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Dissipative self-assembly of a proline catalyst
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The spatiotemporal regulation of chemical reactivity in biological systems permits a network of metabolic
reactions to take place within the same cellular environment. The exquisite control of reactivity is often
mediated by out-of-equilibrium structures that remain functional only as long as fuel is present to main-
tain the higher energy, active state. An important goal in supramolecular chemistry aims to develop func-
tional, energy dissipating systems that approach the sophistication of biological machinery. The challenge
is to create strategies that couple the energy consumption needed to promote a molecule to a higher
energy, assembled state to a functional property such as catalytic activity. In this work, we demonstrated
that the assembly of a spiropyran (SP) dipeptide (1) transiently promoted the proline-catalyzed aldol reac-
tion in water when visible light was present as fuel. The transient catalytic activity emerged from 1 under
light illumination due to the photoisomerization of the monomeric, O-protonated (1-MCH™) merocyanine
form to the spiropyran (1-SP) state, which rapidly assembled into nanosheets capable of catalyzing the
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aldol reaction in water. When the light source was removed, thermal isomerization to the more stable
MCH™* form caused the nanosheets to dissociate into a catalytically inactive, monomeric state. Under
these conditions, the aldol reaction could be repeatedly activated and deactivated by switching the light
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rsc.li/nanoscale source on and off.

Introduction

Biological systems regulate complex networks of chemical reac-
tions associated with cellular metabolism via the local acti-
vation and spatial confinement of proteins in the cell."” The
spatial and temporal regulation of protein function is critical
to separate incompatible chemical reactions within the highly
interconnected network of metabolic processes that must take
place in the same environment. This control over chemical
reactivity emerges from out-of-equilibrium structures that
persist only as long as energy is continuously dissipated.® The
energy that flows through these structures often induces the
components to self-organize into a dynamically interacting
system that acquires emergent properties or functions.” These
processes produce the concentration gradients and feedback
loops in cells that allow for work to be accomplished and bio-
logical functions to be efficiently regulated. Although many
strategies have been developed to couple energy consumption
to the assembly of ordered, non-equilibrium structures, few of
these systems exhibit controllable functions, which have
potential to integrate with a larger, networked system.’™'®
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Recently, a transient microgel that autonomously regulated its
lifetime using chemical feedback coupled to the self-assembly
process has been reported.’”” An important step to advance the
field toward chemical systems that replicate biological net-
works will be to develop strategies to utilize fuel-driven assem-
bly to regulate chemical reactivity.

The challenge lies in coupling the energy consumption
used to promote a component into a higher energy, nonequili-
brium steady state with a transient functional property, such
as catalysis.'® Amphiphilic materials, such as micelles, provide
nonpolar regions that accelerate the reaction of water-insoluble
reactants via the hydrophobic effect in water.'® Consequently,
recent examples have exploited the fuel-driven, self-assembly
of amphiphilic assemblies to accelerate bimolecular processes,
such displacement or cycloaddition reactions, by transient
confinement of the reactants.’*>* Dissipative systems that
couple light-driven modulation of nanoparticle surface compo-
sition to transient changes in catalytic activity have also been
reported.”*” In this work, we demonstrate that the assembly
of a spiropyran (SP) dipeptide 1 (Pro-Lys (SP)) transiently pro-
motes the proline-catalyzed aldol reaction in water by seques-
tering the catalytic site within a hydrophobic microenvi-
ronment when light is present as fuel.

