggregation concentration. c—g) TEM images of aspartame (1) and tripeptide
product 2a (DFF-NH,) after 0.08, 6, 48, and 72 h, respectively. h-I) TEM images of
aspartame 1" and tripeptide product 2b (DFY-NH,) after 0.08, 4, 8, and 24 h, respectively.

Scale bar in (c-1) =500 nm.

DFF-NH,, early-stage (0.08 h) TEM images show an entan-
gled fibrillar network and the length of the fibers was found to
be <5 um (Figure 1d). After 6 h, considerable shortening of
the fibers was observed (Figure 1e). At this stage, the
material remained in the gel phase because of the presence
of 70% of the tripeptide. After 48 h we noticed further
shortened fibers of approximately 1-2 um in length (Fig-
ure 1f), where the concentration of the tripeptide was found
to be around 20%. Finally after 72 h, at a conversion of
approximately 10%, short fibers remained visible (Fig-
ure 1 g). The formation and shortening of the supramolecular
architecture provides strong evidence of a dynamically unsta-
ble system. To investigate the possibility of repeated transient
supramolecular reconfiguration and gelation, 1 equivalent
(20 mm) of aspartame (1°) was added into the system after
24 h, upon which hydrogel formation was observed after
gently vortexing and sonicating. This could be repeated for up
to three cycles, however the conversion into the transient
tripeptide product reduced (to 60 and 30%, respectively),
which was most likely related to the accumulation of DF (1) in
the system (Figures S11-12). TEM was also used to probe the
structural changes at the microscopic level in the case of DFY-
NH, (2b). Initially, TEM revealed an entangled fibrillar
network of approximately 7-8 um of length (Figure 11). After
4 h the fibers broke down to about 3 um as the tripeptide
remained in the gel phase with a concentration 30 %. After
8 h, further shortening of fibers was observed and after 24 h
spherical aggregates were formed (Figure 11). These spherical
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in the amide region of the spectrum indicat-
ing that the structures observed by TEM are
disorganized aggregates.

Upon transacylation and assembly of 2a
a strong band at 1648 cm™! was identified,
suggesting the formation of a hydrogen-
bonded network with limited long-range
order.’*¥! Additionally, a band assigned to
the carboxylate group of the sidechain of
aspartic acid was found at 1588 cm™'. Grad-
ually, after 6 h the intensity of the band at
1648 cm ™" decreased and after 72 h was lost
(Figure 2a). After this time, the spectrum
also contained a small contribution at
higher wavenumbers of the 1588 cm™!
band compared to the aspartame spectrum.
In contrast, FTIR analysis of 2b revealed
a strong band at 1624 cm ' suggesting for-
mation of more ordered hydrogen-bonding-
type interactions between the tripeptides.
Additionally, a band appeared at 1647 cm ™",
as previously detected for 2a. After 4 h, the
intensity of the band for the B-sheet-like
arrangement was decreased, with the band disappearing after
24 h (Figure 2b). The FTIR spectrum of 1 mgmL™"' of a-
chymotrypsin as a control experiment is shown in Figure S13,
and shows a
very weak band at 1624 cm™' for hydrogen-bonding-type
interactions.

To further investigate the transient supramolecular recon-
figuration and assembly of 2b, we used diffusion ordered
NMR spectroscopy (DOSY NMR). It was not possible to
investigate 2a by the same method as a result of formation of
some insoluble material. Following the reaction, it was
revealed that the hydrodynamic radius of the molecule
became bigger as the diffusion of 2b decreased (5 m*s™).
With subsequent amide hydrolysis, the diffusion constant
increased and was found to be close to that of the starting
material (approximately 6 m*s™"; Figure S14).

The structural differences between 2a and 2b in terms of
supramolecular self-assembly and the control of the kinetics
by chemical design prompted us to investigate direct com-
petition between the nucleophiles (2a, 2b) in the presence of
the enzymatic catalyst and the acyl donor. Aspartame (17
20 mm) and the nucleophiles (40 mM; 20 mMm of each) in the
presence of a-chymotrypsin (1 mg) were employed. As shown
in Figure 3 a, after 1 hour of the competition reaction, 2b was
formed preferentially in a yield conversion of 70 %, with 30 %
of 2a. Gradually, both of the tripeptides started to break down
and after 48 h the concentration of 2b was found to be 20 %,
whereas 2a almost disappeared (approximately 3% ).
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Figure 2. a,b) FTIR spectra in D,O of aspartame (1%, DF-OMe; 20 mwm)
in sodium phosphate buffer (100 mm; pH 8) with either a) 2a (DFF-
NH,) or b) 2b (DFY-NH,), recorded at different time points. Inset in
(a) shows a plot of the absorption values at 1648 cm™' for 2a an d in
(b) at 1624 cm™' for 2b.

The FTIR spectrum of the competition experiments
revealed a band at 1624 cm ™!, which was previously detected
for 2b (Figure 3b). Figure S15 shows time-dependent FTIR
experiments. TEM images revealed sequential fiber forma-
tion and degradation (Figure 3c—f) with the fibers looking
thinner and less twisted, similar to the fibrillar nature of 2b. It
is not possible to say with certainty whether 2a and 2b form

co-assembled structures or form discrete structures. The
remarkably similar degradation profile for both suggests
that the degradation mechanisms are linked. However, it is
clear from our results that 2b is preferentially formed as it is
formed in a higher yield, so in terms of molecular composition
it outcompetes 2a. These data therefore suggest that kinetic
(rather than thermodynamic)??"! selection of nanostructures
occurs. Additional TEM images for the fibrillar formation
and degradation of 2a and 2b and for the competition
experiments are available in Figures S16-S18. Histograms
with the fibrillar length distribution for all the TEM
experiments can be found in Figure S19.

In summary, we have demonstrated sequence-dependent
pathway selection in a non-equilibrium biocatalytic assembly,
a reaction driven by the hydrolysis of the methyl ester in the
sweetener aspartame (DF-OMe). These dynamically unstable
systems could be refueled several times by addition of
aspartame. In the direct competition between F-NH, and Y-
NH, the kinetically preferred product (DFY-NH,) rather than
the most stable product (DFF-NH,) dominates, demonstrat-
ing kinetic, rather than thermodynamic, selection of nano-
structures. We demonstrate control of the kinetics and
consequently the lifetime of the nanostructures formed by
chemical design. This work provides a step toward a better
understanding of structural adaption in biological systems and
opens up new opportunities to create supramolecular systems
for non-equilibrium motility and shape control.

Keywords: biocatalysis - hydrogel - nanostructures - peptides -
self-assembly
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