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In chemically fueled self-assembly, a reaction cycle activates and
deactivates molecules for self-assembly. The resulting assembly is
dynamic and should be endowed with unique behavior in this kine-
tically controlled regime. Recent works have mainly focused on
design rules for the activation of molecules for self-assembly,
thereby assuming that disassembly upon deactivation inherently
follows. However, that is not always the case. This work shows a
family of peptides that assemble into colloids regulated through a
chemical reaction cycle. Despite their similarity in assembly, we
find that they follow a different disassembly pathway upon
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deactivation. The colloids from several peptides completely disas-
semble as fuel depletes while others transition into fibers. Our
findings demonstrate that assembly and disassembly should be
taken into account in chemically fueled self-assembly.

When molecules are held together through non-covalent inter-
actions, nano-architectures arise with properties that differ
from their non-assembled counterparts in a process referred
to as molecular self-assembly."” Particularly successful
examples are amphiphiles that form micelles or peptides that
form fibers.®> Decades of research have led to a fundamental
understanding of the processes and resulted in design rules
for molecular self-assembly.”® However, most of the experi-
ence is limited to self-assembly processes that occur in- or
close-to-equilibrium.

Self-assembly is not limited to synthetic examples but is
ubiquitously exploited in biology, for example, to form the cell
wall or the cytoskeleton.'®* In contrast to the examples of
man-made self-assembly, molecular assembly in biology
almost always occurs out of equilibrium. To sustain these
assemblies in an out of equilibrium state, energy is converted
by the hydrolysis of high-energy molecules like the phosphate
anhydrides ATP or GTP. As a result of their non-equilibrium
nature, these assemblies are regulated through the kinetics of
their energy-consuming reaction cycle. Such kinetic control is
vastly different than the thermodynamic control of self-assem-
bly in- or close-to-equilibrium. A beautiful example of the stark
contrast is evident from the lipid membrane in equilibrium
versus the membrane of mitochondria which is highly
dynamic and constantly undergoing fusion and fission that is
tightly regulated by protein machinery fueled by chemical
energy.

To create similar dynamic structures and to better under-
stand the physicochemical mechanisms by which such
systems are regulated, several studies have focused on the
development of self-assembly regulated through kinetic pro-
cesses. Inspired by the self-assembly of tubulin that is regu-
lated through the hydrolysis of GTP,'° the process of chemi-
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cally fueled self-assembly was developed.”> In chemically
fueled self-assembly, the assembly of molecules is coupled to a
chemically fueled reaction cycle."*™*® The reaction cycle com-
prises two reactions, i.e., an activation and deactivation reac-
tion. In the activation reaction, a non-assembling precursor is
activated for assembly by reaction with a chemical fuel. In the
deactivation reaction, the activated product reacts to yield the
original precursor. Notably, the activation and deactivation
proceed through two different pathways and are thus not an
equilibrium reaction. As a result, a molecule is temporarily
activated for self-assembly at the expense of a molecule of
chemical fuel. Examples of chemically fueled self-assembly
include the formation of transient fibers driven by the hydro-
lysis of a methylating agent,'® oil droplets formed by the
hydration of condensing agents,”® vesicles that form by the
hydrolysis of ATP>* and many others.**>*

In the molecular designs of these chemically fueled assem-
blies, the precursor is well soluble, typically because it carries
several ionic groups. The activation reaction converts these
ionic groups, making the product more prone to assemble
than the product. Upon deactivation, the electrostatic charges
are reinstated, resulting in electrostatic repulsion and disas-
sembly. While most of these studies have focused on the acti-
vation step resulting in self-assembly, the disassembly has not
been studied in much detail.

In this work, we describe four peptides that assemble at the
expense of a chemical fuel. The molecular designs of the pep-
tides are chosen such that they vary in their propensity to form
B-sheets and their solubility. We could toggle the peptide’s
assembly behavior, through molecular design, from almost no
assemblies, formation of colloids that disassemble when fuel
is depleted, to colloids that transition into fibers as fuel
depletes. We qualitatively understand the underlying mecha-
nism, which has to do with the degree of coassembly of the
precursor. Our findings suggest that it is essential to consider
the pathway of assembly but also the disassembly pathway
when designing chemically fueled self-assembling systems.
These results will aid the field in developing dynamic, chemi-
cally fueled assemblies that show behavior as observed in bio-
logical supramolecular architectures.