We have previously shown that nanotubes formed by the
self-assembly of a Pro-Lys dipeptide catalyzed the aldol con-
densation in water, but that activity terminated upon dis-
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sociation of the nanotube.”® 1-Proline catalyzes the direct
aldol reaction between ketones and aldehydes in organic sol-
vents, but proceeds poorly in water.>® The amphiphilic nano-
tube structure served to sequester the organocatalytic site
from the aqueous phase, which accelerated the proline-cata-
lyzed aldol reaction in water.>**~** Based on that precedent, we
hypothesized that the aldol reaction could be transiently cata-
lyzed using an analogous proline-containing peptide capable
of undergoing dissipative self-assembly into a nanostructure
that sequestered the active site in aqueous media. Recently,
we demonstrated that a spiropyran chromophore could func-
tion as a switch to modulate the overall amphiphilicity and
self-assembly of a peptide.>* This peptide assembled into a
transient nanofiber hydrogel in the presence of visible light
and dissociated when the light source was removed.
Accordingly, Pro-Lys dipeptide 1, was designed with a cata-
lytic proline residue along with a spiropyran chromophore
appended to the lysine residue at the e-amino position
(Fig. 1). The juxtaposition of the nonpolar spiropyran
chromophore with the positively charged peptide sequence
induced the amphiphilicity required to drive peptide self-
assembly in water. Spiropyrans reversibly interconvert
between a nonpolar spiropyran (SP) form and a zwitterionic,
merocyanine (MC) form, which displays a comparatively large
electric dipole moment that would decrease the amphiphili-
city of the monomer and dissociate the assembly.?® In water
at low pH values, the zwitterionic (MC) or O-protonated
(MCH") form is thermodynamically most stable and thermal
isomerization often occurs spontaneously.*® Therefore, the
SP — MCH' interconversion was envisioned as mechanism to
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modulate the assembly state and catalytic activity of peptide 1
using light as fuel.

Results and discussion

The dipeptide (Pro-Lys (SP), 1) was prepared using Fmoc solid-
phase chemistry on Rink amide resin, whereby the spiropyran
chromophore was installed by on-bead amidation of the e-
amino lysine sidechain after deprotection of the MTT group of
the resin-bound (Fmoc)Pro-Lys(MTT) dipeptide (Scheme S17).
The photoresponsive behavior of 1 was initially investigated by
UV-Vis spectroscopy in water with added trifluoroacetic acid
(TFA) (Fig. 2). In aqueous TFA (10 mM), the spiropyran (1-SP)
and O-protonated merocyanine (1-MCH') forms exhibited
characteristic UV absorptions at 351 and 410 nm, respectively
(Fig. 2a). Irradiation of an aqueous solution of 1 (0.5 mM,
10 mM TFA) with broad-spectrum visible light (72 W, 3600
lumens) converted the 1-MCH'/SP mixture to the SP isomer,
extinguishing the broad absorption at 410 nm within 5 min.
Thermal isomerization of 1-SP to 1-MCH' in water (10 mM
TFA) proceeded to completion in 10-15 min at 60 °C,
35-40 min at 50 °C and ~2 h at 40 °C (Fig. 2b). It is noteworthy
that irradiation with visible light efficiently isomerized 1-
MCH" (0.5 mM, 10 mM TFA) to >99% 1-SP within 5 min, even
at 60 °C, indicating that photochemical ring-closure could
overwhelm the competing thermal ring-opening process. The
ability of 1-SP and 1-MCH' to undergo self-assembly under
static conditions in water was then explored by transmission
electron microscopy (TEM). Thus, an aqueous solution (1 mM,

Fig. 1 Transient self-assembly of catalytic nanosheets of Pro-Lys (SP) 1 driven by visible light as fuel. Scheme showing the aldol reaction of 4-nitro-
benzaldehyde and cyclohexane, catalyzed by nanosheets of Pro-Lys(SP) 1, which assembled in the presence of visible light.
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Fig. 2 Interconversion of merocyanine and spiropyran forms of 1 in
water (0.5 mM, 10 mM TFA), as monitored by the increase/decrease of
the MCH* absorption at 410 nm. (A) UV-Vis spectra of 1 after heating
at 60 °C in the dark for 45 min, producing the absorption at 410 nm,
characteristic of 1-MCH*, and after exposure to visible light at 60 °C for
5 min, which extinguished the 410 nm absorption. (B) Time-dependent
absorption at 410 nm as a function of temperature, reflecting the
thermal isomerization of 1-SP to 1-MCH™*. TEM images of 1 in water
(1 mM, 10 mM TFA) (C) after irradiation with visible light for 24 h in
water; and (D) after heating to 60 °C for 30 min in the dark.

10 mM TFA) of 1 was isomerized to 1-MCH' by heating to
60 °C in the dark for 30 min, then incubated for 24 h at 22 °C.
TEM imaging of the sample confirmed that no discernible
structures were produced by 1-MCH" under these conditions
(Fig. 2d). In contrast, a solution of 1-MCH" in water (1 mM,
10 mM TFA), under continuous visible light irradiation at
22 °C for 24 h produced 2-D, sheet-like assemblies, as
observed by TEM imaging (Fig. 2c).