The chemical reaction cycle we used is based on the for-
mation of a transient anhydride at the expense of the irrevers-
ible consumption of a high-energy molecule (fuel).>**” The
cycle comprises an activation and a deactivation reaction
(Scheme 1A). In the activation, a precursor containing a
C-terminal aspartic acid is converted into its corresponding
cyclic anhydride at the cost of a carbodiimide-based fuel
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDC). In the
deactivation reaction, a molecule of water hydrolyzes the anhy-
dride to yield the initial precursor state. Due to the loss of the
anionic charges of the precursor, the activated product can
assemble.

We use short peptides containing a C-terminal aspartic acid
as a precursor (Scheme 1B).”® The loss of the anionic charges
upon activation resulted in a product with a higher propensity
to assemble. Directional intermolecular interactions, such as
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Scheme 1 (A) A chemical reaction cycle that comprises an activation
and deactivation reaction. Aspartic acid derivatives react with carbodi-
imide EDC in the activation reaction and are converted to their corres-
ponding anhydride. In the deactivation reaction, the anhydride derivative
is hydrolyzed in aqueous media. (B) Molecular structures of the precur-
sors P1, P2, P3, and P4.

hydrogen bonds or aromatic interactions, are encoded in the
remainder of the peptide sequence. By changing this part of
the peptide segment, we aim to increase the p-sheet propensity
of the products and modify their solubility and, therefore,
influence the assembly and, ultimately, the disassembly
process. We thus synthesized the precursors Ac-FIVD-OH (P1)
Ac-FILD-OH (P2) and Ac-FVVVD-OH (P3), and Ac-FIVVD-OH
(P4), where F stands for phenylalanine, I for isoleucine, L for
leucine, V for valine, and D for aspartic acid.

We studied how the emergence and decay of the anhydride
affected the macroscopic properties of a solution of 10 mM P1,
P2, P3, and P4 in MES buffer at pH 6.0. When these solutions
were fueled with 25 mM EDC, we noticed that P1 remained
transparent while all other solutions turned turbid within
3 minutes and regained their original transparency after
35 min (P2), 70 min (P3), and 90 min (P4) (Fig. 1A). The transi-
ent emergence of turbidity was quantified by measuring the
absorbance of 600 nm light in a plate reader (Fig. 1B). We
monitored the anhydride and EDC concentration evolution by
HPLC (high-pressure liquid chromatography) using a pre-
viously described quench method (ESI methods, Fig. S1-
S41).° We found that the amount of anhydride rapidly
increased during the first minutes, explaining the quick
change in turbidity for P2, P3, and P4 previously mentioned
(Fig. 1C). The concentration anhydride peaked at 10 min for
P1 and P2 and 20 min for P3 and P4, respectively. After 50 min
and 60 min in the case of P1 and P2, and after 70 min and
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Fig.1 (A) Timelapsed photographs of compounds P1, P2, P3, P4
(10 mM) in response to 25 mM of EDC. (B) Turbidity traces of 10 mM of
P1, P2, P3, P4 in response to 25 mM of fuel. (C) The concentration of
anhydride over time of the same conditions described in B. The line rep-
resents data from the kinetic model, and the markers represent HPLC
data. Confocal micrographs of 25 mM EDC addition to 10 mM P1 (D),
10 mM P2 (E), 10 mM P3 (F) and 10 mM P4 (G) at different times in the
cycle. (H) The normalized intensity from confocal microscopy for 10 mM
P4 with 25 mM EDC as a function of time. All scale bars correspond to
5 um. The dye used for confocal is 2.5 yM Nile red. White arrows point
out the growth of fibers. All error bars represent the standard deviation
(n=3).

80 min in the case of P3 and P4 respectively, all the fuel was
gone and, as expected, no more anhydride was present in the
solutions (Fig. 1C).