The open and closed states of 1 (1-SP and 1-MCH") were
independently evaluated as catalysts for the aldol reaction of
p-nitrobenzaldehyde with cyclohexanone in acidic water
(10 mM TFA) at 40 °C, using a 10-fold excess of cyclohexanone
(Table 1, entries 1-8). Accordingly, using 10 mol% 1-SP under
continuous irradiation with broad spectrum light at 40 °C to
maintain the closed spiropyran state, 71% conversion to aldol
product was achieved after 16 h. In contrast, employing
10 mol% 1-MCH" as catalyst at 40 °C in the absence of light
produced only 20% conversion after the same amount of time.
Although the moderate difference in conversion mediated by
1-SP and 1-MCH'" supported the role of self-assembly in deter-
mining catalytic activity, after 72 h, this difference eroded,
affording 82 and 70% conversions for 1-SP and 1-MCH',
respectively (entries 1-4). After evaluating a wide range of con-
ditions, several parameters of the reaction were found to have
a significant impact on the relative activity of the two forms of
1. (1) Lowering the catalyst loading level caused an increase in
activity of 1-SP over 1-MCH", consistent with reduced aggrega-
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tion of 1-MCH" at the lower catalyst concentration (entries 5-8
and 13-16). (2) Replacing TFA with acetic acid enhanced cata-
lyst activity at lower temperature, which might be attributed to
the lower comparative acidity of acetic acid.’” Thus, at 22 °C, 1-
SP and 1-MCH" produced 70 and 3% yields of aldol products,
respectively; however, the reactivity difference significantly
diminished at 40 °C (entries 9-12). (3) Performing the reaction
at elevated temperatures increased the activity of 1-MCH"
(entries 9-12 and 15-18). (4) Increasing the acetic acid concen-
tration from 10 to 50 mM, increased the reactivity difference
(Table 2, entries 3 and 4).

Based on these observations, the optimal conditions to
enhance the differential activity 1-SP and 1-MCH' would
employ 5 mol% catalyst and 50 mM acetic acid, using a 5-fold
excess of cyclohexanone at lower temperatures. However, the
ability to transiently activate the catalyst with light irradiation
requires the reversible assembly of 1-SP into an active form
that rapidly dissociates when the light is turned off. Thus, the
reaction must be conducted at elevated temperatures to ensure
the rapid conversion of 1-SP to 1-MCH" when the light source
was removed. However, as noted in Table 1, performing the
reaction at elevated temperatures increased the activity of 1-
MCH" (entries 9-12 and 15-18), which reduced the ko /kog rate
ratio. We reasoned that the difference in assembly properties
of the two states of 1, and the corresponding kon/kog ratio,
could be optimized by varying the carboxylate counterion
formed by protonation of the proline residue in 1 by the added
acid. This supposition was suggested by prior work showing
that the carboxylate counterions ion-paired to the lysine
residue of a related spiropyran peptide critically impacted
hydrogel assembly** In particular, trifluoroacetate counterions
greatly enhanced self-assembly, compared with other less lipo-
philic carboxylates, due to the capability of trifluoroacetates to
increase the overall hydrophobicity of peptides in water.**°

Accordingly, we surveyed reaction conditions at 60 °C that
varied the acid additives (50 mM) under the optimal con-
ditions (Table 2). These studies revealed that formic acid pro-
duced the largest difference in conversion between 1-SP and 1-
MCH'", which progressively decreased going from formic acid
to butyric acid. The reaction rates and selectivities under light-
on conditions were comparable to those of previously reported
hydrophobically modified, proline catalysts.*® The self-assem-
bly of 1-SP produced nanosheets and the thermal isomeriza-
tion process occurred efficiently for all the acids in Table 2,
similar to conditions using TFA as additive (Fig. S4-77).
Dynamic light scattering in water (0.5 mM) showed signifi-
cantly higher molar scattering intensities for 1 under light
irradiation at 60 °C, compared with the intensities measured
in the dark (Table S1t). However, under dark conditions, the
low scattering intensities, and the degree of aggregation obser-
vable by TEM imaging, did not increase with acid lipophilicity,
as would be expected for increased aggregation of 1-MCH"
(Fig. S6-77). The lower kon/kos ratios measured for more lipo-
philic acids may have emerged from the ability of the additive
to provide a separate hydrophobic environment for the reac-
tion, which would be minimal for formic acid.