We analyzed the morphology of the transient peptide
assemblies using confocal microscopy. The solutions were
stained with the hydrophobic fluorescent dye Nile Red (ESI
methodst). In line with the lack of turbidity, the confocal
microscopy showed only a few colloids, and all of which had
disappeared within 35 minutes (Fig. 1D and Fig. S5f). We
explain this behavior by the high solubility of the P1 anhydride
(2.2 mM, Fig. S61). P2, which carries isoleucine (L) instead of a
valine amino acid, has a lower solubility than P1. The addition
of 25 mM fuel to P2 resulted in the formation of transient col-
loids that disappeared after 35 min (Fig. 1E and Fig. S5). A
cryo-TEM analysis corroborated the formation of colloids right
after the fuel addition and their disappearance when fuel
depleted (Fig. S7t).

The timeframe of the emergence of the colloids and their
disappearance coincided with the lifetime of the turbidity
(Fig. 1B). With an increasing propensity to form f-sheets, P3
and P4 also assembled into transient colloids; however, unlike
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P1 and P2, the colloids did not dissolve but transitioned into
fibers at around 50 and 40 min, respectively (Fig. 1F and G).
These fibers grow with time and remain kinetically trapped
long after fuel depletes (Fig. 1F, and Fig. S51). The morphologi-
cal transition from colloids to fibers for P4 was more acute.
The transition occurred suddenly and was started by the col-
lapse of the colloids into a donut-like structure. From this
structure, fibers emerged and were growing for tens of
minutes. Interestingly, the fibers did not disappear but
remained kinetically trapped for hours (Fig. 1G and Fig. S57),
long after the fuel was gone. In order to better quantify when
the morphological transition occurred, we took P4 as an
example, and we measured the total fluorescence intensity per
micrograph and normalized it between experiments. We found
it to rise rapidly after applying the fuel (Fig. 1H), after which it
remained relatively constant for roughly 40 min. After
40 minutes, we observed a sharp increase in the total fluo-
rescence intensity, which leveled off after around 15 min. This
rapid onset coincided with the morphological transition from
colloids to mainly fibers. After all the fuel had depleted,
around 60 min, the intensity decreased somewhat, as we
would expect due to the loss of anhydride. Cryo-TEM showed
colloids after 3 minutes of fuel addition, few fibers around the
transition time, and a clear fiber predominance after fuel
depletes (Fig. S57).

To better understand the origin of the different disassembly
pathways, we analyzed the molecular composition of the
assemblies by "H-NMR (proton nuclear magnetic resonance).
We used the fact that self-assembled peptides have a reduced
transversal relaxation time, resulting in long correlation times
and a broadening of the signal that gets hidden in the base-
line. This means that peptides that participate in the assembly
become NMR-silent, while soluble peptides remain NMR-
visible.

In the case of P1, as pointed out by the absorbance
measurements and the macroscopy images, the number of
assemblies formed after fuel addition was low. "H-NMR also
confirmed that more than 95% of the peptide (either as pre-
cursor or product form) were in the solution state. The
number of assemblies was within the error range of the tech-
nique, and therefore, we focused on the analysis of the compo-
sition of P2-P4.

P2 showed that the composition of the assemblies was
mainly anhydride. For example, 5 minutes after the addition
of 25 mM fuel to 10 mM of P2, we found that roughly 9.4 mM
of the peptide (either as the product or as a precursor) was
NMR-visible. In other words, 0.6 mM of the peptide was in the
assembled state (Fig. S8). This concentration value is lower
than the 1.7 mM of anhydride observed by HPLC (Fig. 1C, the
marker at 5 minutes), which means there was still 1.1 mM
anhydride in the solution. This anhydride concentration value
coincided with the solubility value determined for the anhy-
dride of P2 (ESI methods and Fig. S8t). Since the solubility of
the precursor is much higher than the solubility of the anhy-
dride, we assumed that, as long as there is still anhydride
present in the solution, there is no or only a small amount of
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precursor in the assembly. The amount of anhydride in the
assembled state was always below the concentration of anhy-
dride determined by HPLC (Fig. S8t). Thus, the assemblies
always comprised mostly anhydride until they disappeared at
around 35 min (Fig. 2A).

The composition of the assemblies by P3 and P4 revealed a
significantly different evolution compared to P2. In the first
35 minutes after adding 25 mM fuel to 10 mM of P3, there was
only anhydride in the assemblies (Fig. 2B). For example, after
5 minutes, 6.6 mM of the peptide was NMR-visible, and there
was 3.4 mM peptide in the assembled state (Fig. S9t), which
was lower than the 3.7 mM anhydride detected from HPLC. In
other words, 0.3 mM anhydride was in solution, and the
assemblies are mainly composed of anhydride. After
45 minutes, the peptide concentration in the assemblies was
higher than the anhydride concentration from HPLC. That
means part of the precursor had coassembled with the anhy-
dride. The ratio of anhydride to precursor continuously
decreased until all anhydride had hydrolyzed. Even then,
plenty of assemblies were present that comprised exclusively
precursor.

In the case of P4, the more hydrophobic peptide, the coas-
sembly between precursor and product occurred from the
beginning of the cycle. The NMR signal after 5 minutes
showed that the assemblies comprised a mixture of 80-20%
anhydride-precursor, respectively (Fig. 2C and Fig. S107). The
maximum ratio of anhydride to precursor was found roughly
after 15 minutes of fuel addition, after which it constantly
decreased until all anhydride had gone. At that time, the
assemblies comprised precursor exclusively and remained for
at least 6 hours.

The data above suggests that for P1, there are almost no
assemblies because of the high solubility of its anhydride. Of
P2, with a lower solubility, the corresponding anhydride
assembles into colloids that are composed of exclusively anhy-
dride. Deactivation of the anhydride, through hydrolysis
occurs predominantly in solution which is in line with pre-
viously described colloids.>**° The hydrolysis results in the
gradual dissolution of the colloids as evidenced by confocal
microscopy. Peptide P3 has a lower solubility, and also forms
colloids composed of anhydride, but some coassembly with
the precursor was also observed. After the first 30 minutes, the
colloids of P3 do not gradually dissolve when fuel is depleted.
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Fig. 2 The relative composition of the assemblies over time as deter-
mined by HPLC and NMR for 10 mM P2 (A), 10 mM P3 (B) and 10 mM P4
(C) after the addition of 25 mM of fuel.
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Instead, they transition into kinetically trapped fibers. The
confocal images showed that the morphological transition
occurred around 50 minutes. From the NMR experiments, we
can conclude that at this time, almost 50% precursor is
present in the assemblies.

Further decreasing the solubility from P3 to P4 results in
more coassembly of the precursor with anhydride from the
beginning, and the transition of the colloids to fibers occurred
earlier at around 40 minutes. At that time also around 50%
precursor is present in the assemblies.

For peptides P3 and P4, we hypothesize that the hydrolysis
can occur on the assembly, and that some of the precursors
remains trapped in the colloids after hydrolysis. The fact that
hydrolysis occurs on the colloids, as opposed to in solution, is
further corroborated by the low solubility of P3 and P4 anhy-
dride (0.4 mM, 0.2 mM, Fig. S51). The accumulation of precur-
sor results in an increase of the negative charges on the assem-
bly. We hypothesize that when the fraction of anhydride in the
assemblies falls around roughly 60%, the amount of negative
charges induces a transition from colloids to fibers to redistri-
bute the charges and increase the assembly’s surface area.

To verify that the change in the assemblies’ composition
was responsible for the morphological transitions, we analyzed
the samples of P4 (10 mM) with confocal microscopy when
fueled with various EDC concentrations (Fig. S11-S137). We
determined the time at which the colloids transformed into
fibers for each experiment (the transition time) and plotted it
as a function of the concentration of fuel added (Fig. 3A).
From the plot, it became clear that the transition time
increased with increasing fuel. For example, when we
decreased the fuel concentration to 10 mM, the colloids trans-
formed into fibers around 19 minutes (Fig. 3A and Fig. S127).
When we combined the transition time with the data of our
HPLC and NMR-based experiments (Fig. 3A), an interesting
correlation emerged, i.e., the morphological transition in each
experiment occurred at the time point where the ratio of anhy-
dride to precursor in the assemblies was roughly 55%. In other