Nanoscale, 2022,14,14711-14716 | 14713
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Table 1 Initial optimization of the on/off conversion ratio of the aldol reaction of 4-nitrobenzaldehyde and cyclohexanone under static conditions®

[¢] o]
o O
+
ON
2 3

OH O

1-SP/MCH* : : %
ON

Light Load (mol%) Acid (10mM) Time (h) Temp (°C) Ratio (3/2) Conv.? (%) dr® (syn : anti)

1 ON 10 TFA 16 40 10:1 71 1:3.5
2 OFF 10 TFA 16 40 10:1 20 1:4.0
3 ON 10 TFA 72 40 10:1 82 1:1.7
4 OFF 10 TFA 72 40 10:1 70 1:5.4
5 ON 5 TFA 16 40 10:1 40 1:10
6 OFF 5 TFA 16 40 10:1 9 1:2.0
7 ON 15 TFA 16 40 10:1 75 1:4.9
8 OFF 15 TFA 16 40 10:1 42 1:5.4
9 ON 10 AcOH 16 22 10:1 79 1:17
10 OFF 10 AcOH 16 22 10:1 3 —

11 ON 10 AcOH 16 40 10:1 91 1:10
12 OFF 10 AcOH 16 40 10:1 97 1:8.0
13 ON 10 AcOH 16 40 5:1 92 1:8.3
14 OFF 10 AcOH 16 40 5:1 94 1:8.3
15 ON 5 AcOH 16 40 5:1 92 1:8.2
16 OFF 5 AcOH 16 40 5:1 18 1:7.5
17 ON 5 AcOH 16 60 5:1 99 1:3.6
18 OFF 5 AcOH 16 60 5:1 79 1:34

“Reactions were performed using p-nitrobenzaldehyde (1 equiv.), cyclohexanone (5-10 equiv.), dipeptide 1 (5-15 mol%) and acid additive in
water (10 mM). ? Conversion of aldehyde into aldol product, determined by 'H NMR spectroscopy. ¢ Determined by 'H NMR spectroscopy.

Table 2 Effect of acid additive on aldol reaction of 2 and 3 at 60 °C

Light cond. ¢ Conv.” dr® ee’ anti
(ON/OFF) Acid (mM) (%) (syn : anti) (%)

1 ON HCO,H 89 1:2.7 73

2 OFF HCO,H 9 1:3.0 68

3 ON CH,CO,H 94 1:2.3 54

4 OFF CH;CO,H 27 1:2.8 78

5 ON C,H;CO,H 97 1:2.3 60

6  OFF C,H:CO,H 90 1:2.8 84

7 ON C,H,CO,H 99 1:1.8 48

8  OFF C,H,CO,H 99 1:2.1 78

“Reactions were performed using p-nitrobenzaldehyde (2) (1 equiv.),
cyclohexanone (3) (5 equiv.), dipeptide 1 (5 mol%) and acid additive
(50 mM) in water at 60 °C. ® Conversion of aldehyde into aldol product,
determined by 'H NMR spectroscopy. °Determined by 'H NMR
spectroscopy. ?Measured by HPLC on a chiral stationary phase
(AD-RH Diacel Chiralpak, 20% i-PrOH/hexane, UV 254 nm, flow rate
1.0 mL min™%).