A B
140 | 00
[ 250
= 120 E .
% 100 @ 200
£ g | g £
5 . éwo o
= 60 2
g o S 100
= 40 t v = =g
20 | o 50 ¢~
[ ]
0 . " " . ) 0 " L L
0 20 40 60 80 100 0 1 2 3

Fuel concentration (mM) Refuel times

Fig. 3 (A) The time at which the anhydride to precursor ratio for P4 in
the assembled state is around 55% as measured by HPLC and NMR (red
markers) in combination with the time where fibers appear from con-
focal microscopy (black markers) as a function of fuel concentration. (B)
Morphology transition time from colloids to fibers observed with con-
focal microscopy for P4 as a function of EDC refueling times. Refueling
was done every 25 min up to 3 times with 25 mM of EDC.
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words, when the majority of the peptides in the assemblies
were in the anhydride state, colloids were stable. However,
when the ratio reached a threshold, fibers emerged from the
colloids, which kept on growing until the colloids had dis-
appeared entirely. It is worth mentioning that the addition of
new fuel to the colloids (i.e., before the transition time) would
extend the time for which the colloids were present (Fig. 3B
and Fig. S147). In other words, we could save the colloids from
converting to the fibers by keeping the anhydride to precursor
ratio high. However, the application of fuel after the transition
occurred did not reverse the fibers to colloids (Fig. S157).

From these combined results, we present a tentative mecha-
nism that is responsible for the morphological transition of P3
and P4 and the formation of colloids of P2. Peptides P2, P3,
and P4 form colloids after the application of fuel. The anhy-
dride of P2 has a relatively high solubility that we determined
to be 1.1 mM, whereas the solubility of anhydride of P3 and P4
is lower. In line with previous work, the colloids protect their
anhydride building blocks from hydrolysis, and the hydrolysis
thus occurs on the anhydride that remains in solution or on
the surface of the colloids. We could fit the evolution of the
anhydride of P2 (and also of P1) well with a kinetic model that
considers the hydrolysis occurring in solution (Fig. 1C and
Fig. S2t). In other words, the hydrolysis occurs in solution,
after which hydrolyzed anhydride is replaced with anhydride
that disassembles from the colloids. Thus, disassembly is rela-
tively fast compared to hydrolysis.

In contrast, the kinetic model that considers hydrolysis
happening in solution could not fit the evolution of the anhy-
dride profile of P3 and P4. Part of the hydrolysis occurs in
solution. However, the anhydride is not replaced by anhydride
from the colloids. The energy barrier for disassembly is high
due to its ability to form hydrogen bonds. Thus, the anhydride
in the colloids hydrolyzes through a surface erosion mecha-
nism. Because a surface erosion mechanism is drastically
slower than an “in-solution-hydrolysis” mechanism, the life-
time of these colloids is much greater than those of P2. The
high energy barrier for disassembly is further corroborated
because the precursor also did not fully disassemble. NMR
experiments showed a large amount of precursor present in
the assemblies, which we did not see in the colloids of P2. We
hypothesize that the accumulation of the precursor in the col-
loids also drives its morphological transition into the fibers.
With the accumulation of the precursor, the colloid accumu-
lates anionic carboxylates. When a threshold of charge density
is reached, the charge-charge repulsion exceeds the attractive
interactions forcing a rearrangement into fibers that can better
accommodate the high charge density.

In conclusion, we designed a family of peptides that self-
assemble at the expense of a chemical fuel addition into
similar assemblies but show a different disassembly pathway.
In one case, the colloids can disassemble and dissolve in water
when fuel depletes. In the other case, the colloids transition
into fibers that remain kinetically trapped long after fuel
depletion. We propose a tentative mechanism that is related to
the degree of coassembly between precursor and product.
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Understanding the mechanism allows us to control when col-
loids transition into fibers by the amount of fuel added to the
precursor solution. Our findings demonstrate the importance
of considering the disassembly pathway when designing new
chemically fueled self-assembling systems.
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