The self-assembly characteristics of the catalyst were further
evaluated in water (5 mol%, 5 mM) in the presence of 50 mM
formic acid at 60 °C under intermittent light-on and light-off
conditions (Fig. 3a-d). After 2 h at 60 °C under continuous
irradiation with visible light, TEM imaging showed the for-
mation of nanosheets. In contrast, removing the light source
at 60 °C caused the nanosheets to dissociate, as evidenced by
the lack of any observable structures by TEM. Monitoring two
cycles of nanosheet assembly and disassembly induced at
60 °C by turning the light source on and off in 2 h intervals
confirmed that the process was dynamic and durable under
the reaction conditions. After six light-on (5 min) /off (40 min)

14714 | Nanoscale, 2022, 14, 14711-14716
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Fig. 3 Interconversion of 1-SP and 1-MCH* under dynamic conditions
(water, 60 °C, HCO,H (50 mM), 1 (5 mol%, 5 mM)). (A—D) TEM images of
1 (5 mM) in water (50 mM HCO.H) at 60 °C after two light ON—OFF
cycles, performed at 2 h intervals. (E) AFM image of 1 (5 mM) in water
(50 mM HCO,H) at 60 °C after 2 h of visible light irradiation. (F) Cross-
sectional height profile measured from the image along the dotted blue
arrow. AFM image of 1-SP was recorded at ambient temperature in
tapping mode on freshly cleaved mica. Sample was prepared by diluting
a 5 mM sample to 0.5 mM and cooling to ambient temperature for
analysis.

cycles at 60 °C, a ~17% decrease in the amplitude of the 1-
MCH" absorption was observed at 405 nm (Fig. S87), likely due
to photobleaching of the SPPMCH" chromophore. The state of
1 at 60 °C was also evaluated by dynamic light scattering
under light-on and light-off conditions, which exhibited molar
scattering intensities with derived count rates of 451 + 8 and
85 + 26 10" counts per s per M, respectively. Cross-sectional

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Demonstration of transient catalytic activity of 1 under dynamic
conditions (60 °C, water (50 mm HCOH, 1 (5 mol%, 5 mM)) with the (A)
light switched on and off in 2 h intervals and under (B) static conditions.
All data points were taken from separate reactions run in parallel due to
the inhomogeneous nature of the reaction mixture, which precluded
obtaining reproducible aliquots for analysis. Conversions measured by
using diagnostic peaks by *H NMR.

height analysis of the nanosheets formed under these con-
ditions by atomic force microscopy (AFM) indicated
2.5-3.0 nm heights, reflecting a bilayer structure comprised of
two molecules of 1-SP, which exhibited extended lengths of
~1.6 nm (Fig. 3e, f and S37).

Accordingly, the ideal reaction conditions to perform the
aldol reaction under dynamic conditions with a high kon/kos
ratio utilized 5 mol% 1, 50 mM formic acid, and a 5-fold
excess of cyclohexanone in water at 60 °C. Using these opti-
mized conditions under static conditions at 60° C for 8 h, the
reaction proceeded to ~90% completion under irradiation
with visible light; whereas, the catalyst remained dormant in
the dark and the reaction only proceeded to ~5% conversion
(Fig. 4b). A transient catalytic reaction was then explored at
60 °C in which the light was turned on and off in 2 h intervals
over 8 h. Monitoring the progress of the reactions over two
“on-off” cycles of light showed a steep rise in conversion
under light-on conditions that was immediately attenuated
when the light source was extinguished (Fig. 4a).

In conclusion, we have demonstrated the dissipative self-
assembly of a Pro-Lys dipeptide, 1, into a catalytic nanosheet
that promoted the aldol reaction in the presence of visible
light. Transient catalytic activity for the aldol reaction
emerged from 1 under light illumination due to the photoi-
somerization of the O-protonated (1-MCH") form to the spiro-
pyran (1-SP) state, which rapidly assembled into nanosheets
capable of catalyzing the aldol reaction in water. When the
light source was removed, thermal isomerization to the more
stable MCH' form caused the nanosheets to dissociate into a
catalytically inactive, monomeric state. Efficient deactivation
of the catalyst under light-off conditions required performing
the reaction at 60 °C to ensure rapid SP - MCH" isomeriza-
tion. At higher temperatures, the k,,/kos ratio was maximized
by replacing the trifluoracetates that were ion-paired with the
ammonium side chains of 1 with less lipophilic formate
counterions. Under these conditions, the aldol reaction could
be repeatedly activated and deactivated by switching the light
source on and off. The ability to regulate catalytic activity rep-
resents an important step toward the development of larger,

This journal is © The Royal Society of Chemistry 2022
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networked systems with spatial and temporal control of reac-
tivity and function.
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